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Foreword of the editor

One of the main research interests at the Institute of Pulsed Power and Mi-
crowave Technology (IHM), Karlsruhe Institute of Technology (KIT), is the
enhancement of metal surface properties by means of pulsed electron beam
treatment. The required homogeneous high-current electron beam is created
in a vacuum triode configuration (GESA). Its acceleration voltage is supplied
by a driving pulsed power source capable of delivering a high-voltage pulse
of 120kV at 600 A for a duration of up to 30 us with a voltage rise rate higher
than 10'2 V/s. Prior to this work, no semiconductor-based pulsed power source
could meet these requirements — therefore a spark-gap based generator was used
with inherent drawbacks for the process as it does not allow for a direct control
of the pulse parameters.

For maturing the process to industry level, Dr.-Ing. Martin Hochberg devel-
oped, constructed and tested a semiconductor-based generator meeting the
above-mentioned challenging pulse parameters for the first time.

The chosen modular concept of the generator with a stage voltage of 1kV
allows for an adjustability of the output voltage in a step width below 1 %. To
overcome the limitations with respect to switching speed for cost-efficient IG-
BTs, he investigated a "gate-boosting" circuit allowing a tremendous increase
in switching speed for voltage-controlled power semiconductors. The result-
ing fast switching elements in combination with a low-inductance capacitor
arrangement allowed for current rise rates exceeding 10 kA/us at switching
times below 50ns for a single stage. By controlling each stage locally with
a microprocessor, he could simplify the main control circuitry and shield the
sensitive electronics successfully against electro-magnetic interference. A new
optical bus system connecting the stages allows for a simple assembly process
and a fast turn-off in case of system errors. In his design, Dr.-Ing. Mar-
tin Hochberg included a fast current measurement on each stage to interrupt
pulse execution in case of over-current conditions and validated it in different
fault scenarios. Using 3D electro-magnetic simulations, the arrangement’s
inductance and stray capacitance were considered during the design process
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to ensure the rise time requirement could be met prior to the construction of
the generator. In the final assembly, the unprecedented pulse parameters of
the new generator were validated — with a rise time exceeding the requirement
by 20 %. Additionally, Dr.-Ing. Martin Hochberg demonstrated the topology’s
unique capability of achieving a flat-top pulse by subsequent activation of spare
stages. The results of this work therefore present a key step towards enhanced
control of the electron beam parameters, enabling its use for a broad range of
applications.



Zusammenfassung

Die Verwendung gepulster Elektronenstrahlen zur thermischen Oberflachenbe-
handlung bietet Vorteile in vielen Bereichen der Energieproduktion, da durch
den Prozess eine Verbesserung der Verschleifl- und Korrosionsbestindigkeit
metallischer Werkstiicke erzielt werden kann. Fiir den erfolgreichen Ein-
satz einer gepulsten Elektronenstrahl-Anlage (GESA) ist dabei der verwen-
dete Hochleistungsimpuls-Generator entscheidend, der den benétigten Hoch-
leistungsimpuls von 120kV, 600 A bei einer Pulslinge von bis zu 100 us
bereitstellt. Der bisher verwendete funkenstreckenbasierte Generator limi-
tiert durch seine begrenzte Flexibilitdt (rechteckige Ausgangsspannungsform,
schwer einstellbare Pulslinge und Amplitude) die Anwendung stark. Um
eine Weiterentwicklung der Technologie zur vollstindigen Industriereife zu
ermoglichen, wurde im Rahmen dieser Arbeit erstmalig ein halbleiterbasierter
Hochleistungsimpuls-Generator entwickelt, gebaut und getestet, der zur An-
steuerung einer GESA-Anlage verwendet werden kann. Er zeichnet sich durch
die feine Modulierbarkeit seiner Ausgangsspannung in Stufen von unter 1 %
der maximalen Ausgangsspannung wihrend des Pulses aus, welche durch
den modularen Aufbau mit einer Stufenspannung von bis zu 1000 V erreicht
wurde. Die Kombination aus den Pulsparametern und der Notwendigkeit eines
schnellen Spannungsanstiegs von 10!2 V/s am Ausgang des Generators stellte
eine besondere Herausforderung dar, die bisher nicht mit konventionell ange-
steuerten Leistungshalbleitern realisiert wurde. Zur drastischen Erhohung der
Schaltgeschwindigkeit spannungsgesteuerter Leistungshalbleiter wurde hierzu
eine neuartige "Gate-boosting" Schaltung entwickelt. Weiterhin wurde durch
einen speziellen Platinenentwurf eine niederinduktive Verbindung sowohl der
Pulskondensatoren zu den Schaltelementen als auch der Platinen unterein-
ander erreicht. Um einen schnellen Spannungsanstieg zu gewdéhrleisten, wur-
den neben der Induktivitit des Aufbaus auch die zu erwartenden Streuka-
pazititen mittels 3D elektro- und magnetostatischen Simulationen analysiert
und im Entwurf beriicksichtigt. Eine erhebliche Reduktion der Komplexitit
der Kontrolleinheit konnte durch die dezentrale Ansteuerung der Schaltele-
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mente durch Mikroprozessoren und schnelle Logik lokal auf der Platine erzielt
werden. Zugleich wird dadurch eine schnelle Reaktion des Generators auf
Uberstromfehler ermoglicht. Die effiziente Kommunikation aller Stufen un-
tereinander gelingt durch die Implementierung eines spezialisierten optischen
Bussystems, welches die Synchronisierung aller Stufen mit einer Genauigkeit
von unter 11ns erlaubt. Es konnte gezeigt werden, dass das zum Schutz
der Elektronik entworfene Schirmkonzept eine Beeinflussung durch die beim
Betrieb des Generators auftretenden elektromagnetischen Storungen verhin-
dert. Neben neuen technischen Ansitzen enthilt das entwickelte Design auch
mehrere Konzepte zur starken Reduktion der Projektkosten. Nach erstma-
liger Validierung der Generatorparameter im kleinen Maf3stab von 8 Platinen
wurde der vollstindige Generator mit 149 Stufen erfolgreich aufgebaut und
mit zuvor unerreichten Pulsparametern in Betrieb genommen. An einer der
GESA-Anlage dhnlichen Last konnte die geforderte Spannungssteilheit bei
voller Ausgangsspannung von 120 kV um 20 % iibertroffen werden. Es wurde
gezeigt, dass durch sukzessives Zuschalten von Ersatzstufen die Spannungsab-
nahme der Pulskondensatoren effektiv kompensiert werden kann. Der neu
entwickelte Generator steht nun zur Integration in das GESA-Versuchsfeld zur
Verfiigung.

ii



Abstract

Pulsed electron beam treatment for thermal surface modification offers new
possibilities in many fields of energy technology, as it allows the enhancement
of the wear and corrosion resistance of metals. A critical element of the pro-
cess is the employed pulsed power modulator driving the pulsed electron beam
device (GESA). It supplies the necessary high-power pulse with a total output
voltage of 120kV and a total current of 600 A for a duration of up to 100 ps.
The currently employed spark-gap based modulator restricts the applications
of the process due to its limited flexibility in terms of output voltage shape,
amplitude and duration. To enable a maturing of the technology to large-scale
industry level, a semiconductor-based pulsed power modulator capable of driv-
ing a GESA device was developed, build and tested for the first time in the
scope of this work. It allows for a step-wise arbitrary output waveform of up to
120kV and a maximum current of 600 A. By selecting a modular concept and
a stage voltage of 1000V, the output voltage can be modulated in fine steps
below 1 % of the maximum output voltage. Besides the unique pulse parame-
ters, the required fast rise rate of the output voltage of 10!2 V/s posed a special
challenge, as it has not been realized with presently available power semicon-
ductors using standard gate-drive technologies. To overcome this limitation,
a new "gate-boosting" circuit was developed, allowing a tremendous increase
in switching speed for commercial voltage-controlled power semiconductors.
Additionally, the circuit inductance was kept low using a special board layout
for reduced inductance between the pulse capacitors and the pulse switches on
the one hand, as well as between adjacent stages on the other hand. Together
with the parasitic inductive properties of the assembly, the parasitic capaci-
tances were analyzed based on 3D electro- and magneto-static simulations and
considered in the design for meeting the voltage rise time requirement. The
employed decentralized control of the pulse switches by microprocessors and
fast logic locally on each board drastically reduces the complexity of the main
control unit while ensuring a fast reaction time of the modulator to overcurrent
conditions. An efficient communication between all stages is achieved by im-

ii
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plementing a specialized optical bus system, enabling a synchronization of all
stages within 11 ns. The designed electro-magnetic shielding for the sensitive
electronics on each stage was tested successfully. Complementing the new
solutions for technical challenges, the presented work implements approaches
for drastically cutting the project costs. After a successful validation of the
design parameters in a proof-of-concept assembly consisting of eight stages,
the full-scale modulator was assembled and tested with unprecedented pulse
parameters. Connected to a load similar to the GESA device, the required out-
put voltage rise rate at full output voltage of 120kV could be exceeded by 20 %.
The subsequent activation of spare stages proved efficient in counteracting the
pulse capacitor voltage droop. The modulator is now ready for integration into
the GESA experiment.

iv
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1 Introduction

1.1 Motivation

The surface modification of metal targets by means of intense pulsed electron
beams (GESA process) is one of the main research interests at the Institute
for Pulsed Power and Microwave Technology (IHM), Karlsruhe Institute of
Technology (KIT). The high energy deposition in the topmost surface layer
of the sample by the intense electron beam causes the surface to melt — the
associated high heating and cooling rates lead to a restructuring of the sur-
face layer. Thereby, the process can be used to either enhance the surface
properties in terms of surface hardness and wear resistance or even change the
surface composition by alloying thin films of material into the surface, both
without affecting the bulk material beneath it [1]. Especially for structural
materials in contact with liquid metals (as used in concentrated solar power
plants or accelerator-driven transmutation reactors [2], [3]) an increased cor-
rosion resistance can be achieved [4]. The electron beam is created using the
GESA (German acronym "Gepulste ElektronenStrahl-Anlage", "pulsed elec-
tron beam device"), a high-current electron accelerator for large area surface
treatment, originally developed in cooperation with the Efremov Institute St.
Petersburg, Russia, starting in 1996. The device operates in pulsed mode with
a pulse length of up to several tens of microseconds. It requires an acceleration
voltage of up to 120kV at a beam current of up to 600 A. The high peak
power in the range of 72 MW is supplied by a specialized pulsed power supply.
Currently, the device is equipped with a spark-gap based power supply with
very limited flexibility. Due to its design, the output voltage is rectangular and
any change of pulse length or pulse amplitude requires a physical manipulation
of components. Recent progress in the development of power semiconduc-
tor devices offers new possibilities for their use in high-voltage pulsed power
sources with respect to active pulse shaping. For a deeper understanding of
the processes governing the GESA device physics and, subsequently, enabling
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a maturing of the technology to industry level, it is the scope of this thesis
to develop, build and test a new type of semiconductor-based pulsed power
modulator capable of active pulse shaping. The requirements for future exper-
iments include a flexible output voltage of up to 120 kV, that can be modulated
with a step-size below 1 % of the maximum voltage. At a nominal current of
250 A, the maximum pulse length should be 100 ps. The most important figure
of merit is the output voltage rise rate when connected to the GESA device,
specified to 1012 V/s.

While specialized pulsed power sources meeting one of the requirements or
another have been presented before, the combination of the requested parame-
ters renders this project very challenging. On the one hand, the GESA device
requires a very fast output voltage rise rate, on the other hand it demands for a
comparably long high-current pulse. Both requirements are conflicting, since
long pulses require big energy storage capacitors which, in turn, increase the
circuit inductance (for a given volume) and therefore slow down the output
voltage rise rate. Currently, cost-efficient power semiconductor devices meet-
ing the speed requirement for this project are not available. In the presented
design, the fine step-size in combination with the fast rise rate requires many
individual switching elements, all controlled independently from each other
at minimal financial and fabrication effort. Due to the high output voltage
and current, the sensitive electronics need to be shielded appropriately against
electro-magnetic interference. During the design process, all parasitic circuit
parameters such as stray inductance and stray capacitance need to be simulated
to meet all the requirements. Finally, the project has to be planned according to
the manufacturing capabilities of the institute’s workshop and within a limited
budget.

The presented thesis describes the design process to meet all the above-
mentioned requirements and their validation with first measurements on the
full-scale version of the modulator.

1.2 Structure of this thesis

In this work, the development of a new semiconductor-based pulsed power
modulator for the GESA device is presented. In contrast to the former generator,
the voltage amplitude, pulse length, and pulse shape of the output pulse are
controlled by software.



1.2 Structure of this thesis

After an overview over the GESA experiment and the deduction of the pulsed
power source requirements, chapter 2 describes the generator design study.
The selected generator topology is presented and compared to other approaches
found in literature. As no generator for the required set of pulse parameters has
been demonstrated before, the resulting challenges with respect to the circuit
components are outlined.

A very strict requirement of the device is an output voltage rise rate in the
order of 1012 V/s. As this parameter cannot be met in a cost-efficient way with
currently available power semiconductors, chapter 3 presents a new "gate-
boosting" circuitry, which allows the speed-up of commercial devices by a
factor of up to eight.

The investigated topology is modular and consists of identical stages connected
in series to achieve the required full output voltage. Chapter 4 describes the
design and validation process of one stage and covers all important circuit
elements: selection and parallel operation of IGBTs using a gate-boosting
circuit, low-inductive energy storage, switching signal generation, and related
protection circuitry.

In chapter 5, the combined operation of up to eight stages (maximum output
voltage of § kV) in a generator arrangement is presented. As interface between
the user (PC) and the generator, a control unit has been developed. For reducing
its complexity, the stages communicate via a new optical bus system, allowing
for a low-jitter synchronization of all stages. All features of the generator,
namely the arbitrary waveform generation at full output voltage, maximum
load current (600 A), and fast rise time as well as an efficient overcurrent
protection scheme have been validated in the full control chain.

Finally, the full-scale generator has been constructed and operated in a test-bed.
The measured output pulse shape is in good agreement with the simulations
and shows a voltage rise time even exceeding the required 10'% V/s by around
20 %. In addition, active pulse shaping could be demonstrated to achieve droop
compensation at full output voltage.






2 Generator design study

For high-voltage, high-current pulsed power sources, several architectures are
known. The generator topology investigated in this work is the semiconductor-
based Marx generator. It was chosen due to its scalable design, allowing for
achieving all pulse parameter requirements at reasonable costs. The following
chapter starts with a short overview over the GESA device and deduces the
required pulse parameters. Consecutively, it presents the selected generator
architecture and compares it to previous work described in literature. Subse-
quently, the design study covering the pulsed power components, the logic and
auxiliary circuitry necessary to achieve all requirements in the presented ar-
chitecture is discussed. Selected results of this work presented in the following
chapter have already been published as [5].

2.1 Design parameters

In the Institute for Pulsed Power and Microwave Technology (IHM) at the
Karlsruhe Institute of Technology, Germany, several devices exist for treatment
of samples with a wide parameter range. Whereas the applications are similar
for all devices, the pulse parameters differ significantly. A comprehensive
overview is given in [6] and [7]. All values given in this work refer to the
GESA I device, to which the generator-under-development will be connected.

2.1.1 GESA pulse parameters

The basic concept behind the GESA device is a vacuum tube in a triode con-
figuration, consisting of a cathode, a control grid, and an anode. A schematic
can be seen in Fig. 2.1a. A pulse generator delivers a negative high-voltage
pulse of around —120 kV to the cathode. The cathode, consisting of an array of
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carbon fiber bundles, ignites a plasma serving as electron emitter. By means
of the potential difference between cathode and control grid, an intense elec-
tron beam of up to 600 A can be extracted from the plasma and is accelerated
towards the anode. Several magnetic coils generate a guiding magnetic field
in the device [8] to focus the beam through an opening in the anode and onto
a metal target beneath it. In the photograph shown in Fig. 2.1b, the upper part
of the image shows the cathode on high-voltage potential, whereas the lower
part shows the treatment chamber and the required vacuum system on ground
potential.

Pulse generator

o —
N [
- I =
Magnetic .
coil
= ma Target =
Treatment
chamber

(a) (b)

Figure 2.1: Schematic (a) and photo (b) of the pulsed electron beam device (GESA).

The operating voltage for the cathode is in the range of 50...150kV [9], whereas
a value of 120kV is preferred. The typical potential distribution and the
resulting beam current are depicted in Fig. 2.2. A part of the beam current (in
the range of 10 %) hits the grid and is deflected via the resistive network R
and Rg2, implementing a negative feedback — an increase in beam current
will decrease the potential difference between cathode and grid. However,
this mean of control has proven to be unsatisfactory, limiting the maximum
achievable pulse length to 50 ps. For a better control of the process and future
research on the plasma dynamics, the generator will be required to supply a
maximum output voltage of 120kV, adjustable in steps below 1 %.
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Figure 2.2: A typical pulse of the GESA device. The electron beam is extracted by the potential
difference between cathode voltage and grid voltage.

Additionally, the topology has to allow for a direct control of the grid voltage.
The nominal current of the generator is specified to 250 A with a maximum
pulse duration of 100us. Due to the dynamic load behavior of the GESA
device, a complete short may occur. Therefore an overcurrent protection
has to be implemented if the beam current significantly exceeds 600 A. The
maximum repetition rate will be one shot every 30 s and thereby comparable
to the current design. This work assumes implicitly a deterministic and stable
behavior of the process. As result, an open-loop control is implemented in
the generator. However, the developed hardware includes the possibility of
upgrading the generator to a closed-loop control system if this assumption
proves wrong in the course of future experiments.

2.1.2 Homogeneous cathode ignition

As electron emitter, the GESA device uses a "multipoint explosive emission
cathode". Depicted in Fig. 2.3a, the cathode is an arrangement of individual
carbon fiber bundles. A magnification of one bundle is shown in the SEM
image in Fig. 2.3b. Typically, field emission starts at electric fields of around
10° V/em [10]. By using fibers with a diameter of 10 um, the on-set of field
emission can be reduced to a field strength of 10% V/em [10] due to field
enhancement. When the pulse generator (compare Fig. 2.1) turns on, the
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threshold for field emission is exceeded. The cold carbon fibers start to emit
electrons near their Fermi level, whereas the replacement electrons from the
pulse generator enter the carbon fibers at the highest unoccupied energy level.
The energy difference between these states is dissipated causing a heating of
the fiber ("Nottingham effect") [11]. With increasing temperature, electron
emission is facilitated. The increasing electron current causes ohmic heating
of the fiber, changing the emission mechanism to thermionic emission [12].
If the voltage rise is fast enough an evaporation of the emitting fiber tip [10]
occurs within several nanoseconds ("explosive electron emission") [13]. The
thereby formed plasma layer expands and acts as emission surface.

(a) The GESA cathode consists of an array (b) The tips of the individual carbon fibers
of carbon fiber bundles, each with an have a diameter of 10 um and serve as
individual resistor for current balanc- electron emission centers.
ing.

Figure 2.3: Photograph of the cathode arrangement with 700 individual carbon fiber bundles and
scanning electron microscope (SEM) image of one bundle showing the individual
fibers.

To foster a homogeneous cathode plasma ignition, a voltage rise in the order
of 1012 V/s is required [10].

Whereas some applications are very sensitive against overvoltage [14], the
GESA device was designed for voltages of 150kV and is operated at nom-
inal voltage of 120kV. Any occurring overvoltage due to parasitic capac-
itances/inductances of the generator will increase the voltage rise rate and
foster a homogeneous plasma ignition. Once the plasma has ignited, the drop
in the cathode’s impedance will dissipate the energy stored in the parasitic
capacitances and, therefore, limit the duration of the overvoltage. Since the
currently employed pulse generator cannot achieve the required rise time, a
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peaking circuit is implemented [10]. To reduce the circuit complexity, the
generator under development has to meet the demand for the voltage rise time
across the cathode without the need of a peaking circuit. The figure of merit
for the design of the generator used in this work is therefore the voltage rise
rate from the beginning of the pulse (10 %, i.e. 10kV) to 100kV, regardless of
a possible voltage overshoot.

2.1.3 Parasitic device properties

Apart from the inherent device physics, the mechanical dimensions of the
device determine its behavior in an electric circuit. Especially for the voltage
rise time calculations, the parasitic properties such as device inductance, and
device capacitance are crucial.

Cathode

.

dimension (m)
electric field (MV/m)

08 -04 0 0.4 0.8
dimension (m)

(a) A photo of the GESA cathode and field (b) Simplified 3D model and resulting
grading rings in its shielding enclosure. electric field.

Figure 2.4: Photo and corresponding 3D model used for FEM static electric field simulations to
estimate the cathode-to-ground stray capacitance.

Fig. 2.4a shows a photo of the GESA cathode in its lead-reinforced metal
shielding enclosure. In order to avoid a time-consuming precise modeling of
all internal components, a worst-case estimation was performed to derive the
parasitic values of the device. Concerning the parasitic capacitance of the
device, Fig. 2.4b illustrates static electric field simulations performed using
COMSOL (AC-DC module). The outside of the device was modeled accord-
ing to its physical dimensions, with the cathode simulated at a constant voltage
of 120kV. As worst-case scenario, the control grid was simulated to be on
ground potential. From the electric field energy, the total resulting equiv-
alent capacitance was calculated to 150pF. A crude estimation concerning
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the device’s parasitic inductance can be performed on basis of its geometric
dimensions. When connected to the center of the cathode and the edge of the
shielding enclose, the resulting current loop will have a total length of about
4m. Due to the large diameter, the coupling between the conductors is not
significant. Therefore, an approximate inductance of 10nH/cm [15] can be
assumed, yielding a total inductance of 4 uH.

2.2 The semiconductor-based Marx generator

The semiconductor-based Marx generator is a member of a group of topologies
of a step-wise arbitrary voltage sources not limited to the field of pulsed power.
Conceptually similar, but with different parameters and much slower switching
speeds, are the Modular Multilevel Converter (MMC, [16], [17]) or the Pulse
Step Modulator (PSM, [18]).

2.2.1 Topology

The Marx generator, a circuit patented 1923 by Erwin Marx [19], was originally
invented to create high-voltage impulses for insulator testing.

 —  — ——
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(b) By closing the pulse switches, the capacitors are arranged in a series configuration and dis-
charge via the load impedance Zr,.

Figure 2.5: The Marx generator comprised of n identical cells, each consisting of a pulse capacitor
Cp, a pulse switch Sp and a charging impedance Z¢ for transient decoupling during
the pulse.
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2.2 The semiconductor-based Marx generator

The modular concept is illustrated in Fig. 2.5: each of the n stages consists of
a pulse capacitor Cp, a charging impedance Z¢ and a pulse switch Sp. Prior
to pulse execution, all capacitors are connected in parallel via the charging
impedances and charged to the same voltage Vj. When the pulse switches
are closed, the capacitors are connected in a series arrangement causing a
voltage multiplication to n-V( across the load impedance Z;,. The charg-
ing impedances Z¢ decouple adjacent stages during the discharge time of the
capacitors, preventing a significant short circuit current. Since all stages are
floating during the pulse, the maximum voltage each component has to with-
stand is solely the charging voltage V), even if the output voltage is n times
higher. Thereby, the generator can by composed of very cost-efficient compo-
nents. When erected, the presented circuit (Fig. 2.5b) effectively is an RLC
circuit composed of the load impedance (circuit resistance and inductance)
and the series connection of all pulse capacitors. Depending on the degree
of damping, the pulse into the load can be over-damped, critically damped or
oscillating. The same concept can also be used to create rectangular pulses by
replacing the capacitors by an LC-network (see Fig. 2.6) and is currently used
to drive the GESA device. Each stage of pulse capacitor Cp and pulse inductor
Lp is charged via a decoupling impedance L to the same voltage V(. Upon
closing the pulse switches, the networks are arranged in a series configuration.
To avoid reflections at the load, the load impedance Z1, must be equal to the
series connection of the characteristic impedance of all stages Zg according to

Eq.2.1.
L/

Zy=n| o 2.1)
P

As result, the load voltage V,, = n-V(/2 across the load impedance is only
half of the sum charging voltage of all stages.

For short pulse lengths, the LC-network can be replaced by a coaxial cable,
whereas for longer pulse lengths in the tens of microsecond range the physical
dimensions of a cable become unpractical and the networks are implemented
using discrete elements. Matching dynamic loads, such as the GESA device,
directly to the generator is not possible [20]. Instead, the device is connected in
parallel to a matched load impedance. An influence of the GESA impedance on
the pulse shape can only be neglected if the current through the load impedance
significantly exceeds the current drawn by the GESA device.

11



2 Generator design study

In the current design, the value of the load impedance is around 40 Q, corre-
sponding to a load current of 3 kA as compared to the nominal current of the
device of 250 A.

Zes L [ Lp Sen

Figure 2.6: A rectangular pulse can be created using LC-chains instead of capacitors in the Marx
generator.

Historically, spark gaps have been used as pulse switches for both circuits, trig-
gered either by exceeding their standoff voltage or by using an external trigger
circuit [15]. Usually only a few spark gaps are triggered and, consecutively,
all remaining spark gaps follow due to an overvoltage caused by ground stray
capacitances [15]. As a result, the generator can only be erected completely
and cannot be switched off without external means before the voltage across
the spark gaps falls below their arcing voltage, i.e. before the pulse capacitors
are nearly completely discharged. Whereas spark gaps are still economical for
large scale industry applications [21] due to their easy manufacturing, high-
current capability and robustness, many researchers work on replacing them
by semiconductor-based switching elements. Thereby, trigger delay, jitter,
and electrode wear associated with certain spark gap designs can be omitted.
Semiconductor switches with current interruption capability furthermore of-
fer the possibility of active pulse shaping [22]. The simplified circuit of the
generator investigated in this work is shown in Fig. 2.7. All pulse capacitors C
are charged in parallel comparable to Fig. 2.5 (charging path not shown). The

12



2.2 The semiconductor-based Marx generator

pulse switch consists of an active semiconductor switch T and a free-wheeling
diode D as passive switch.

C

Figure 2.7: The semiconductor-based Marx generator topology, each of the n stages has a pulse
capacitor C, a semiconductor switching element T and a free-wheeling diode D
(charging path not shown).

In contrast to the spark-gap based Marx generator, the output voltage V, (t) can
now be modulated during the pulse by changing the number of active switching
elements.

Va(t) == > Ve,(t) Ti(t) 22)
i=1

By assigning each switching element T a switching function Tj(t) (T} = 1:
switching element T closed; T; = 0: switching element T; open), V,(t) is
given by Eq. 2.2 using the present capacitor voltage of stage i, V¢ ;(t). During
an inactive period of stage i, the pulse current will by-pass the inactive stage
via the free-wheeling diode D;.

Other researchers [24] use active semiconductor switches anti-parallel to the
free-wheeling diodes. After the end of the pulse, these switches are activated
for a fast discharging of the load capacitance. As only a fast rising edge is
important in this application, these additional switching elements have been
omitted in this design.

13
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Figure 2.8: The output voltage V, of the generator can be modulated in steps of the capacitor
charging voltage V.

Fig. 2.8 shows an example of a step-wise arbitrary output voltage waveform
V., in steps of the capacitor charging voltage of one stage V, when one, two
and three pulse switches are turned on with some time delay.

When operated in combination with the GESA device, it may be necessary
to use the generator to control not only the output voltage (i.e. cathode-anode
voltage), but also the cathode-grid voltage. Due to the modular nature of the
presented topology, cathode, anode, and grid can be connected to it as depicted
in Fig. 2.9: thereby, one part of the generator controls the cathode-grid voltage
and one part of the generator controls the grid-anode voltage. Simultaneously
deactivating stages in the upper part and activating stages in the lower part,
the acceleration voltage can be kept constant while the extraction voltage is
reduced. Since the grid current is below 10 % of the beam current, the unequal
discharging of both parts will not be significant.

14
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Figure 2.9: By adding a grid connection, one part of the generator can be used to control the
cathode-grid voltage, whereas the other part of the generator can be used to control
the grid-anode voltage.

2.2.2 Increasing the energy efficiency of the process

As discussed in the preceding section, the GESA currently is connected in
parallel to the matched load of the LC-chain Marx generator. For achieving
the nominal output voltage, it uses four stages charged to 60kV with a total
capacitance of 12 uF and is discharged completely during each pulse. The
resulting total stored energy is given in table 2.1.

Table 2.1: Stored energy and energy loss comparison of both generator types.

Generator Stored energy Energy loss per pulse
LC-chain Marx generator 21kJ 21kJ
Semiconductor-based Marx generator 15kJ 1.5kJ

A comparison with the energy required by the device of 1.5kJ (120kV, 250 A
for 50 us) yields an efficiency of the process of close to 7 %. Since the new
generator does not discharge completely in the course of the pulse, only the
pulse energy needs to be resupplied. The conduction losses of approximately

15
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3] (1 Q internal resistance, 250 A for 50 us, see Sec. 6.2.2) can be neglected.
Thereby, this technology offers the potential for huge energy savings by avoid-
ing the need for a matched load.

The calculation neglects the supply voltage necessary to operate both gene-
rators, which are in the same order of magnitude. Additionally, for a highly
efficient operation, the generator needs to be operated continuously without
complete discharging. In the GESA experiment, the sample has to be changed
after a few shots and, therefore, the generator has to be discharged for safety
reasons. In future industry applications, this limitation can be avoided by
automated sample manipulation.

2.2.3 Comparison to state-of-the-art pulse generators

Semiconductor-based pulsed power sources are currently of great research in-
terest within the pulsed power community. Due to the complexity of their
design, however, each power source is build according to the specific require-
ments of the respective application. The special challenge of building a pulsed
power supply with a flexible output voltage of up to 120kV, a maximum of
600 A pulsed current at durations of up to 100 us with a fast rise time of around
100 ns has not been addressed before. There are several power supplies exceed-
ing the mentioned specification in one parameter or another, but combining
them in one generator is demonstrated in this work for the first time.

A much investigated approach for fast rise time, high-current, high-voltage
pulses is the so-called Linear Transformer Driver (LTD) technology. The main
idea behind the technology is to distribute the primary winding of a trans-
former on several boards, each driving a current through a single loop. The
modules can be triggered simultaneously or arbitrarily to achieve a flexible
output waveform. Prof. Jiang et al. [25] heavily investigated this technology
and could successfully demonstrate a stack of 30 stages with 29kV output
voltage, 240 A load current and a rise time below 80 ns. While being scalable
to some extend, the design relies on magnetic cores that can pose a major cost
factor. The compact generator presented in [25] could only deliver a pulse of
up to 170 ns in length before showing saturation effects of the core. Upscaling
of the pulse length by a factor of 600 while also doubling the output current is
not an economic solution.
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2.2 The semiconductor-based Marx generator

Creating high-voltage, high-current generators with pulse lengths in the mi-
crosecond range, many companies developed interesting circuits based on the
Marx generator topology investigated in this work. A very high-voltage ver-
sion was presented by Applied Energetic [26], being able to charge a capacitive
load up to 700kV in several microseconds. The output waveform could be
modulated by individual switching of each module. As the designed load was
capacitive, the nominal charging current of 20 A lacks behind the requirement
for the GESA application.

Semiconductor-based Marx generators have been investigated as replacement
for thyratron-driven pulse circuits for microwave sources. A high-voltage gen-
erator under development by Diversified Technologies [27] was designed for
a total output voltage of 100...500kV and a pulse current of up to 500 A for a
duration of up to 5 pus. The design could be validated up to an output voltage
of 40kV and a rise time of 300ns was achieved. Individual control of all
stages enables the possibility of active pulse shaping [14], but the high stage
voltage of around 12kV allows only for a coarse voltage adjustment. The lack
in rise time and the high module voltage render this setup uninteresting for
this project. Stangenes Industries [22] presented a generator able to deliver
pulses of 50kV at 250 A pulsed current for a duration of Sus. Again, the
design is scalable, but since all parameters are inadequate for our application,
a complete new design would be required. The achieved output rise rate is
limited to 150 ns.

A very promising approach is currently investigated by Redondo et al. [28] as
driving source for kicker magnets: Employing many paralleled very fast SiC
MOSFET switches, a semiconductor-based Marx generator is under develop-
ment with a module voltage of 800V for a total output voltage of 40kV and
3.2 kA load current. The current design is for a pulse length up to 3 us, but the
current is well above the requirements. Therefore, the stage capacitance is in
the required range for this project. Until present, a prototype with an output
voltage of 3.2kV at a load current of 2.7kA was demonstrated for a pulse
duration of 2 us. The rise time was measured to be 50 ns. The scalability of
this design remains object to further studies, since a generator constructed after
the prototype will be in the 4 m range for 40 kV already. In combination with
the high price of the employed switching elements, this design is not suitable
for investigated application.

17



2 Generator design study

2.3 Generator component requirements

In the course of the development of the generator, many challenges have be to
overcome. The following sections define the requirements for the employed
pulse components (switches and capacitors) and their control logic. Subse-
quently, an overview over the expected fast-varying electro-magnetic fields the
circuitry has to withstand and the spacial constraints the generator has to meet
is given.

2.3.1 Pulse switches and parasitic properties

As mentioned in Sec. 2.1.2, the very fast voltage rise rate across the GESA
cathode of 100kV/100ns is one of the most challenging requirements to meet.
The output voltage rise time can be expressed as geometric addition of the
rise time contribution of the sub-components [29]. In first approximation,
the generator can be considered a voltage source with limited rise time tg
connected to an RLC circuit. As worst-case simplification, all parasitic values
of the circuit can be combined in lumped elements as depicted in Fig. 2.10.
The resistive component includes all losses of the circuit, such as ohmic losses
and radiated losses. Lp combines the parasitic inductive properties of the gen-
erator itself, the connection of the generator to the GESA and the GESA device.

Lp Vg
| O I T
ICP

Figure 2.10: The equivalent circuit of generator and connected GESA device: the generator
output voltage has a limited rise time t and is connected to an RLC circuit with
lumped elements containing all parasitic resistive components of the circuit Rp
and all inductive components (generator, connection and GESA device), charging
all parasitic capacitive components of the circuit (generator, connection and GESA
cathode).
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As discussed in Sec. 2.1.3, the GESA cathode has a substantial capacitive
component that needs to be charged. For the worst-case estimation, all stray
capacitances to ground are added to the cathode capacitance to form one com-
ponent Cp, including the stray capacitance of the generator and the capacitance
of the connecting leads. The presented equivalent circuit is only valid as long
as the cathode plasma has not ignited. Afterwards, a substantial current flows
across the cathode-anode gap, shunting the cathode capacitance. Therefore,
this picture is only valid to estimate the slowest voltage rise rate that can be
expected with the given circuit parameters.
As first step in the design process, fast enough switching elements have to
be selected as not to hinder the cathode charging process. Since the circuit
parameters are not known a-priori, a target speed has to be defined for the
development of the switching circuitry.
Each stage has an inherent rise time tg. Due to many individual stages, an
additional timing jitter tj has to be assumed. A worst-case estimation for the
rise time of the idealized generator t is represented by the sum of both rise
times as in Eq. 2.3.

tg=tg+tg 2.3)

The precise rise time of the connected RLC network tr,c will be dependent
on the generator layout and physical dimensions. However, the cathode volt-
age rise time tc can be calculated by the geometric sum of the components
following Eq. 2.4 (compare Sec. 2.5). The resulting simulations to meet the
requirements of the GESA device are presented in Sec. 6.1.4.

— 2 2
tc=1/t¢ +thLe 24

A target rise time tg of 50 ns at 600 A load current in hard switching conditions
was chosen for a single stage in order to allow for a sufficient safety margin in
the design process. As the current will ramp up slowly in an RLC circuit, the
expected rise time in the application will be much faster. Thereby, the gen-
erator output voltage rise time is mainly dependent on the circuit parameters
(resistance, stray capacitance and stray inductance) instead of the switching
elements. Unfortunately, commercially available semiconductor switching
elements meeting these specifications are very expensive. Therefore, Sec. 3
presents a novel approach to speed up cost-efficient voltage-controlled power
semiconductor devices to meet the specifications.
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Using fast pulse switches also has an influence on the choice of free-wheeling
diodes. The steep voltage rise across them will lead to a capacitor short dur-
ing the reverse recovery time of p-n diodes, possibly destroying the device.
To overcome this limitation, using fast SiC Schottky-diodes as free-wheeling
diodes is imperative when employing fast pulse switches.

Resulting from the requirement of an adjustability of the output voltage in
steps of 1 % of the nominal 120kV output voltage, the maximum permissible
stage voltage is around 1kV. For avoiding failure of the employed devices, a
sufficient safety margin from the maximum expected voltage across the device
to its specified maximum blocking voltage has to be chosen. Increasing the
voltage rating of the device, however, increases the system costs both directly,
since the devices are more expensive and indirectly, since higher voltage rat-
ings require thicker substrates with increased losses [30]. Manufacturers of
power semiconductor devices intended for use in distributed supply networks
recommend a safety factor up to 2.5 (device blocking voltage / expected line
voltage) [30]. Due to the schematic of the generator investigated in this work
(see Sec. 2.2), the voltage across the switching device is clamped by the stage
capacitor in close vicinity. The manufacturer’s recommendation for this DC-
link-like architectures still includes a safety-factor of around 50 % due to the
absence of larger network disturbances such as lightnings [30]. For a bus
voltage of 1kV, the recommendation is to use devices rated for 1.7kV. One
major effect related to the voltage de-rating is the avalanche breakdown ini-
tiated by cosmic radiation [30]. The chance of an avalanche breakdown is
strongly dependent on the time integral of electric field inside the device and
grows exponentially with increased voltage close to the rated voltage [30].
Felgemacher et al. could show an increased failure rate for 1.2kV Si-IGBTs
operated at 1kV DC voltage [31]. However, since the generator presented
in this work is only powered during experiments and is located under a solid
concrete ceiling, both exposure time to DC voltage and cosmic ray intensity
are low. Out of economical considerations, for a bus voltage of 1kV devices
with a maximum blocking voltage of 1.2kV were used. This dimensioning of
power semiconductors is commonly used in literature for pulsed power appli-
cations ( [32], [33], [34], [35]). Therefore, 120 stages are required to achieve
the nominal output voltage of 120kV. If an active grid control with a 30kV
voltage swing is to be implemented, additional stages will be required. As
result, the total amount of stages will be in the range of 150.
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2.3.2 Pulse switch control

In multi-stage semiconductor-based pulse generators, the most efficient method
of pulse switch control depends on the application. If all switches are to be
switched simultaneously, a direct inductive charging of each gate is the option
with the least amount of auxiliary circuitry required [36]. On the other hand,
an overcurrent protection or safety relevant functions can only be implemented
into the control unit. Dedicated drivers for the power semiconductors are to
be used to achieve fast switching speeds; the control signal may be coupled
magnetically to the stage and processed by logic on the stage [37]. The same
transformer can be used to transfer both the trigger signal and the supply cur-
rent [37]. However, magnetic coupling also comes with certain drawbacks:
the employed transformers need to isolate the full output voltage (i.e. 120kV)
and increase the stray capacitance to ground. Secondly, no data return channel
is available for detecting faults on a stage during the pulse. Most importantly,
in order to drive all stages individually, many individual transformers have to
be fabricated.

Instead of magnetic coupling, the presented generator uses optical signal trans-
mission for galvanically isolated duplex communication with each stage. De-
tails on the transmission circuit are given in Sec. 4.3.1. Thereby, stray capaci-
tances to ground can be minimized [22].

Since every stage has to perform an individual switching sequence in the course
of a pulse, there are basically two means of switching signal distribution. The
first being a localized control circuitry on ground potential, controlling directly
the ON/OFF sequence of every stage with no or little logic circuitry on each
stage. The second method is for each stage to generate its own switching com-
mands and the control unit only being used for starting and ending the pulse.
Many researchers favor the first approach (e.g. [22], [25], [14], [34]) for its
obvious advantages. Having one control circuitry for all stages allows for di-
rect control over the switching process, necessary to implement a closed-loop
control of the output voltage. If the stages are reduced to merely switches,
all protection circuits have to be implemented in the control unit. Any error
in the optical signal, either by EMI or wrong data from the control unit, can
potentially lead to a destruction of the generator. The high number of optical
connections from the control unit to each generator stage (around 150 in the
presented design), all controlled simultaneously during the pulse and synchro-
nized with respect to pulse start pose a great challenge for the control unit,

21



2 Generator design study

both on the hardware and the software side. Moreover, approximately 300
optical fibers (two per stage to allow for duplex communication) outside of the
generator increase the project complexity from a manufacturing point of view.
In order to reduce the complexity of the control unit, a novel approach is
investigated in this work: the switching signal generation during the pulse
is not performed localized on the control unit, but is rather distributed on
each single stage. Equipping each stage with a fast programmable logic, the
switching signals can be pre-programmed before the pulse and executed once
a synchronization signal has been sent. The control unit handles the optical
distribution to enable communication with the stages. By introducing a novel
optical bus system in Sec. 5.1.2, the optical connections from and to the control
unit can be drastically reduced. Thereby, communication with the complete
generator is possible using only 17 fiber optic connections. The logic on every
stage incorporates safety functions such as maximum pulse duration monitor-
ing, overcurrent protection, temperature measurement, and a pulse capacitor
discharge functionality. The optical return channel allows for a generator emer-
gency turn-off if any stage detects an error. For details on the control scheme,
see Sec. 5.

The design was developed under the presumption that the GESA device will
behave deterministically with respect to the required drive voltage pulse shape.
However, since this hypothesis needs to be validated in future works, the gener-
ator was built with the possibility to use the stages also with a localized control
circuitry in case a closed-loop control will become necessary in the future.

2.3.3 Dimensioning of pulse capacitors

To drive the GESA cathode, a long flat top pulse is required. For achieving
the desired flat top quality of 1kV for a pulse duration of at least 75 us at
maximum output current of 600 A, the capacitor droop needs to be minimized.
The obvious solution is to employ very big stage capacitances Cg. Since all
stage capacitances are connected in series during the pulse, the equivalent
capacitance Ceq,const. of an erected Marx generator using a constant number
of m active stages can be calculated according to Eq. 2.5.

Cs
Ceq,const. = E (2.5)
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The maximum pulse duration tp congt. after which the output voltage has
dropped by AV, at constant pulse current Ip is, hence, given by Eq. 2.6.

Ceq,const. : Avn

o 2.6)

tP,const. =

With the above formulas', individual stage capacitances Cg of 5.4 mF for a
nominal output voltage 120kV at 1kV stage voltage are required. The to-
tal capacitance of such an arrangement would amount to 648 mF with a total
stored energy of 324 kJ. On the one hand, using such large stage capacitances
is a huge cost factor, on the other hand the spacial dimensions of these capac-
itances become impractical. In addition, most of the stored energy needs to
be dumped after the experiment, increasing the complexity of the discharge
circuit and being detrimental to the device efficiency.

The generator topology presented in this work enables the opportunity to use m
stages necessary to achieve the required output voltage and to incorporate addi-
tional x spare stages in the design that can be activated upon demand, i.e. after
the voltage has dropped by the stage charging voltage of 1kV. The equivalent
capacitance after the activation of i stages then is calculated following Eq. 2.7.

Cs

L m

i=0..x 2.7
The maximum achievable pulse length given the pulse parameters then calcu-
lates according to Eq. 2.8.

Ceq,const. 'Avn T Ceq,l . AVn + Ceq,Q 'Avn T
Ip Ip Ip

tP,vauf. =

X Coqi AV
= tP const. +Z% (2.8)
i=1

N i Ceq,i “AVy
= I

1AV, = 1KV, Ip = 600 A, tp const. = 75 s, m = 120
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With the same design pulse length, the stage capacitance sizes for the case
of constant active stage count (const.) and varying stage count (var.) can be
compared as in Eq. 2.9.

tP,const. = tP,var.

Cs.cons CS ,var. (29)
S = AV _i m+1 AV

Eq. 2.10 expresses the simplified ratio between the stage capacitance values in

both cases.
X

CS const m
— =1+ E - (2.10)
Cs var. ~'m +1

The total capacitance values Cyotal const. in case of constant stage number and
Ctotal,var. scale according to Eq. 2.11 for m >> x as does the stage capacitance.

Ctotal,const. m CS,const CS const.
= . ,m>>xX (2.11)
Ctotal,var. m+x CS,Var. CS ,var.
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Figure 2.11: Stage capacitance value in dependence on the number of available spare stages
(AV, =1kV, Ip =600 A, tp const. = 75 us, m = 120).
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Fig. 2.11 illustrates the necessary stage capacitance value with respect to the
available spare stages. Zero spare stages corresponds to the value of Cg const. -
As visible, the reduction in necessary stage capacitance is very pronounced
for small numbers of spare stages but becomes less pronounced for higher
numbers. Whereas more stages reduce the stage capacitance size, they increase
the system costs associated with using more electronic components.

The design of this work therefore uses 29 spare stages as balance between
flexibility of more stages, mechanical dimensions of the generator and stage
capacitance size. The individual stage capacitances have a size of around
200 pF, and the total energy stored in the generator is equal to 15kJ.

2.3.4 Protection against electro-magnetic interference

The great amount of high-speed logic devices involved in this project demands
for adequate shielding of all components against electro-magnetic interference
(EMI). A special challenge with respect to shielding in semiconductor-based
Marx generators is based on the strong capacitive coupling into the control
circuitry of each stage since it transiently operates at high-voltage potential
during the pulse. For a low inductance, the control circuitry additionally has
to be in close vicinity to the pulsed current passing through the switching
elements, requiring measures against magnetic coupling. Without detailed
information on parasitic oscillations that may only become measurable in the
final assembly of the experiment, a rough estimation on the expected frequency
content can be performed based on the expected output pulse shape.

\Y
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\
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Figure 2.12: Pulse shape in time (left) and frequency domain (right). The high-frequency content
of the pulse is predominantly determined by its rise and fall time. [38]

25



2 Generator design study

For a single trapezoidal pulse, the amplitude spectral density is determined by
the pulse width tp and the finite rise and fall time t. r. After the two related cut-
off frequencies fp = 1/mtp and f, ¢ = 1/7t, ¢ the amplitude spectral density
drops with 20 dB/decade and 40 dB/decade, respectively [38].

40 ' t.¢=10ns
20} t.¢=100ps

amplitude (dB)

1 10 100
frequency (MHz)

Figure 2.13: The amplitude spectral density for a pulse length of 200 ns with a rise and fall time
of 100 ps (red) and 10ns (blue). The dashed lines have a slope of —20 dB/decade
and —40 dB/decade, respectively.

The assumption of a constant amplitude spectral density thereby overestimates
the frequency content of the pulse as can be seen from the calculated spectrum
of a trapezoidal pulse with tp = 200 ns and varying rise and fall time as de-
picted in Fig. 2.13.

Whereas the generator will be build for a total rise time in the order of 100 ns,
the individual switching elements switch significantly faster. As worst-case
estimation, a rise time of 30 ns has be assumed based on measurements pre-
sented in Sec. 5. The corresponding cut-off frequency for this rise time is in
the order of 10 MHz, being equal to a wavelength of 30 m. Compared to the
physical dimensions of the generator (i.e. a few meters), the large wavelength
necessitates predominantly shielding against quasi-electro- and magneto-static
interference. For inserting the optical fibers, holes in the shielding enclosures
are necessary. While the holes can be considered as waveguides, their cut-off
frequency is much higher (for diameters in the centimeter range) than the fre-
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2.3 Generator component requirements

quency content emitted from the generator. To ensure proper damping of the
interference signal, only the fraction between length L and diameter D of the
opening is important. According to [39], a signal with a frequency below the
cut-off frequency of an opening is attenuated by S (in dB) according following

Eq. 2.12.

5—32% 2.12)
~ 52k .

Typically, an attenuation of 100 dB is considered largely sufficient for shielding
enclosures [40]. Therefore, a length to diameter ratio of greater than four was
chosen for all holes throughout this project, so their influence can be neglected.
At low frequencies, shielding compartments made from highly conductive
material such as copper or aluminum are more effective than low-conductive,
high-permeability materials such as iron [38]. Using the maximum pulse
duration of 100pus of the generator, fp equals to 3.2kHz. Non-magnetic
materials such as copper and aluminum weaken an external non-static magnetic
field purely by the counter-action of induced currents whereas in magnetic
materials, such as iron, the effect is magnified by their permeability when the
skin-depth is smaller than the material thickness [38]. The skin-depth of a
material can be calculated according to Eq. 2.13 from the exciting frequency f,
the material’s permeability u and resistivity p — table 2.13 gives an overview
over the skin depth for the relevant materials in this work.

P

5:
n-f-u

(2.13)

Table 2.2: Skin depth for different commonly used materials.

Material Resistivity Relative permeability Skin-depth (at 3.2 kHz)

Cu 18-108QmI[41] 1 1.2mm
Al 28-10°8Qm [41] 1 1.5 mm
Fe 55-107Qm[41]  ca. 1000 [41] 200 pm

Unfortunately, the limited resistivity of magnetic materials is detrimental to
their shielding effectiveness. Additionally, saturation effects have to be taken
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into account when using magnetic materials. Therefore, shielding based on
a combination of different materials may be advisable, with a non-magnetic
layer on the outside reducing the magnetic field and protecting a inner magnetic
(saturable) layer. In the following work, copper and aluminum shielding
enclosures have been used, both due to their good shielding qualities (over a
wide frequency range, independent of field strength) and ease of manufacturing
with wall thicknesses of at least 1 mm and 2 mm, respectively. Sensitive
parts, such as microprocessors and CPLDs, have been protected using an inner
tinplate cabinet as second shielding (see Sec. 4.3.3).

2.3.5 Physical and mechanical constraints

Besides the electrical constraints, also mechanical constraints have to be con-
sidered. The final location of the generator will be inside an experimenting
area with little ground space but a lot of headroom. The ground area for the
generator is approximately 1.8 m x 1.8 m. The output of the generator will
be connected to the topmost part of the GESA cathode, being at a height of
approximately 2.2 m. Building the generator output to be as close as possible
to this height will reduce the additional inductance introduced by wiring. For
measurements, the generator should be quickly movable from the GESA exper-
imenting site to a dedicated generator test stand located in the same building.
To this end, the whole generator is designed with crane attachment points for
easy movement within the building.

Being a prototype generator, easy maintenance is a major requirement. There-
fore, oil insulation is not possible. All circuit boards must be quickly accessible
for measurements, hence all connections are realized by plugs.

Due to the limited budget of the project, all materials used must be machinable
within the institute’s workshop — prohibiting the use of high-strength materials
such as fiber-reinforced plastic or ceramics.

2.4 Charging and supply voltage distribution

Distribution of the pulse capacitor charging voltage is very simple in the clas-
sical Marx generator arrangement. Using active switches, new possibilities
are enabled in a semiconductor-based Marx generator for transiently isolating
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one stage from the next. Since the circuit boards need to be powered, also the
auxiliary supply voltage needs to be distributed in a similar fashion. The fol-
lowing section compares approaches found in literature to the most promising
solution implemented in this work.

2.4.1 Pulse capacitor charging

In a Marx configuration, the charging path from one stage to the next for
the pulse capacitors has to be isolated transiently during the pulse in order
to avoid a short circuit [15]. Charging each stage using a transformer avoids
this issue effectively [26]. On the other hand, a transformer isolating the
total output voltage of 120kV is required. Beside a strong increase in stray
capacitance to ground and being a substantial cost factor, this counter-acts
the idea of a Marx circuit: each component only has to withstand the stage
charging voltage. Therefore, one stage is usually decoupled from the next
with a high-impedance isolation element (compare Fig. 2.5). The permissible
current via the isolation element thereby is dependent on the application, but
should not cause a significant voltage droop of the capacitors in the course
of a pulse. Under the assumption of a maximum leakage current of 10 % of
the nominal pulse current of 600 A, the 1 kV potential difference from stage-
to-stage necessitates an impedance of at least Rc = 16 Q between the stages.
Using charging resistors as decoupling elements Z¢, the Marx generator as
depicted in Fig. 2.5 resembles a series connection of a stage capacitor Cg and a
resistor R = 2Z¢. The charging time TR of such an arrangement consisting
of n stages can be approximated by Eq. 2.14 [15].

Tre =R -Cg-n? (2.14)

Taking the high number of around 149 stages and the high stage capacitance
of 200 uF of the design into account, the charging time can be approximated
to 72 s. In reality this time is even longer since the formula assumes charging
with a voltage source. The charging current in the first instant then amounts
to 62 A, necessitating an expensive power supply. Charging the arrangement
with a less powerful voltage source would, in turn, also increase the required
charging time.

Instead of charging resistors, charging inductors are used in commercial spark-
gap based Marx generators [15]. This concept has also been demonstrated
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successfully in semiconductor-based devices [37]. In first approximation, the
current will start to increase linearly through the inductor during the pulse.
To allow for the same amount of charge loss during the pulse of duration tp
as compared to the previous case, a parasitic current Ip of twice the value as
for the charging resistors can be permitted (120 A). The necessary charging
inductance L can be calculated according to Eq. 2.15.

_Vo-tp

L
CTT

(2.15)
1%

With a stage voltage of Vj = 1kV, L¢ calculates to 0.8 mH. As an air-cored
inductor is required to avoid saturation effects, the physical dimensions of 149
individual inductors would become impractically large.

Employing active switches is a promising way to modulate the impedance of the
charging path from low impedance during charging to high impedance during
pulsing. Semiconductor switches have been demonstrated to work for several
applications (see [42], [35]). The switching element used in this position has
to block the current in both directions. IGBTs are in principle suitable if they
are not co-packaged with a free-wheeling diode. Also MOSFETs can be used
if their body-diode (compare Sec. 3.1.1) is eliminated by an additional external
diode. Both possibilities, IGBT and MOSFET plus diode have a forward
voltage drop in the order of 1...2 V. For generators with low stage count, this
can be neglected. If 149 stages are used, however, the charging voltage of the
top-most stage is reduced by a significant amount. In principle, the voltage
drop per stage can be compensated using a small voltage source on each stage,
powered from the supply voltage. With a charging current in the 1 A range,
the required power of 1..2 W per stage, however, strains the supply voltage
distribution system.

The requirement of a very low operation frequency (see Sec. 2.1.1) enables
the possibility to use mechanical switches instead of semiconductors. High-
voltage SMD relays are available, offering a contact resistance below 100 mQ
and can block voltage surges of up to 2.5kV (or 1500V RMS) [43]. They
can carry a maximum current of 2 A, but even 1 A is enough to charge 149
stages to 1kV within the required 30s. Therefore, high-voltage SMD relays
offer the most benefits of all available switches and were chosen as isolation
components in the charging path of the stages. The resulting circuit is depicted
in Fig. 2.14. During charging, the relay contacts Sq x and Sg  are closed,
connecting the current-limited voltage source V( to every pulse capacitor.
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While in principle the free-wheeling diodes Dy can be used to carry the return
current during charging, any voltage drop across them is avoided by shorting
them with relay contact S . When a pulse is executed, all relays open and the
circuit is equivalent to Fig. 2.7. After the pulse, the capacitors may be charged
unevenly. To prevent any equalizing current from one capacitor to the next,
diodes D¢ x are in place. Using this configuration, a negative output voltage
can be generated using a positive charging voltage for the capacitors.

Figure 2.14: The proposed Marx circuit including the charging path, consisting of a current-
limited voltage source providing a positive voltage V, a charging diode D¢ , and
two high-voltage relay contacts S;  and Sp .

2.4.2 Generating the supply voltage

In addition to the power transfer to the pulse capacitors, also the logic on each
stage needs to be powered and transiently isolated. A rough estimation of
the required power, taking the microprocessors, the charging relays, and the
optical fiber transmission (see Sec. 5.1.3) into account, the required current
at 5V level will be in the 500 mA range. For 149 stages, the required power
accumulates to approximately 400 W.

As for the pulse capacitor charging voltage discussed in the previous section,
distributing the voltage via a transformer is an option and has been successfully
demonstrated [37]. The same arguments as in the previous section still hold
true, namely the need for an expensive custom-made transformer and increased
stray capacitances to ground.

Since a solution for the pulse capacitor charging voltage was already presented,
one option for the supply voltage would be a step-down converter, creating the

31



2 Generator design study

needed supply power from the pulse capacitor voltage. To transfer the required
power at a current level of 1 A (absolute maximum rating: 2 A) necessitates a
charging voltage of around 400 V. Realizing a DC-DC converter with those
specifications is easily possible but, in turn, demands for the pulse capacitors
to be charged to nearly half the nominal voltage. Especially during the first
tests of the device and trouble-shooting, the charged pulse capacitors pose a
risk to the operator and necessitate additional safety measures.

Comparing the challenge of the supply voltage distribution to the challenge
of pulse voltage distribution, their similarity suggest a similar solution. As
mentioned before, distributing the supply power at elevated voltage levels is
necessary. Since a DC-DC converter is necessary in every case, it can be
designed to have a wide range of input voltages. Thereby, in contrast to the
pulse voltage, a certain parasitic voltage drop across the isolation elements
can be tolerated. The most efficient solution therefore is to use diodes for
transient stage decoupling. Fig. 2.15 shows the circuit diagram including the
current-limited voltage source providing Vg, negative with respect to ground.

Figure 2.15: The circuit diagram of Fig. 2.14 expanded to include the negative polarity current-
limited voltage source providing the supply Vg to the supply buffer capacitors Cg
on each stage. Diodes Dgy  block the negative output voltage during the pulse,
whereas diodes Dgy  prevent equalizing currents arising from unequal discharge
of the buffer capacitors.

The voltage is distributed to the stage buffer capacitors Cg x on all stages
via a diode string consisting of n-1 diodes Dgg y that block the negative
output voltage during the pulse. Since the buffer capacitors might discharge
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unsymmetrically during the pulse, diodes Dgy x prevent equalizing currents.
As all relay contacts are closed when a pulse is not executed, the free-wheeling
diodes Dy are shorted. Using a negative charging voltage has two major
advantages over a positive one: primarily, the diode string Dgo  is wired in
order to block the negative output voltage of the generator. Secondly, the supply
current and the pulse capacitor charging current have opposite polarities across
the relay So x, canceling each other. Therefore, the limited current carrying
capability of the relay of 2 A [43] is not strained by additionally conducting the
supply current. The diode string Dgs x causes a voltage drop of around 150 V as
discussed in the previous section. For transmitting the required power of 400 W
at | A maximum current, a charging voltage of around 400V is required. The
presented design uses therefore a supply voltage of 500 V negative with respect
to ground. To generate the required supply voltage for the logic circuitry, a
variable input voltage DC-DC converter was designed converting an input
voltage range from -300V to -500V into 5V at a maximum output power
of around 2.5 W. During the pulse, the relays are open and the stages are not
supplied. The buffer capacitor, hence, was chosen large enough as to sustain
the supply voltage for several milliseconds during the pulse.

2.4.3 Protective elements

The arrangement of both power supplies for the charging voltage and the supply
voltage may subject them to fast switching transients in the course of a pulse.
Fig. 2.16 (left) shows the current limited voltage source V( used for charging
the pulse capacitors with a voltage of up to 1kV with respect to ground, in
gray its internal buffer capacitor Cg is illustrated.

_lo_ggrrerator to ge_ngr;lor

I

L

Figure 2.16: The charging power supply V and the auxiliary power Vg both necessitate identical
protection circuits to prevent interaction with the generator during the pulse.
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The displayed protection circuitry is necessary to decouple the generator from
the power supply during the pulse. It is identical for both the charging power
supply Vg and the auxiliary power supply Vg but for the polarity of all elements.
Being susceptible to voltage reversal or overvoltage, diode Do discharges in-
coming transients from the generator side to ground whereas D prevents an
overcharging of the internal capacitance.

As mentioned in the previous section, the generator uses high-voltage relays
for transient stage decoupling. One special challenge in their employment,
however, is the fact that they should be operated in zero-current condition at
the required voltage levels [43]. Before pulse execution, all relays have to be
opened. To limit the size of the buffer capacitors on each stage, the duration
between disabling the power supply, executing the pulse and (re-)enabling the
power supply has to be kept at a minimum. Since the reaction time of cost-
efficient power supplies is too slow for this application, T is used to decouple
the power supply from the generator and break the current. The current mea-
surement I (Ig, respectively) ensures zero-current condition before the pulse
is executed. After the pulse, the buffer capacitors are discharged significantly.
Due to the power supplies buffer capacitor Cp, a substantial equalizing current
will flow as soon as the power supply is reconnected. As the relay contacts can
only carry a current of 2 A, the current inrush may damage them over time.
The relays therefore are protected by discharging the internal buffer capaci-
tance Cp via Ty and discharge resistor Rp completely during the pulse. After
the pulse, when all relays are closed again, T'; is closed and T is opened,
the power supply is recharging all buffer capacitors in current-limited mode.
A voltage measurement of Vj (Vg, respectively) is implemented to block re-
connection of the generator in case the discharge switch fails and Cy is not
discharged after the pulse. In total, four switches are required for isolating and
discharging the two power supplies. As all operate simultaneously (T'; open-
ing before the pulse and T'5 closing; after the pulse vice versa) all switches are
controlled simultaneously by magnetic coupling over one core with opposite
winding directions. During pulse operation, the presented protection circuitry
does not change the generator’s behavior. A new challenge, however, arises
when turning-off a substantial current in connection with an inductive load.
This special situation is depicted in Fig. 2.17: the load current driven by the
inductive load impedance Z1, commutates partly from the regular pulse current
path (free-wheeling diodes Dy, blue path) to the diode string in parallel to the
stages (Dg1 x and Dgg , red path) and towards ground via the protection diode
D as part of the protection circuit of the power supply V5. Whereas the buffer
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capacitors Cg  hinder a current flow in this path, the residual resistance of the
generator at high currents may cause a potential drop high enough to cancel
the voltage of the buffer capacitor.

Figure 2.17: When the generator turns off, the voltage drop across the generator can lead to a
partly commutation of the load current Iy, into the diode string Dg1 «, Ds2 x (red
current path) in parallel to the free-wheeling diodes Dy (blue current path), driven
by the inductance of the load impedance Zr,.

One possibility to prevent a parasitic current flow is to increase the impedance
of the diode string by including additional inductances Lg . Their dimension-
ing can be done only after all devices have been selected and their parasitic
parameters are known. From experiments shown in Sec. 6.2.2, the parasitic
resistance of the free-wheeling diode path can be determined to 3 Q. In com-
bination with a worst-case estimation for the expected pulse current of 1.5 kA
(see Sec. 5.3.4), the driving voltage across the generator can be determined to
4.5kV. If a total driving inductance of 30 uH is assumed (see Sec. 6.1.2), the
RL decay time can be calculated to 10 us. Allowing a maximum current rise
of 5 A in this time, the total inductance required in the diode string amounts
to 10mH. Divided by 149 stages, each stage needs to be equipped with a
decoupling inductance of 67 uH.

2.5 Related metrology

The fast rise rate of the developed generator in combination with its high output
voltage renders an accurate measurement challenging. In the following work,
rise and fall time values are calculated using the 10 % to 90 % definition based
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on minimum and maximum value unless noted otherwise. Rise and fall rates
were calculated accordingly by dividing 80 % of the investigated quantity by
the rise/fall time. Therefore, the calculated value yields a linear approximation
of the interesting part of the edge only, disregarding the fringe of the edge.
For an accurate measurement of the pulse rise time, the influence of the limited
bandwidth of the measurement system has to be considered. The measured
signal m(t) is a convolution of the real signal r(t) and the impulse response h(t)
of the connected measurement system [29] as in Eq. 2.16.

m(t) = (rxh)(t) (2.16)

Using the convolution theorem, the Fourier transform of the impulse response
H(w) (transfer function) can be calculated by dividing the Fourier transform of
the measured signal M by the Fourier transform of the real signal R according
to Eq. 2.17 [44].

F{m} =F{x}- F{h}

(2.17)

With a known transfer function of the measurement system, the real signal can
be deduced from measurements. For most non-interacting cascaded systems
[29], the total measured rise time t,, can be calculated from the inherent rise
time of both systems t| and to following Eq. 2.18 [45].

tm = y/t5 +t3 (2.18)

As result, the measurement system needs to be sufficiently faster than the
expected signal as not to deteriorate the pulse shape. Using a measurement
system with half of the rise time of the signal to be measured overestimates the
rise time of the real signal by about 12 %. If the measurement system is fast
enough, this error can be neglected, otherwise the measured rise time has to
be corrected accordingly.
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2.5.1 High-voltage measurements

The different maximum voltage amplitudes in the different stages of this project
necessitate a range of suitable high-voltage dividers. An overview over the
available high-voltage dividers used in this work is given in table 2.3. For the
first experiments concerning the switching elements and one stage (see Sec. 3
and Sec. 4) a Philips P8932 voltage probe for up to 4kV with 1.2 ns rise time
was used. Since all presented results in these chapters are significantly slower
than the specified rise time of this probe, its influence can be neglected for
the experiments. In Sec. 5, measurements of up to 8 kV are presented, with a
maximum rise time of around 30 ns. With a rise time of 15 ns, the employed
divider (HVT-40-RCR) causes an error of 11 % for the fastest signal.

Table 2.3: Available high-voltage dividers and their specifications. [46], [47]

Type Max. working voltage (DC) Rise time Bandwidth
Philips P8932 4kV 1.2ns 290 MHz
HILO-TEST HVT 40 RCR 40kV 15ns 23 MHz
HILO-TEST HVT 240 RCR 240kV 48 ns 7.3 MHz

Only for the measurements on the full-scale generator assembly (see Sec. 6,
HVT-240-RCR) the picture changes as the divider’s capacitance and resistance
have an influence on the measured output pulse. To ensure a correct interpre-
tation of the measured signals the divider’s transfer function was verified in
the experiment to exclude measurement errors due to stray capacitances and
stray inductances arising from the installation in the experiment. By using
a HILO-TEST high-voltage impulse generator with a specified rise time of
3 ns a pulse of 200 ns length was measured both with a very fast high-voltage
probe (P8932) and the HVT-240-RCR divider. The time-domain graph is
shown in Fig. 2.18a, illustrating the limited rise time of the divider. A Fast
Fourier Transformation (FFT) of both pulses yields their amplitude spectral
density (see Fig. 2.18b) and, according to Eq. 2.17, the transfer function of the
divider. Its corner frequency (-3 dB) at 7.7 MHz is in reasonable agreement
with the datasheet value. In addition, the graph shows the frequency response
of a first order low-pass filter (LPF) with the same corner frequency. The
good agreement of both traces allows therefore to approximate the response of
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the high-voltage divider in time-domain with an RC element (see Sec. 6.2.5)
and is in agreement with literature [29]. This behavior is only relevant for
the fast leading edge of the measured pulses and can be neglected for other
measurements.

15 7.7MHz
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~ 10} @ :
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(a) Time-domain response of a high-voltage (b) Normalized amplitude spectral density of
divider with limited rise time to a fast- both pulses.

rising signal.

Figure 2.18: In time-domain, the high-voltage divider responds to a step-excitation within its
specified rise time. From the difference in the amplitude spectral density of both
traces, the transfer function can be deduced.

2.5.2 High-current measurements

All high-current measurements in this work have roughly the same amplitude
of several hundred ampere. For short pulse lengths on single boards (Sec. 3
and 4), a fast coaxial shunt resistor with a flat frequency response up to 1 GHz
was used [48]. Due to its limited energy absorption capability, it was replaced
for pulses longer than several microseconds with a Pearson current monitor
type 110 with an usable rise time of 20 ns (Sec. 5 and 6).

2.5.3 Data acquisition

The presented time-depended data was recorded using the oscilloscopes listed
in table 2.4. Prior to all measurements, the voltage probes were balanced for
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the respective channel input capacitance. After the measurements, the cable
propagation delay of all signals was compensated with a residual delay of less
than 1 ns.

Table 2.4: Available oscilloscopes and their specifications. [49], [50]

Type Resolution Bandwidth Sample rate
LeCroy WaveRunner 204MXi-A 8 bit 2GHz 10GS/s
LeCroy HDO6104 12 bit 1 GHz 2.5GS/s

In order to avoid measurement errors due to induced voltages, measurement
loops are kept as small as possible and the cables are routed in parallel to
the grounding lines. By using a single grounding point for all equipment
and installing ferrites around the measurement cables (when necessary) sheath
currents were minimized. The absence of important disturbances in the mea-
surement circuitry was verified by reference measurements with open and
shorted cables, while the reproducibility of each measurement was ensured by
many consecutive experiments.
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The main challenge in fast switching of voltage-controlled semiconductor de-
vices is a fast charging of the input capacitance. Whereas inherently fast
switching elements, such as SiC MOSFETs, are available, they are currently
very expensive with respect to their switching power. The gate-boosting circuit
introduced in this chapter allows for a considerable increase in resonant fre-
quency of the input network and, therefore, for a tremendous increase in switch-
ing speed. The presented results validate an eight-fold increase in switching
speed for commercial IGBT devices, enabling their use as fast and cost-efficient
switching elements in pulsed power circuits. Major results of this work pre-
sented in the following chapter have already been published as [51], [52],
and [53].

3.1 Device architectures

Since the development of the first semiconductor-based switching devices in
the early 1900’s [54], a multitude of device architectures have been invented
and are described in detail in literature. The basic concept is to modulate the
conductivity of one part of the semiconductor from low conductivity (in block-
ing state) to high conductivity (in conducting state). From an economical point
of view, only switching elements fabricated in large quantities are interesting
for the use in a generator employing at least 149 individual switches. Ad-
ditionally, the elements must be able to interrupt high currents (maximum
600 A) and block voltages in the order of 1kV at high switching speeds
(approximately 50ns, see Sec. 2.3.1). At present, the only competitive de-
vices, namely the Metal-Oxid-Semiconductor-Field-Effect-Transistor (MOS-
FET) and the Insulated-Gate-Bipolar-Transistor (IGBT), are investigated in this
work. In addition to semiconductor devices fabricated from silicon (Si), new
high band gap materials have become available over the past years. The larger
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band gap allows for a higher internal critical electrical field and, hence, smaller
structures can be used to block the same magnitude of voltage. Thereby, both
switching speed (due to smaller capacitances and higher electron drift ve-
locities) and conduction losses (due to shorter conduction paths) could be
improved [55]. Especially silicon carbide (SiC) has recently received a lot
attention from the industry as manufacturers could mature the fabrication pro-
cesses and supply stable devices with interesting performance. On account of
a band gap with thrice the value of Si!, a ten-fold increase of internal elec-
tric field can be achieved [55]. Thereby, thinner devices can be used with
a 300-fold smaller on-state resistance. In addition, the higher electron drift
velocity increases the switching speed of those devices. However, the higher
band gap also increases the p-n junction voltage to around 2.7 V, rendering the
material only interesting for unipolar devices such as MOSFETs. Other tech-
nologies such as gallium-nitride (GaN) may offer even superior performance,
but are currently not technologically mature enough to be available in large
quantities [57].

3.1.1 MOSFET

The basic MOSFET architecture is shown in Fig. 3.1a. The electric field
between drain and source terminal is blocked by the weakly doped n-drift
region, as there is no conductive path between the n+ region in contact with
the source terminal. The gate terminal, isolated by a thin oxide layer, serves as
control terminal for the device. By applying a positive voltage with respect to
the source terminal, the Fermi-level in the p-doped material close to the gate
contact can be raised. If the voltage exceeds the threshold voltage Vs Thres. s
electrons start to populate the formerly empty conduction band (charge carrier
inversion), forming a conductive channel between drain and source for the load
current I1,. As the current (in the p-region) is carried by minority carriers, the
transition from conducting to blocking state (if the gate voltage falls below the
threshold voltage) does not involve bipolar recombination and, hence, is very
fast. Since no p-n junction is involved, the conduction losses of the MOSFET
are determined purely by its resistive properties.

I'Si: 1.12eV; SiC (4H-SiC): 3.2V [56]
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Drain

n-

Source

(a) The MOSFET architec-
ture with drain, gate, and
source terminal without
applied voltage.

Drain

Source

(b) By charging the gate

terminal positively with
respect to the source
terminal, an inversion

Source

(¢) Under reverse bias (drain

negative with respect
to source terminal), the
inherent (body-) diode in

the MOSFET structure
becomes conductive.

layer is formed in the
lower part of the p-doped
region, enabling electron
flow from source to
drain.

Figure 3.1: The MOSFET architecture under blocking conditions (a), forward conducting condi-
tions (b) and reverse conducting conditions (c).

Especially at high blocking voltages, the limited critical field strength of sil-
icon leads to very thick structures causing considerable on-state resistance.
Therefore, the MOSFET architecture at blocking voltages in the 1 kV range
necessitates paralleling many devices. Specialized RF MOSFETs with con-
siderable blocking voltage and rise time are available> but come at device
costs of around 35€ (equal to 4.1 kW/E3) per device and require dedicated
drivers [60] at around the same price. As mentioned before, SiC MOSFETs
have much lower conduction losses per device size* and therefore are much
cheaper (17€, equal to 5.6 kW/E [59]) with respect to switched power. Nev-
ertheless, their limited maximum current capability still requires a substantial
amount of parallel devices (compare design criteria Sec. 4.1.1).

Another feature of the MOSFET architecture is its diode-like behavior under

2 i.e. IXYS DE475-102N21A: Vs max.= L kV, Ips pulsed= 144 A, t,= 5ns, Rps on=450mQ
[58], 35€ [59]

3 Power calculated as max. voltage times max. pulsed current.

4ie. C2M0080120D: Vs max.= 1.2V, Ips pulsea= 80 A, t,=20ns, Rpg on=80mQ [61]
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reverse bias conditions. When the drain-source channel is biased negatively
(Fig. 3.1c), the intrinsic p-n junction between drain and source becomes con-
ductive. Being a parasitic part of the architecture, this so-called body-diode
can not be altered independently of the switching architecture. Therefore,
its performance is often inferior to specialized switching diodes, giving rise
to switching losses [62]. This is especially true for SiC devices, as bipolar
high band-gap devices suffer from high p-n voltages and slow reverse recov-
ery times. A common way to overcome this limitation is the use of fast SiC
Schottky diodes both in series (eliminating the body-diode) and anti-parallel
(replacing the body-diode) to the device and the diode [63].

3.1.2 IGBT

The IGBT architecture is widely used in high-power applications with moderate
switching speeds of several tens of kHz [56]. Its equivalent circuit can be seen
in Fig. 3.2a.

Collector Collector

Collector n+
| ||_
G
5T l —If
Gate - n+ n+ g
Emitter O
(a) Equivalent circuit of an (b) The IGBT architecture (c) In the conducting state
IGBT, consisting of a with collector and emit- (gate voltage above
MOSEFET controlling a ter terminal without threshold voltage), the
PNP transistor. Together applied voltage. base current for the PNP
with the parasitic NPN transistor is supplied by
transistor, a thyristor the MOSFET structure.

structure is formed.

Figure 3.2: The IGBT equivalent circuit (a), its structure under blocking (b), and forward con-
ducting conditions (c).
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3.1 Device architectures

The voltage is blocked by a PNP transistor between collector and emitter ter-
minal, also carrying the load current I1,. The drawback of a transistor, namely
a low input impedance resulting a high required drive power in on-state condi-
tions is avoided by controlling its gate current Iy via a MOSFET integrated in
the device itself. Figure 3.2b illustrates the resulting layer diagram>. In con-
ducting state (Fig. 3.2c), when the voltage applied on the gate contact exceeds
the threshold voltage, the base current of the PNP transistor is delivered by the
MOSFET structure close to the emitter contact, closing the switch. In contrast
to the pure MOSFET architecture, the bipolar nature of the current in the tran-
sistor offers a much lower on-state resistance. However, due to the involved
p-n junction, the voltage drop across the element at low currents is at least
the saturation voltage of the junction Vg sat. [62]. Another property of the
bipolar current is the significant recombination time of charge carriers during
device turn-off, leading to slow current decay ("tail-current"). By increasing
the density of trap states and therefore the charge carrier recombination rates
("life-time killing" [55]) a high tail-current can be omitted at the expense of in-
creased conduction losses. One inherent drawback of the IGBT architecture is
the combination of a PNP-transistor and a parasitic NPN-transistor (Fig. 3.2a,
gray) forming a thyristor structure. Operating an IGBT outside of the datasheet
ratings may result in the ignition of this structure ("latch-up"), causing a device
short and, if sufficient energy is provided, device destruction [65]. In more re-
cent device architectures, however, this phenomenon is of lesser concern [66].
As no body-diode is present in the design, the devices can be bought packaged
together with a suitable anti-parallel diode. The high-current capability per
active area, that can be achieved in IGBTS, leads to very low production costs.
Their prices are with around 5€ [59] (equal to 76 kW/E 6) more than a factor of
ten lower than that of MOSFETs. To increase their current capability, they can
be bought pre-packed in modules consisting of several devices in one package.
However, throughout this work only single devices in TO-247 packages have
been used, as their prices per switched power are considerably below those
of modules’. More importantly, paralleling individual devices allows for a
short and symmetric layout of all device leads which is key for a synchronous

5 Field-Stop Trench IGBT, for different architectures see [64]

6 i.e. NGBT40N120IHLW: VCE,maxA= 1.2 kV, ICE,pulsed= 320 A, VCE,saL: 19V [67]

72018: Prices around 1kW/€ (Infineon — BSM10GD120DN2) to 9kW/E (FZ400R12KE3
— Infineon) for modules, 35 kWA (NGTB40N120FL3WG — ON Semiconductor) to 10kW/E
(IXYH20N120C3D1 - IXYS) for TO-247 devices (1200 V, max. peak current, [59])
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turn-on of all devices at high switching speeds (compare Sec. 4.1.1).

The major benefit of MOSFETs over IGBTSs is their ten-fold superior switch-
ing speed. Using the gate drive technique presented in the following section,
switching speed of cost-efficient IGBTs becomes comparable to that of MOS-
FETs. Thereby, the costs for switching elements in future pulsed power projects
can be dramatically reduced.

3.2 Fast switching of voltage-controlled
power semiconductors

3.2.1 Limiting factors

For power semiconductor devices, the transition speed from low conductivity
(i.e. blocking) state to high conductivity (i.e. conducting) state is a key figure
of merit. In the presented project, fast switching elements are a crucial com-
ponent of the circuit in order to achieve a fast-rising output voltage (compare
Sec. 2.3.1).

The switching losses Eg are given by the time integral over the product of the
voltage drop across the device V and the conducted current I from the start of
the switching process at t( to the end of the switching process t, according to:

te
Es :f V(t)-I(t)dt 3.1)
t

0

By minimizing the switching time, switching losses are greatly reduced. As
discussed in Sec. 3.1, in both MOSFETs and IGBTs the conductivity modu-
lation is achieved by charging the gate-emitter capacitance C. In addition
to the capacitive component, the gate driver needs to charge, the device also
has a parasitic resistive and inductive component, Rp and Lp respectively.
Whereas the resistive component may be a discrete element such as an internal
gate resistor, the inductive component arises mainly from the bond wires, the
device leads and the circuit layout. During circuit design, the stray inductance
of the gate circuit has to be minimized in order to prevent significant turn-on
and turn-off delays [68]. These contributions are illustrated in Fig. 3.3. The
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3.2 Fast switching of voltage-controlled power semiconductors

challenge of a fast charging of the resulting second-order low-pass filter will
be addressed in the following sections.

Gate driver

Switching signal

Figure 3.3: The gate lead of the voltage-controlled power semiconductor T'; has a parasitic ohmic
resistance Rp, a parasitic lead inductance Lp and terminates on the gate capacitance
(Cp). Usually, the device is driven by a gate driver via a gate resistor (Rg).

Apart from the aforementioned gate-emitter capacitance, the gate-collector
capacitance Cqc and the collector-emitter capacitance Ccp as depicted in
Fig. 3.4a play an important role in the switching behavior. In steady-off state,
Cgc and Ccp are charged to approximately the bus voltage V. Once the
device starts to turn on, the voltage across collector and emitter collapses and
the capacitances Cq and Cop are being discharged. The discharge current
Igc for discharging Cqc, however, has to be supplied from the gate drive

circuit:
dVy

Icc=Cac- e (3.2)

This effect, named Miller-effect [64], becomes important as soon as the
threshold-voltage across the gate capacitance is reached and the device turns on.
At constant current charging, the voltage across the gate capacitance exhibits a
plateau (Miller-plateau), thereby slowing down the gate charging process and
therefore the switching speed. Fig. 3.4b illustrates another detrimental stray
parameter reducing the switching speed: the parasitic emitter inductance Ly
shared by the load current I;, and the gate drive current Ig. Once the device
starts conducting, the steep rise in the load current via L shifts the emitter
potential with respect to the gate drive circuit, reducing the gate drive current.
Therefore, careful circuit design reducing current loops and minimizing ca-
pacitive coupling is key when employing fast switching circuitry.
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A
Gate driver
Switching signal I
lg Le l/
Emitter =
(a) In addition to the gate- (b) On turn-on, the increasing load current Iy,
emitter capacitance through the parasitic emitter inductance L,
Cag, the gate-collector shared with the gate drive circuit counter-
capacitance Cgc and acts the gate charging current I, hindering
the collector-emitter the gate charging process.

capacitance Ccp de-
termine the switching
behavior of a device.

Figure 3.4: Parasitic elements with influence on the gate charging process.

3.2.2 Conventional approaches

For addressing the challenges discussed in the previous section, many standard
approaches are known. In reference to Fig. 3.3, the resonant circuit formed
by the gate capacitance and the parasitic circuit inductance is one of the main
factors responsible for a slow gate charging process. The resonant frequency
of the circuit can be calculated according to Eq. 3.3.

1

v/Cq-Lp

Fig. 3.5 shows a varying degree of damping introduced by selecting different
gate resistors. When charging the gate to the nominal gate voltage of 15 V8 the
circuit can be adjusted to overdamped (red, solid), critically damped (black),
and underdamped (blue) conditions. Since the device starts to turn on as
soon as the gate threshold voltage (approximately 7 V) is reached a reduction

wo = (3-3)

8 The actual value for the respective device is listed in the datasheet
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3.2 Fast switching of voltage-controlled power semiconductors

in damping is useful to increase the switching speed. One limitation to this
approach is the ringing in the step-response of a very weakly damped resonant
circuit. The gate voltage falling significantly below the nominal gate voltage
causes increased losses during the switching process and may even destroy
the switching element by thermal stress [69]. As an overvoltage at the gate
may cause damage to the device [70], excessive voltage overshoot has to be
prevented. Whereas the approach to use a higher-than-specified gate voltage
(Fig. 3.5 — red, dashed) also enables a fast charging of the gate capacitance,
again the device is operated outside of the recommended drive conditions.

25 === L
e - |
= % \
> 20 ’ \ R
(0] / \
j=2}
S 15} \
o
>
% 10+
= Underdamped
5 —— Critically damped
—— Overdamped
0 — — Overdamped (25V)

200 400 600
time (ns)

Figure 3.5: Conventionally, the gate-voltage threshold is reached faster by a reduction of the
damping in the gate drive circuit (black, blue) or employing a higher gate drive
voltage (red, dotted).

If the standard gate drive circuit is to be used, the damping therefore should
be adjusted to critically-damped or slightly underdamped conditions, with the
maximum voltage overshoot within the permissible limits of the datasheet.
Thereby, the gate driver has to be able to deliver the required current. Addi-
tionally, the resonant frequency of the gate circuit can be reduced by keeping
the parasitic inductance as low as possible. Commercial solutions are avail-
able where the gate drive circuit is monolithically integrated into the power
semiconductor [55]. Since these solutions are limited to a specific field of
application, their use in pulsed power generators is usually not cost-efficient.
However, decreasing the parasitic inductance during the circuit design process
is very important. Special care has to be taken in order to minimize the length
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of the mutual current path of gate charging current and load current. One pos-
sibility is to use special device packages featuring Kelvin-Emitters (different
emitter pins for load and gate drive current), allowing a reduction of switching
losses of up to a factor of 3 [71]. Whereas those packages are used with great
success [72], they are only available for selected devices and at comparably
high costs. Since the turn-on time is reduced with reduced load current [73],
paralleling many devices is also an alternative. Consequently, the increase in
switching speed with this method results in increased circuit complexity and
increased costs for the additional switching elements and their drive circuitry.

3.3 Fast switching by gate-boosting

3.3.1 Analytical approach

As discussed in the previous section, the inherent drawback of the standard
(i.e. resistively-coupled) gate drive circuit as shown in Fig. 3.6 is the low-pass
filter consisting of the gate capacitance and the parasitic inductance. Usually,
the gate drive circuit consists of a push-pull stage (M1, M») charging the gate
capacitance of T via gate resistor R up to the gate drive voltage Vgp or
discharging it completely (a negative gate voltage is discussed in Sec. 3.3.2).
The maximum resonant frequency of this circuit, being determined by the
inherent device parameters (i.e. gate capacitance and device lead inductance),
cannot be increased above a certain value for a given device. To overcome this
limitation, there exist several approaches in literature to use a gate drive voltage
significantly above the rated value, while not exceeding the specified value in
steady-state. Those approaches are referred to as "gate-boosting”. Some
researchers (i.e. [64] or [74]) use two different voltage levels during transient
turn-on (+24 V) and steady-on (+15V). Others [75] propose to discharge a
capacitor charged at a voltage of +60 V into the gate and prevent an overvoltage
by clamping it using a Transient-Voltage-Suppression diode.

An interesting, but very challenging solution is employing a current source
as gate driver [76]. Whereas these topologies work well, they necessitate
additional circuit elements and, hence, increase the circuit complexity.
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(a) The standard resistively-coupled (b) The proposed capacitively-coupled
gate drive circuit. gate drive circuit.

Figure 3.6: Simplified schematics of the discussed gate drive circuits.

As new drive method, the investigated topology in this work is a capacitively-
coupled gate drive circuit. The simplified schematic is shown in Fig. 3.6b.
The only additional element in the circuit is the coupling capacitor C¢ in
series to the gate resistor. The approach allows to use very high gate drive
voltages while respecting the datasheet limits if designed correctly. For a better
understanding, the equivalent circuit of Fig. 3.6b is shown in Fig. 3.7.

Vep Ro Le Ve

_,—o—||—|:|——ro

T

Figure 3.7: Simplified equivalent circuit of Fig. 3.6b.

The gate drive voltage Vp charges the gate. All damping resistors, either
discrete elements such as the gate resistor or internal resistive elements of the
device, are included in the equivalent damping resistor Rp. Lp represents all
parasitic inductance, including the circuit inductance, the device lead induc-
tance and bond wire inductance. The gate voltage Vg is measured across the
gate capacitance Cg. In the following calculations, the gate capacitance Cg
is assumed to be constant, which holds not true under close investigation [64].
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However, the non-linear behavior of the gate capacitance was accounted for
using an increased apparent capacitance value as can be obtained from the
gate-charge versus gate-voltage plot as given in the datasheet. The comparison
of simulations with measurements as presented in Sec. 3.3.3 validates the prior
simplification assumption.

The basic concept of this circuit is the combination of the coupling capacitor,
the damping resistor and the gate capacitance forming a damped capacitive
voltage divider. Prior to turn-on, all capacitances are discharged. Under the
assumption of a sufficiently fast driver circuitry and low-value damping re-
sistors, nearly the complete gate drive voltage is available across the parasitic
inductance for achieving a high gate charge current gradient during turn-on.
The coupling capacitor is chosen such, that once the gate capacitance reaches
its nominal value V¢ nom.» the coupling capacitor takes up all the excess volt-
age. Its value can be calculated according to Eq. 3.4. Therefore, the device
specification regarding the maximum gate voltage is not exceeded.

Ca

Vep
Va,nom.

Cc= 3.4)

A different approach of understanding this circuit offers a glance at the transfer
function G(s).
1
VG CG'S

:G(S):
Vap Rp + gos + 1P 5+ os

(3.5)

For simplification, the equivalent capacitance C is defined by the series con-
nection of the coupling capacitance and the gate capacitance.

C= ( ! + ! )1 (3.6)
~\Cq  Co '
Using Eq. 3.6, the transfer function can be simplified.

1
[eXt] 1

RD+&+LP'S RD-CG'S+%+LP'CG'S2

@

C(s) 3.7)
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3.3 Fast switching by gate-boosting

The characteristic equation of Eq. 3.7 now has the well-known shape of the
RLC series resonant circuit.

Ca

C +LP'CG-S2=

Rp-Cg s+

(3.8)

R 1
2, D, —
S +LP S+Lp-C

0

The undamped resonant frequency of this characteristic equation can be cal-
culated according to Eq. 3.9.

1

VIpC

Effectively, introducing a coupling capacitor C¢ increases the circuit’s resonant
frequency and thereby speeds up its transient response. The increase in speed
comes at the cost of a higher required gate drive voltage. An exemplary set of
gate voltage traces® for increasing gate drive voltage can be seen in Fig. 3.8.
For each voltage step, the coupling capacitor was decreased to keep the steady-
state gate voltage constant. Since the damping resistor was not adjusted, the
damping decreases from overdamped to underdamped conditions.

The resulting gate voltage rise time of the traces in Fig. 3.8 are displayed in
Fig. 3.9. The linear increase in gate drive voltage leads to an exponential-like
decrease in the gate voltage rise time.

wo = (3.9)

9 Numerical values: Rp =4 Q, VG nom. =16V, Lp =25nH and Cg = 18nF
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Figure 3.8: Simulated gate voltage traces for different gate drive voltages. Increasing the gate
drive voltage allows for a fast charging process of the gate capacitance.
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Figure 3.9: Gate voltage rise time in dependence of the gate drive voltage. By increasing the
gate drive voltage, the voltage rise time across the gate capacitance is decreased
significantly.

Fig. 3.10 shows a measurement (black trace) of the gate voltage on an IGBT
(NGTB40N120) operated with 80 V gate drive voltage. As can be seen, the
voltage overshoot at the device leads is around 30 V and therefore significantly
outside of the datasheet rating (£20 V [67]) for the specific device. By simulat-
ing the circuit as depicted in Fig. 3.11 in SPICE (Cg = 18 nF, Lp = 8§ nH), the
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3.3 Fast switching by gate-boosting

measured signal can be reproduced with sufficient accuracy (red trace). The
blue dashed line represents the voltage as simulated across the internal gate
capacitance. As can be seen, the voltage spike occurs only across the parasitic
inductance in the circuit, while the voltage across the internal gate capacitance
remains within the datasheet limits. In addition to the previously discussed
parameters, the circuit also incorporates an internal gate resistor Ry that is
present in certain voltage-controlled power semiconductors [77]. Its value was
determined by iterative adjustment to 0.8 Q. This simulation is verified by
measurements directly on the die in Sec. 3.3.3.

30l —ISimuIatio'n (devicé lead) I
Measurement (device lead)

—-— Simulation (internal capacitance)

voltage (V)

0 50 100 150 200
time (ns)

Figure 3.10: Measurement and SPICE simulation of the gate voltage when operating a device at
80V gate drive voltage. While the voltage overshoot at the device leads is substantial,
the sensitive gate capacitance is not overcharged.

3.3.2 Circuit considerations

As compared to the simplified schematic shown in Fig. 3.6b, additional ele-
ments are necessary to ensure the functionality of the circuit. The Device-
Under-Test (DUT) T investigated in the experiments is considered an ideal
switch, whereas its parasitic components inside of the device housing, namely
the gate-emitter capacitance Cg, the internal gate resistor Ry, and the par-
asitic inductance Lp, are drawn as discrete components. For the following
experiments, the gate drive voltage Vgp could be adjusted between 15V and
80V. The MOSFET half-bridge driving the circuit has to be significantly
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faster than the expected gate voltage rise time at the DUT, while being able to
block Vp including a safety margin. The devices used for M; and My are
FDT86102LZ MOSFETs with a specified rise time of typically 1.2ns with a
maximum blocking voltage of 100V [77].
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Figure 3.11: The gate boosting circuit under investigation.

The coupling capacitor Cc was adjusted to achieve 15V in steady on-state
following Eq. 3.4. For measurements with 15V (i.e. "standard") gate drive
voltage, the coupling capacitor was shorted. The equivalent gate capacitance
Cc used in the formula is derived from experiments for each DUT as described
in Sec. 3.3.3. The damping resistor Rp as introduced in the previous section
is distributed over several discrete elements Ry, R, Ro, and Ry4.

Rj +R1 +Ry; Charging of C
R :{ 1+ R +Ry; Charging of Cg (3.10)

R1+ Ro 4+ Ry; Discharging of C

Although the remaining inductance in the connection of M and M is kept
as low as possible, the very fast rise times of these switches can lead to a
voltage overshoot across these devices during switching. The combination of
R1 and Ry reduces oscillations across the drain-source capacitances of My
and My and allows for a smaller safety margin when selecting the devices. As
the circuit will be used for long pulses, charge loss has to be prevented. In
steady-off state, any charge remaining on Cg will be shorted to ground via
the high-value resistance Ry. In steady-on state, additional charge is supplied
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via Ry. To prevent overcharging of the gate, excess charge is drained via R3
and Dq. Since Rg also has a high value, the voltage across R4 and the gate
pin can significantly exceed 15V during transient turn-on. Parasitic turn-on
as discussed in Sec. 4.2.1 is prevented by diode Do, offering a low-resistance
path to ground during turn-off.

Whereas there is no theoretical limitation of using higher gate drive voltages,
there are several practical ones. The speed of the half-bridge switches will
suffer with higher gate drive voltage, necessitating more expensive switches
and/or a more complex drive circuitry. Additionally, Fig. 3.12 shows the
dependence of the final gate voltage on the actual gate capacitance value of
the respective device. For this plot, the circuit is adjusted to achieve 15V
gate voltage for a nominal gate capacitance of 10nF. As can be seen, small
part-to-part variations in the actual value of the gate capacitance have an
increasing influence in the final gate voltage increases with increasing drive
voltage (i.e. smaller coupling capacitor). Therefore, using gate drive voltages
significantly above 80 V may result in time-consuming fine-tuning of the circuit
for each respective device.

final gate voltage (V)

6 8 10 12 14
gate capacitance (nF)

Figure 3.12: Final gate voltage in dependence of the actual value of the gate capacitance for
different gate drive voltages. Athigh gate drive voltages, small part-to-part variations
in the value of the gate capacitance become increasingly important.

Some manufacturers recommend an operation with bipolar gate voltage

(i.e. £15V) [78]. In principle, the circuit can be easily adjusted to oper-
ate with bipolar voltage by shifting the potential of the My source pin with
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respect to the T'; emitter pin. However, this also increases the voltage across
M; and My, resulting in the need for fast switches with a high blocking
capability. As using a negative voltage mainly influences the turn-off delay
and not the charge carrier recombination [64], the turn-off speed can only be
influenced by this technique as far as a fast discharging of the gate capacitance
is concerned. The potential difference across the coupling capacitor C¢ during
steady-on state (i.e. Vgp ——15 V) propagates to the gate as transient negative
drive voltage during turn-off. Therefore, the circuit translates the unipolar
voltage of the driver into a transiently bipolar one and, hence, allows for a
fast charging and discharging of the gate capacitance. The main benefit of a
negative drive voltage during steady-off state being the increased robustness
against parasitic turn-on [64], the aforementioned low-resistance connection
to ground during turn-off is sufficient to prevent device damage in the intended
application (see Sec. 4.2.1).

3.3.3 Determining the device parameters

For proper circuit design, knowledge about the parasitic device properties
is crucial. Mainly the information about the gate capacitance, the parasitic
inductance, and the internal gate resistance is not known a priori. While
the datasheet usually contains a gate charge vs. gate-emitter voltage plot, this
information is usually of limited use as it is given for one specific collector-
emitter voltage only. Therefore, the straight forward method to determine
the effective gate capacitance C eff, at nominal collector-emitter voltage in
the design is to start with the value offered in the datasheet and measure the
resulting gate-emitter voltage VG meas. for a given coupling capacitor C¢; and
gate drive voltage Vp. The effective gate capacitance of the device can then
be calculated using Eq. 3.11.

Vap 1) (3.11)

Caeft. = Cc - (m -
, }

Direct measurements of the parasitic inductance and internal resistance of the
devices are challenging, as their values typically are very small. Comparing
gate voltage measurements with simulations of the circuit (see Fig. 3.10),
an iterative adjustment of the values yields sufficiently accurate results. As
an example, an effective gate capacitance of 18 nF was determined for the
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NGTB40N120 device operated at 1kV collector-emitter voltage as compared
to the nominal value of 10 nF. According to the simulation results, the parasitic
inductance including the device leads and bond wires was around 8 nH, the
internal gate resistance resulted to 0.8 Q. If the gate drive circuit is to be
operated in critically damped conditions, a minimum additional resistance of
0.6 Q is necessary. However, for avoiding damage to the driving half-bridge,
a minimum value of 1 Q for all damping resistors was determined. Therefore,
the gate drive circuit will operate in slightly overdamped conditions.

Emitter bond wire

Gate bond wire

Gate contact

Figure 3.13: An IGBT in a commercial TO-247 housing, opened by an etching process to reveal
the semiconductor dies of IGBT and co-packed diode.

The only way to prove the design process to be efficient is a measurement of
the gate voltage directly at the die. To this end, an etching process with fuming
nitric acid (above 90 % HNOj3, see [79]) was used to remove the protective
epoxy housing around an IGBT die. The process can be significantly sped up
by pre-heating the device in a petri dish on a hotplate to temperatures between
80°C and 100°C. By means of a pipette, drops of the acid are transferred to
the heated device where the reaction starts immediately. Tilting the device,
the acid can be used to wash the protective epoxy off the device die. After a
sufficient amount of material is removed, the reaction is stopped by rincing the
device with demineralized water.

A photograph of the resulting opened NGTB40N120 device can be seen in
Fig. 3.13. As can be seen, the IGBT die consists of two separate chips, each
contacted with a single emitter bond wire. The copper tab is used as collector
contact at the backside of the die. The gate bond wire has a significantly
smaller diameter than the emitter bond wires.
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Using a low-inductive voltage probe, it is possible to measure the voltage along
the gate bond wire (Fig. 3.14) when using 80 V gate drive voltage. Position 1
(black trace) is measured outside of the device as is possible without opening
of the housing. As discussed before, the voltage signal shows a significant
overshoot at this position. When tracking the signal towards the gate contact
(red trace), the magnitude of the overshoot is reduced. Finally, measuring
directly at the gate contact (Pos. 3, blue trace), the measured voltage shows a
nearly rectangular pulse with no visible overshoot.
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Figure 3.14: Gate-emitter voltage measurements on an opened NGTB40N120 device. The par-
asitic lead inductance causes a voltage spike as measured outside of the device,
whereas a rectangular voltage pulse can be measured directly at the gate capacitance.

Thereby, the detrimental influence of the gate bond wires on the switching
process is proven. One of the benefits of etching with fuming nitric acid is that
the chip will remain functional. Due to the missing isolating coating, however,
the blocking voltage is drastically reduced due to surface flash-overs.
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(400x) —60 ym —

Figure 3.15: Colored SEM image of the bond wire showing a diameter of around 120 um and
moderate damage after the etching process.

A Scanning Electron Microscope (SEM) image of the gate bond wire (see
Fig. 3.15) proofs that the aluminum wire is not severely damaged by the
etching process, as a protective oxide layer is formed around it by the nitric
acid. The diameter of the wire can be determined to 120 um — the resulting
intrinsic resistance of 24 mQ considering the geometric dimensions of 1cm
and a resistivity of 2.8-10~7 Qm [41] can be neglected for the following
calculations.
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Figure 3.16: Comparison of gate voltage measurements and simulations. Using the parameters
obtained from the iterative adaptation steps (compare Fig. 3.10), the externally
measured signal and the signal measured across the internal gate capacitance are in
good agreement with the simulations.
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A comparison of the measurements shown in Fig. 3.14 (pos. 1 and 3) with the
simulation results as presented in Fig. 3.10 is displayed in Fig. 3.16. The upper
graph displays the measured and simulated traces outside of the device housing
(i.e. pos. 1). As discussed before, the voltage overshoot due to the bond wire
inductance is reproduced with good accuracy. Since the gate bond wire has no
significant resistance, the obtained value of 0.8 Q is part of the gate contact.
Therefore, when measuring on the gate contact of the die, the internal gate
resistance is part of the measurement. When simulating the voltage across the
gate capacitance including the internal gate resistance and comparing it to the
signal as measured at the IGBT gate contact (Fig. 3.16, lower graph), a rea-
sonable agreement is achieved. The simulated voltage trace, hence, represents
the voltage across the series connection of C and Ry as depicted in Fig. 3.11.
By comparison of the upper and lower graph, it becomes clear that one reason
of the turn-on and turn-off delay of voltage-controlled power semiconductors
is caused by the time lag between voltage application at the device leads and
the charging and discharging process of the gate capacitance. Nevertheless,
the graph also proves the determination of the device parameters by iterative
adjustment based on external measurements yields sufficiently accurate results
for a rough determination of circuit parameters.

In order to validate the prior assumptions that the increase in gate capaci-
tance caused by the Miller effect can be reduced to an increased effective
gate capacitance, the IGBT was operated at 0 V collector-emitter voltage and
600V collector-emitter voltage while the voltage across the internal gate ca-
pacitance was measured (compare Sec. 3.3.4). The measured voltage traces
(Fig. 3.17) show no other relevant effects besides an increased effective ca-
pacitance causing a slightly lower final gate voltage and slower voltage rise.
With the possibility of measuring directly across the gate contact (i.e. gate
capacitance plus internal gate resistor), fine-tuning of the circuit is possible.
As an example Fig. 3.18 shows a comparison between an adjustment for criti-
cally damped (black trace, Rp =4 Q) and underdamped (red trace, Rp =2 Q)
circuit adjustment. The optimal conditions have to be determined for each type
of device.
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Figure 3.17: A comparison of the gate voltage as measured directly on the die for Vcg =0V
(black trace) and Vog = 600V (red trace). The influence of the Miller-effect is
visible, since the equivalent capacitance is increased for higher V ¢, decreasing the
gate voltage.
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Figure 3.18: The gate voltage as measured directly on the gate capacitance when operating the
circuit under critically damped and slightly underdamped conditions.
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3.3.4 Increasing the switching speed
Pulse circuit qualification

To characterize the increase in switching speed for different devices when
using the presented gate-boosting circuit, a low inductance pulse circuit (see
Fig. 3.19) was used.

The DUT (T1) was operated with varying gate drive voltage. The pulse
circuit consists of a pulse capacitor Cy, a load resistance Ry, and a shunt
resistor Rg. When closing the pulse switch, the voltage as measured across
the switching element (P1) drops while the current, measured as voltage drop
(P2) across the shunt resistor, increases. To avoid a voltage overshoot due to
the remaining inductance in the load and shunt resistor, a free-wheeling diode
D1 is connected in parallel. A photograph can be seen in Fig. 3.20, identifying
the circuit elements.

Vo=1kV
A

ot o
LK

Gate Signal

Figure 3.19: Schematic of the employed pulse circuit.

In order to achieve a fast rise time of the load current, a low-inductance arrange-
ment is crucial. Therefore, the pulse capacitor C; consists of a combination
of four low-inductance 1 puF (1) and two high value 100 uF (mounted on 2, not
shown) capacitors. For a low-inductance load resistance Ry,, several carbon-
mass resistors (4) were connected in a parallel arrangement — the current was
measured using a fast coaxial shunt resistor (3). The free-wheeling diode
(5) and the DUT (6, on heat-sink) are mounted in the direction of current
flow. All following data was recorded using a LeCroy WaveRunner 204MXi-A
oscilloscope with 2 GHz (see Sec. 2.5).
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3.3 Fast switching by gate-boosting

Figure 3.20: Photograph of the pulse circuit, showing the low-inductance capacitors (1), the
mounting posts for two high value capacitors (2), the coaxial shunt resistor (3), the
load resistors (4), the free-wheeling diode (5), and the DUT (6) mounted on a heat
sink.

Using an LCR bridge (Hameg HM8118), the total circuit inductance was
measured to be below 60nH. In order to ensure hard switching conditions,
the inductive component of the circuit must be sufficiently small. The current
rise time constant T as defined by Eq. 3.12 represents a lower limit for the
current rise time in an LR circuit. For ohmic (i.e. hard switching) conditions,
the current rise time of the switching element must be sufficiently higher than
7. The smallest load resistor used in the following measurements was 3.75 Q,
resulting in a time constant of 21 ns.

== (3.12)

An example pulse of one NGTB40N120 with a collector-emitter voltage of
1kV with 3.75 Q load is shown in Fig. 3.21. With a current rise and fall time
of approximately 50 ns, the absence of a phase lag between current and voltage
signal is in agreement with the aforementioned calculations.
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Figure 3.21: An example pulse with the employed pulse circuit shows the coincidence of voltage
and current, validating the assumption of an ohmic load.
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Figure 3.22: Collector current traces for different gate drive voltages. With increasing gate drive
voltage, the switching speed of the NGTB40N 120 device can be drastically increased.

Pulse measurements

In order to illustrate the changes in device performance under the influence
of increasing gate-boosting voltage, measurements are presented for selected
devices only. Using the circuit as described above, a Field-Stop Trench
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3.3 Fast switching by gate-boosting

IGBT (NGTB40N120IHLWG — ON Semiconductor [67]) was operated at
1 kV collector-emitter voltage connected to a resistive load of 3.75 Q.

The device has a specified maximum pulsed current of I¢ ax= 320 A and
was operated at [c= 256 A (80% I,,4) collector current for a pulse length of
1us. As can be seen in Fig. 3.22, the increased charging speed of the gate
capacitance associated with using higher gate drive voltages strongly increases
the switching speed.

The associated collector current rise and fall times are shown in Fig. 3.23 and
Fig. 3.25, respectively. For different maximum current amplitudes (i.e. 80 %
I maxs 50 % I¢ max> and 25 % I¢ imax), 100 measurements were conducted
for each step in gate drive voltage. The corresponding error bars are in the
order of several nanoseconds and, hence, are not visible in this scaling. As can
be seen, the collector current rise time decreases strongly with increasing gate
drive voltage. However, the extend of the speed-up seems to be depending on
the current to be switched. For a current of 250 A, the turn-on speed increased
from around 400 ns (standard gate drive voltage, i.e. 15V) to 49 ns (using 80 V
gate drive voltage).

400f " m " 80% I max ]
g 350 L4 50% IC,max .
E 300 A 25% IC.max i
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gate drive voltage (V)

Figure 3.23: Reduction of current rise time for NGTB40N120 at different maximum current
amplitudes as function of the gate drive voltage.

By normalizing the measurements of Fig. 3.23 to the standard (i.e. 15V gate

drive voltage) rise time for each current value, the relative decrease in rise time
is obtained (Fig. 3.24).
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Figure 3.24: Reduction of the normalized current rise time for NGTB40N120 at different maxi-
mum current amplitudes as function of the gate drive voltage.

From this graph, it is obvious that the relative reduction in collector current
rise time is nearly exponential and, in good approximation, independent of the
pulse current. This type of exponentially-like decrease is in agreement with
the predictions derived from the analytical analysis of the circuit according to
Sec. 3.3.1 as a result from an increased gate charging speed. For all current
values, the increase in switching speed is nearly eight-fold. Additionally, the
relative deviation in current rise time between high and low pulse current is
kept nearly constant, allowing for an equal current sharing during turn-on as
discussed in Sec. 4.1.1.

Considering the trailing edge of the pulse (i.e. the current fall times), the picture
changes slightly. Fig. 3.25 shows collector current fall times in dependence of
the gate drive voltage. For high pulse currents, the decay in current fall time
with increasing gate drive voltage is visible if not as pronounced as for the
current rise times.

Interestingly, the current rise time for very low current (blue symbols) is
influenced less strongly by the gate-boosting circuit. As figure of merit for the
increase in switching speed, the current rise rate is often employed.

In Fig. 3.26, the current rise and fall rate of the above measurements (definition
see Sec. 2.5) is plotted. Whereas the current fall rate at low currents (red
triangle) cannot be influenced as mentioned above, especially the current rise
rates (black symbols) show a linear dependence on the gate drive voltage.
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Figure 3.25: Reduction of current fall time for NGTB40N120 at different maximum current
amplitudes as function of the gate drive voltage.
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Figure 3.26: Collector current rise and fall rates at different maximum current amplitudes in
dependence of the gate drive voltage. The increase in current rise rate with higher
gate drive voltages is still linear for the maximum tested voltage, suggesting even
further improvements with high gate drive voltages. The impact on the current fall
rates is less pronounced.

The linear dependence of this figure of merit is not surprising since the re-
ciprocal function of an exponential decay is linear for small values. For low
gate drive voltages, the current fall rate is higher than the current rise rate. As
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3 Gate-boosting investigations

the slope of increase is higher for the current rise rates, the device turns on
faster as it turns off for gate drive voltages above 40 V. Since no saturation
effects are visible at high gate drive voltages, it is reasonable to assume that
the investigated effect can be used beyond the maximum tested 80 V gate drive
voltage for achieving much higher collector current rise rates. With the current
rise time being fast enough for the intended application, the increased costs
associated with using even higher drive voltages were avoided by limiting the
experiments to 80 V.

With the now increased switching speed for turn-on and turn-off, also the
maximum operating frequency can be drastically increased. Implementing
the gate-boosting circuit, Fig. 3.27 shows the operation of the investigated
NGTB40N120 device in 3 MHz burst mode operation at approximately 250 A
collector current.
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Figure 3.27: By using the gate-boosting circuit, a standard IGBT can be operated at approximately
250 A with 3 MHz bursts.

In addition to the presented measurements on the NGTB40N120 IGBT device,
several other devices have been qualified in the course of this work.

An interesting example is the SiC MOSFET C2M0080120D manufactured by
Wolfspeed. The device is able to carry a maximum of 80 A pulsed current at
a maximum blocking voltage of 1200 V. Therefore, it could be used in the
test-bed as described earlier.
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Figure 3.28: Pulse current measurements for a SiC MOSFET at different gate drive voltages,
showing the applicability of the technique also for other device architectures.
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Figure 3.29: Comparison of the increase in switching speed for different devices (see table 3.1)
and architectures (black symbols: standard gate drive conditions, red symbols: 80 V
gate drive voltage).

When operating it under the same conditions as the IGBT device (i.e. 80 %
maximum pulsed current, 65 A), graph 3.28 could be obtained for increasing
gate drive voltage. Here, 20 V are the recommended operating conditions used
with the coupling capacitor shorted. As for the IGBT device, the switching
speed drastically increases with increasing gate drive voltage. Thereby, these
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3 Gate-boosting investigations

measurements prove the applicability of the gate-boosting circuit for the most
commonly used voltage-controlled power semiconductors, MOSFETs and IG-
BTs. In order to compare the effect on different devices, data of all measured
devices is combined in Fig. 3.29.

Black symbols display values measured in standard gate drive conditions, red
symbols display values at 80 V gate drive voltage. For each device, measure-
ments were taken at 25 %, 50 %, and 80 % maximum pulsed current. Each
point represents the mean value of 100 measurements, the error bars are in
the order of several nanoseconds and therefore not visible except for very fast
switching speeds. All devices are summarized in table 3.1.

Table 3.1: Different devices investigated in this work. [80], [81], [67], [61]

Device architecture ~ Device part number ~ Max. pulsed current t, g¢q/tr gov

NPT IGBT HGTG18N120 160 A 8.4
NPT Trench IGBT FGA25N120ANTD 90 A 6.6
FS-Trench IGBT NGTB40N120IHLWG 320A 8.2
SiC MOSFET C2M0080120D 80 A 3.6

As expected, the collector current rise time increases for all devices with
increasing pulse current. Only for the NPT-Trench device, this behavior is
changed by using the gate-boosting circuit. From the graph it becomes clear,
that the change in switching speed from one device to the next does neither
follow exactly the same shape nor has the same magnitude. In the last column
of table 3.1 the relative increase in switching speed (i.e. rise time under standard
drive conditions over rise time using 80 V gate drive voltage — both at maximum
tested current) is calculated. The values differ quite significantly from one
device to the next. Therefore, it is necessary to investigate each device with
respect to the intended application prior to device selection.

As discussed in Sec. 3.3.1, one way to explain the working principle of the
gate-boosting circuit is the high current rise rate through the parasitic gate
inductance that can be achieved using higher gate drive voltages. As a result,
the drive circuitry becomes increasingly robust against parasitic inductance
introduced by imperfect gate circuit layout. To demonstrate the effect, a device
was operated using 80 V gate drive voltage with the standard gate circuit (black
trace, Fig. 3.30). For another measurement, the parasitic gate inductance was
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3.3 Fast switching by gate-boosting

increased by approximately 10nH (red trace, Fig. 3.30). In comparison, the
additional inductance of 10 nH was moved to the emitter pin (compare L,
Fig. 3.4b) of the switching device (green trace, Fig. 3.30). From the traces it is
evident, that the gate-boosting circuit can compensate parasitic gate inductance
to a certain extend. However, already a small parasitic inductance shared
between gate and load circuit deteriorates the pulse shape. Therefore, shared
current paths of both circuits have to be avoided for maximum efficiency of the
circuit (compare Sec. 3.2.1).
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Figure 3.30: Load current traces for the reference circuit, and the effect of additional 10 nH
inductance in the gate (red trace) and emitter (green) circuit.

3.3.5 Reduction of switching losses

When using power semiconductors at high switching frequencies, the switching
losses can easily deliver a more important contribution to the overall losses than
the conduction losses [64]. The energy loss during each switching event (from
to to teng), being defined according to Eq. 3.1, can be kept small by introducing
a phase shift between current and voltage and then switch when either current
(zero-current switching, ZCS) or voltage (zero-voltage switching, ZVS) across
the switching element is zero (soft switching). For hard switching conditions,
necessary to achieve a fast current rise rate, the only way to reduce switching
losses for constant switching power is to decrease the transition time of the
switch from on- to off-state.
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3 Gate-boosting investigations

For the measurements in graph 3.31, the pulse current and voltage traces as
presented in Fig. 3.22 were multiplied. As can be seen, the losses occurring
during turn-on greatly exceed the losses during turn-off using the standard gate
drive circuit (black trace). When increasing the gate drive voltage, the overall
switching losses are strongly reduced, with the reduction in turn-on losses
being far more pronounced than the reduction in turn-off losses as the turn-off
speed can not be altered as significantly (see Sec. 3.3.4).
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Figure 3.31: Decrease of switching losses for a NGTB40N120 device with increasing gate drive
voltage.

The energy loss Er,ss during turn-on and turn-off normalized to the energy
loss using the standard gate drive circuit follows the exponential decay observed
for the decrease in current rise time as presented earlier (see Fig. 3.32).

As aresult of the energy being a product of current and voltage (both of which
are sped up), the decrease in switching losses is even more drastic. By using
80V gate drive voltage, the turn-on losses can be reduced by a factor of 10,
whereas the turn-off losses can be reduced by a factor of 2.5.

As mentioned before, in certain applications a reduction of switching losses is
achieved by resonant switching and, therefore, the drive losses will dominate
the switching losses.
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Figure 3.32: Energy loss, normalized to the energy loss using the standard gate drive circuit,
during turn-on and turn-off when employing the gate-boosting circuit with 80 V gate
drive voltage.

The energy Eq to charge the gate capacitance of a voltage-controlled power
semiconductor is proportional to its gate capacitance C and the square of the
gate voltage V.

1 2
EG:E'CG'VG (3.13)

When using the gate-boosting circuit, the equivalent capacitance C taking the
place of the gate capacitance in Eq. 3.13 is reduced whereas the gate drive
voltage Vp is increased. By combining Eq. 3.6 and Eq. 3.4, the equivalent
capacitance can be re-written.

v
C=Cq —% (3.14)

Vap
Thereby, Eq. 3.13 yields the dependence of the required energy for one switch-

ing event in dependence of the chosen gate drive voltage.
Ec(Vep)=5-C-Vgp=5-Ca-Va-Vap (3.15)

Therefore, the required drive energy (and drive power) grows linearly with
increasing the gate drive voltage. For a complete loss analysis, also losses
accruing in the driving half-bridge and the efficiency of the DC-DC converter
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generating the gate drive voltage have to be considered. Since those parameters
are depending on the actual circuit design, these calculations have to be done
specifically for each design.

3.3.6 Long term stability

The previous discussion concerning the operation of the device within the
datasheet specifications was limited to not exceeding the maximum specified
gate voltage.

300 T T T T T T
250
200

150 -

100 -

New device
—— After 10% pulses

collector current (A)

0 50 100 150 200 250
time (ns)

300

Figure 3.33: Pulse shape of a new device and a device after 108 pulses.

However, additional effects may cause a slow device degradation when using
the gate-boosting circuit. Among these might be the increased thermal stress
on the gate bond wire, potentially causing a bond wire lift-off. Strongly
increasing the collector voltage rise rate, the increased switching speed may
even cause internal device latch-up [62]. In order to evaluate the long-term
effects of the gate-boosting circuit on a device, the setup was upgraded to
operate at a repetition rate of 3 kHz. At maximum gate drive voltage (i.e. 80 V),
the NGTB40N120 device was operated at maximum collector-emitter voltage
(i.e. 1 kV) and maximum pulsed current (i.e. 250 A) at a pulse length of 250 ns.
In order to cope with the increased power dissipation at high repetition rates,
the IGBT was mounted on a water-cooled heat sink with a thermal resistance
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of 0.18 K/W (case-to-water). Together with the thermal resistance of the
package of 0.48 K/W (junction-to-case) [67], the total thermal resistance equals
0.66 K/W (junction-to-water). In thermal equilibrium, the water temperature
at the outlet was measured to be 23 °C, whereas at the inlet it was chilled
to 18°C. The resulting power dissipation in the switching element can be
calculated to approximately 70 W. The junction temperature of the die during
the measurement was, hence, around 70°C and therefore much above the
maximum expected temperature in the generator application operating in single
pulse operation. Under these conditions, the device was operated for 10h,
being equal to more than 108 pulses. A comparison of the pulse shape of a
pristine device and a device after the test is shown in Fig. 3.33 — both traces
are identical within the resolution of the measurement. Whereas for standard
semiconductor applications the tested pulse number seems not impressive, the
device was tested far beyond the requirements of the intended application. The
evaluation of the technology at industry level will therefore remain object of
further studies.
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4 Stage design process

The following section describes the design process of one stage as the basic
element of the modular Marx generator. Besides the selection and arrangement
of the pulse circuit components, also related protection circuits in different
modes of operation are described. Concerning the control logic on each
stage, this section covers the hardware side of the optical signal distribution,
employed logic devices, and the challenge of shielding them against electo-
magnetic interference. The software and the interaction of many stages is
presented in Sec. 5. All design parameters are validated in a low-inductive
test-bed demonstrating the maximum output parameters of 1kV and 600 A
in arbitrary switching sequences. Major results of this work presented in the
following chapter have already been published as [82].

4.1 Pulse circuit components

One stage of the generator-under-development consists of a pulse switch T, a
stage capacitor C and a free-wheeling diode D (see Fig. 4.1). In all circuit
diagrams, "next stage" refers to the stage closer to the generator output and
"previous stage" symbols a stage closer to the grounding point of the generator.

J_ T to next stage
c Yo

— — — —
from prev. stage

Figure 4.1: The pulse circuit components of one stage include the pulse switch T, the free-wheeling
diode D and the pulse capacitor C.
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4.1.1 Fast, cost-efficient switches

From the results of the previous section, the most economical solution was
found to be the employment of high-power IGBTs using a gate-boosting circuit
as switching elements on each stage. As mentioned in Sec. 3.1.2, the use
of IGBT modules is not economical. Also unsymmetrical power lead layout
within the module may lead to unequal current sharing between the IGBT chips
and, consecutively, to a destruction of the module under high pulsed currents
[75]. The IGBT type NGTB40N120 (ONSemiconductor) was selected due to
its low price and good switching performance with respect to maximum current
and achievable current rise time when using a gate-boosting voltage of 80 V.
To achieve the maximum required pulsed current of 600 A, the straight-forward
solution is to parallel many individual devices. Beside a symmetrical layout
for each switch, also intrinsic parameters have to be considered. All newer
devices based on NPT or FS-trench technology feature a positive temperature
coefficient to prevent thermal run-away of single devices [64]. Hence, thermal
coupling is not as important as it was in the earlier days of IGBTs. In the course
of the experiments in the previous section (compare Fig. 3.23) the current rise
time was proven to increase with higher currents. This benefits equal current
sharing between many devices during transient turn-on, as a device starting to
turn on with a small delay (and therefore carries a smaller current) turns on
faster than the devices carrying a high current from the beginning. The strong
asymmetry of turn-on and turn-off times and their dependence on the current
is no issue for this application, as the only strong requirement considering
switching speeds is the turn-on time. Aiming for a final current rise time of
the generator in the order of 4 kA/us limited only by the circuit inductance,
the switches only need to be sufficiently faster as not to influence the cathode
charging process (compare Sec. 2.3.1). The selected NGTB40N120 device is
able to carry a maximum pulsed current of 320 A at a maximum DC current
of 80 A [67]. According to the Safe-Operating-Area (SOA) in the datasheet,
the maximum pulsed current can be applied for a duration of 1 ms. Allowing
for a sufficient safety margin in case of an overcurrent condition, six devices
were used in parallel to make up the stage’s pulse switch. Thereby, each device
carries a current of 100 A at maximum rated current, while the generator
can withstand a maximum current of 1.9kA for a duration of 1 ms. Using
even more switches at lower current amplitudes also increases the tail-current,
thereby skewing the falling edge of the pulse.
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Figure 4.2: Simplified schematic of the employed capacitively coupled gate-boosting circuit as
described in Sec. 3.3 for parallel operation of six IGBTs (T to Tg) using two driver
units Q; and Q. For equal stray inductances, each device has its own coupling
capacitor C¢ and damping resistor Rpy.

To foster a synchronous turn-on of all IGBTSs, the gate drive circuit was set
up according to Fig. 4.2. The number of individual driver units Q is chosen
according to the maximum current one unit can deliver. For the given values!
of damping resistors Rp, gate drive voltage Vap, gate and coupling Cc
capacitance, the gate current of one device is around 13 A. The gate driver
being able to deliver a peak current of 40 A leads to the use of two individual
gate driver units. By interconnecting both sides of the coupling capacitors the
influence of delayed switching of one driver can be mitigated. The drivers
are located as close as possible to the switches, minimizing stray inductance.
Fig. 4.3 shows a photo of the gate drive arrangement for six parallel IGBTs.
As the employed TO-247 housing features no Kelvin-emitter, the separation

'Rp=1Q,Vgp =80V, Cg = 181nF, Cg =4.7nF
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of load and gate drive current as discussed in Sec. 3.3.4 can only be achieved
outside of the device housing. Therefore, the gate drive circuit is located on
one side of the devices, while the load is connected via the other side. The
collector trace is a broad-side trace on the top layer, whereas the emitter trace
is a broad-side trace on the bottom layer. By bending the IGBTs by 90° flat on
the board, magnetic coupling between the device leads and the current traces
will further reduce the inductance of the setup, while additionally reducing
the mechanical dimensions. An illustration is shown in the following section
(Fig. 4.5).
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Figure 4.3: Photo of the two gate drive units on the stage for driving six IGBTs in parallel.

4.1.2 Pulse capacitors and capacitor connection

Besides the switching elements, the energy storage on each stage needs to be
fast enough as not to deteriorate the output waveform. low-inductance pulse
capacitors are available as metalized film capacitors? or ceramic capacitors>,
but their price per stored energy is very high. As outlined in Sec. 2.3.3, each
stage requires a considerable capacitance of approximately 200 uF. Therefore,
the use of the aforementioned capacitor types is not economical for storing
all the required energy. The presented design in this work instead uses two

metalized film capacitors intended for DC-link applications*. To compensate

2 See e.g. MKP10, WIMA [83], 10€/J
3 See e.g. COG SMD pulse capacitors, KEMET [84], 640€/]
4944U101K122AC, CDE [85], 1€/]
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their high internal inductance of 40 nH, four additional pulse capacitors® with
1 uF each with an internal inductance of approximately 1 nH [83] are placed in
close vicinity to the switching elements. Thereby, also the spacial dimensions
of the energy storage could be drastically reduced as compared to an energy
storage of purely fast pulse capacitors. A photograph of the arrangement can
be seen in Fig. 4.4.

Figure 4.4: Photo of the presented Marx-generator stage. The switching elements and the capac-
itors are connected via broadside traces across the whole PCB width.

The inductances between the two types of capacitors and the capacitors and
the switching elements are kept low by using broad-side traces over the whole
width of the PCB. Fig. 4.5 illustrates the capacitor and switch arrangement.
The high-value, high-inductance 100 uF capacitors (gray) are mounted on
the right-hand side of the PCB and connect to its top and bottom layer by
means of high surface area copper-beryllium contact springs. Another benefit
of this mounting technique is the mechanical decoupling between the pulse
capacitors and the PCB. The high-capacitance capacitors are connected to the
low-inductance pulse capacitors (red) via a trace covering the whole top and
bottom layer. The red capacitors are spaced evenly across the width of the
PCB and are mounted through the PCB to offer a low-inductance connection.
As can be seen, the connections from and to following stages are in close
vicinity to one another, only separated by the free-wheeling diode. The pulse
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current, entering and exiting from below therefore flows anti-parallel on the
broad top and bottom layer of the board, allowing for an efficient magnetic flux
compensation and a reduced inductance.

(a)

Capacitor
4*1pF

j— Capacitor
j— 2 * 100 pF

from previous stage to next stage

(b)

Figure 4.5: Photo (a) and illustration (b) of the component arrangement on one stage. The high-
value 100 uF capacitors (gray) are mounted on the right-hand side of the PCB and
are connected to the switching elements by means of broad-side traces over the whole
width of the PCB. The low-inductance pulse capacitors (red) are mounted through the
PCB to reduce the stray inductance. The connections from and to the adjacent stages
are very close together.

The additional stray inductance per meter introduced by this arrangement can
be estimated using Eq. 4.1 [15].

L =p= 4.1)
w
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Using the dimensions of the board®, the stray inductance can be calculated to
2.4nH. As a result, the equivalent circuit of one stage is modified according
to Fig. 4.6. The stage capacitor C now consists of a high-value capacitance
C; with a high-parasitic inductance L (as parallel connection of two 100 uF
capacitors) and low-value capacitor Co with a low parasitic inductance Lo (as
parallel connection of four 1 uF capacitors).

- to next stage
SY
. -
from prev. stage

Figure 4.6: Equivalent circuit of one stage. The stage capacitor C is comprised of several indi-
vidual, ideal capacitors and their respective series inductance.

The small value capacitors serve two purposes. On the one hand, they supply
the charge necessary to create a fast rising pulse before the current commutates
to the high-value capacitors. On the other hand, they serve as snubber protect-
ing the switching element in case of current interruption as they can absorb
the energy stored in L during a nominal pulse (see Sec. 4.2.2). However,
the resonant circuit formed by L and Cy causes charge oscillations between
the capacitors. To investigate this phenomenon, the circuit was simulated in
SPICE according to the equivalent circuit presented in Fig. 4.67. Damping was
incorporated to account for ohmic, dielectric, magnetic, and radiated losses.
A comparison between the simulated voltage across the switching element and
a corresponding measurement is shown in Fig. 4.7. For this measurement,
a stage was operated at maximum pulse parameters of 1 kV charging voltage
and 600 A pulse current (measurement without additional snubber circuit, for
details see Sec. 4.2.2). After turn-off, the voltage overshoot is below 1060V,
demonstrating the efficient buffering of the energy stored in L; in Cy. The vis-
ible charge oscillations after turn-off correspond well to the resonant frequency
of Ly and Cy of around 470 kHz. The strong damping prevents a significant

6 width w = 10 cm, distance d = 1.5 mm; length 1= 13cm
7Cy =200yF, Ly =30nH, Cy =4uH, Ly = 2nH
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voltage overshoot even at an excitation at resonant frequency as one stage is
able to switch with frequencies above 500 kHz (see Sec. 4.4.3). The additional
current stress on the capacitors has to be considered in applications running at
high repetition rates, but can be neglected for single pulse experiments.

1000 ey h———
= —— Measurement
g 800¢ —— Simulation |
g
£ 00| ]
>
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£
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Figure 4.7: Comparison between measurement (black trace) and simulation (red trace) of the
collector-emitter voltage across the switching element in the course of a short pulse.
After turn-off, charge oscillations between the stage capacitors are visible. There is
no significant voltage overshoot during turn-off.

4.1.3 Arrangement and selection of free-wheeling diodes

The free-wheeling diode on each stage is crucial for arbitrary output waveforms
as it takes over the pulse current as soon as the pulse switch opens. For proper
functioning, its position with respect to the switching element and the pulse
capacitor plays an important role. As can be seen in Fig. 4.8, the closer the
diode D is moved towards the switching element T and pulse capacitor C,
the smaller the parasitic inductances Lps and Lp~ become. When the switch
opens, all inductances are energized. Only the energy stored in Lp~ and Ly
can be diverted to the next stage whereas the energy of Lps and Lp~ has to be
dissipated on the stage. Therefore, the diode has to be positioned as close as
possible to both contacts connecting the stages.
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to next stage

from prev. stage

Figure 4.8: The position of the free-wheeling diode D with respect to the pulse capacitor C and
the pulse switch T determines the distribution of the stray capacitances Lp. Only the
energy in the stray capacitances Lp~ and L can be diverted by the free-wheeling
diode.

The chosen arrangement for the diodes can be seen in Fig. 4.5. Surface-
mounting the diodes is unconventional, but offers superior performance in this
application due to the absence of current trace interruptions that would oth-
erwise occur when using a through-the-hole mounting technique. The diodes
employed as free-wheeling diodes must fulfill three requirements: first, they
have to be capable to block the stage charging voltage of 1kV. Secondly, they
have to carry a pulse current of up to 1.9 kA, which is the maximum capability
of the switching elements. Most importantly, the use of high-speed switching
elements also necessitates a very fast blocking behavior. Employing bipolar p-
n junction diodes has the disadvantage of considerable reverse recovery times
related to the recombination of charge carriers within the junction [63]. P-n
diodes are considered "hyperfast" with recovery times in the order of 84 ns [86].
Taking the achievable current rise rates of 4 kA/us for single devices into ac-
count, the maximum current rise rate of six devices in parallel amounts to
24 kA/ps given a low-inductance arrangement. Within the 84 ns reverse recov-
ery time of a p-n junction free-wheeling diode, a current rise to 2kA can be
expected. Additionally, some p-n junction devices have a significant forward
recovery time, rendering them unsuitable for this application [87]. High-band
gap Schottky-barrier devices, such as SiC-Diodes, have the advantage of zero
reverse recovery current due to the unipolar current transport [63]. The stress
on the switching elements is thereby limited to the charging current of the
diode’s capacitance. Their increased reverse current as compared to Si p-n
devices [63] plays a minor role in this application. The diodes chosen for this
application are of type C4D10120D from Wolfspeed [88]. With two individual
diodes (i.e. "legs") incorporated in one TO-247 housing, they offer a compact
layout and high pulse handling capability. By correcting the values given in
the datasheet for square pulses, each leg of one device can handle 100 A for a
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duration of 100 us. Combining three devices (i.e. six diodes), the pulse speci-
fications can be met. With a short term overload capability of 400 A for 10 ps,
the arrangement exceeds the total current rating of the IGBTs: 2.4 kA for all
diodes versus 1.9 kA for the IGBTs.

4.2 Protection circuits

Failure of power semiconductor devices is either related to a permanent al-
teration of their crystal structure or damage to their bonding. Both types are
caused by subjecting parts of the device to excessive heat. Therefore, both
current and voltage must be present for a given amount of time [89]. If the
respective process is fast compared to the heat transfer within the device — as
is the case during a breakdown for example — the limit is the adiabatic energy
the device can absorb. For slower processes, heat transfer has to be considered
and the maximum permissible current voltage product can be derived from the
SOA diagram in the datasheet.

4.2.1 Parasitic turn-on

Following the discussions on the Miller-effect in Sec. 3.2.1, a parasitic turn-on
can happen when the collector-emitter voltage across the switching device rises
too fast. The collector-gate capacitance Cgc and the gate-emitter capacitance
Cg act as a capacitive divider (see circuit diagram Fig. 3.4). For slower
transients, the device can turn on when the voltage drop over the gate resistor
required to charge Cgc in combination with the induced voltage over the
parasitic circuit inductance Lp by the Cqc charging current Igc is higher
than the gate threshold-voltage VG Thres:

dlgc
Va,Thres <R - Igc+Lp- T 4.2)
Robustness against parasitic turn-on is especially important in a half-bridge
configuration [90]. When operating the IGBT as switch in the Marx config-
uration investigated in this work, the voltage across the IGBT is in off-state
almost equal to the voltage across the stage capacitor. The free-wheeling
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diode will clamp the voltage difference to several volt. A fast voltage change
across the IGBT would, hence, require a very high charging current into the
stage capacitor. Additionally, the implemented gate-boosting circuit offers
a low-impedance connection from gate to ground in off-state, reducing the
first contribution in Eq. 4.2. The second contribution is kept low by a short
connection between gate contact and gate driver, reducing Lp.

4.2.2 Overvoltage protection

In the investigated topology, overvoltage conditions for the switching elements
occur only as inductively driven voltage spikes when large currents are being
cut-off. Due to the fast switching speed of the employed power semicon-
ductors, the energy stored in the parasitic inductances cannot be dissipated
during switching and cause a voltage peak across the device. The inductive
overvoltage Vo can be calculated from the load current change rate dI /dt
and the parasitic circuit inductance L,.

dI
Vo=Lp- d—tL 4.3)

By exceeding the voltage blocking capability of the device, avalanche break-
down occurs. Whereas there are devices rated for avalanche operation avail-
able, the maximum energy they can absorb prior to device failure is limited [30].
The energy Ep stored in the parasitic inductance L, at load current I7, equals:
1 2

Ep= 3 Lp-1If 4.4
Only few IGBTs are rated for avalanche operation, since their switching speed
(without using a gate-boosting circuit) is too slow for important inductive
voltage spikes to occur [91]. In contrast to the current conduction in on-state,
the current distribution during avalanche breakdown is not uniform but is
concentrated on the perimeter of the die [91]. As the physical device housing
often incorporates a free-wheeling diode on a smaller die, the diode absorbs
all the energy during avalanche and therefore fails first [91]. In experiments,
excessive overvoltage gradually degrading the device could be measured by an
increased leakage current.
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As measured in Sec. 4.1.2, the combination of different capacitor types al-
lows to cope with the energy stored in the capacitor inductance under regular
switching conditions. However, the stage may be subjected to currents above
the maximum 600 A in case of a load short. For a conservative design, the
maximum current the switching elements have to interrupt is maximum current
they can sustain, i.e. 1.9kA (see Sec. 4.1.1).

There exist several approaches to prevent an overvoltage condition across
switching elements during turn-off. One approach is to operate the switching
elements in the linear region, until the complete energy stored in the parasitic
inductances is dissipated ("active clamping") [33]. In the presented design,
this technology can not be implemented without sacrificing the fast current
turn-off. Storing the energy transiently in snubber capacitors and dissipating
it slowly after the pulse is another option. A comprehensive overview over
conventional topologies is given in [64]. The solution implemented in this
work suitable for very fast switching elements is depicted in Fig. 4.9a [32].

(a) The energy stored in Ly, is transfered (b) A photo of the low-inductance snubber
via Dg into the snubber capacitor Cg. board to be soldered directly on the
The TVS-diode D prevents over- device leads of six parallel IGBTS.
charging of the capacitor. Each IGBT has an individual snubber

diode and all snubber capacitors are
connected in parallel. The bottom layer
of the board is the return conductor.

Figure 4.9: Equivalent circuit diagram of the implemented snubber circuit (a) and photo of the
actual arrangement (b).

The energy stored by the load current Iy, in the parasitic inductance Ly, is
transfered after the turn-off of switching element T'; into the snubber capacitor
Cg. Diode Dg prevents a short of Cq when T turns on. To prevent a significant
reverse recovery current from slowing down the turn-on process of T, Dg
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is selected to be a SiC Schottky-diode. The Transient-Voltage-Suppression
(TVS) diode Dt prevents capacitor Cg from overcharging. For this design,
the maximum stage current is assumed to be 1.9 kA. For measurements, the
inductance of one stage was determined to 76 nH (see Sec. 4.4.2). The value of
Cg is depending on the energy Ep stored in Ly, the initial charging voltage V
of Cg and its maximum permissible charging voltage Vg according to Eq. 4.5.

2-Ep

_— 4.5)
(VE-Vp)

g =

Dr is chosen with a breakdown voltage slightly above the stage voltage as not
to cause losses during the charging process of the stage capacitor and to allow
for the maximum voltage swing across Cg. Therefore, Cg will be pre-charged
to the stage’s charging voltage. The maximum permissible charging voltage
has to be equal to the voltage capability of the switching element, i.e. 1.2kV.
The snubber capacitance, hence, calculates to 630 nF. To enable a fast energy
transfer from Ly, to Cg, it is crucial to keep the circuit inductance as low as
possible. Paralleling many diodes Dg, a high current can be conducted without
substantial ohmic losses. The design of the snubber circuit used in this work
can be seen in Fig. 4.9b. To reduce the inductance as much as possible, all
the capacitors were arranged at the backside of the PCB so the current flows
over the whole width of the PCB. Forward and return path of the current are
on opposite sides of the board. The best possible magnetic flux compensation
is achieved by minimizing the board thickness. Fabricating the board with
a thickness of 0.5 mm instead of the standard 1.5 mm allows, according to
Eq. 4.1, areduction of the inductance by a factor of three. A minimal distance
to the device leads is achieved by soldering the PCB directly onto the switching
elements.

4.2.3 Overcurrent protection

The dynamic load behavior as discussed in Sec. 2.1.1 can lead to a complete
short of the GESA device. In order to protect the switching devices from de-
struction by overcurrent conditions, a fast current measurement is important.
For increased safety, each stage can measure the current through the switching
elements and can turn-off independently of the rest of the generator or the need
for an external command.
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In literature, different approaches for fast and compact current measurements
are presented. One way is to use the collector-emitter voltage as measured
across the switching element and deduce the actual current [64]. However,
the voltage drop across the device is not linear with current and dependent on
the junction temperature. The very high current rise rates resulting from the
use of the gate-boosting circuit demand for a very low-inductive measurement
to prevent inductive signal pick-up. The geometric dimensions of a switching
device and the magnitude of the voltage to be measured (1kV in blocking
stage) render a very low-inductive measurement challenging.

Another possibility is to measure the induced voltage in the parasitic induc-
tance of the device leads to calculate the dI/dt and infer the total current by
integration [75]. For an easy implementation, the authors of [75] used packages
with a Kelvin-emitter for measuring the potential difference between gate and
power emitter. Since the presented design relies on standard TO-247 devices,
additional measurement leads would be required and increase the complexity
of the design.

The influence of the magnetic field can also be measured by external means
such as a Rogowski coil monolithically integrated in the PCB [92]. Due to the
limited isolation distance between the device leads, no additional traces could
be fitted between them.

The technology used in this work is to measure the current by means of a
fast shunt resistor. Key in the design is a low-inductance approach in order to
reduce an inductive component in the signal. Due to the arrangement of pulse
switches and pulse capacitors (connected via broadside traces, see Fig. 4.5),
also the shunt resistor can be distributed over the whole width of the PCB.
Thereby many SMD components can be used in parallel, reducing the overall
inductance. The resistive elements themselves are low-inductive metal-plate
resistors with high pulse load capability [93]. Since the current passes in the
opposite direction in the layer above the resistors, magnetic coupling reduces
the inductance even further. Inductive signal pick-up in the measurement
traces is reduced by routing them as close together as possible and covering
the adjacent layer with copper to act as a compensation winding. Nevertheless,
the shunt resistor Rg will incorporate a certain parasitic inductance Lp. The
fast-rising load current I, will induce an additional voltage into Lp, distorting
the measurement. By adding an RC-element to the circuit (Rc, Cc), the
inductive overshoot of the signal can be compensated. The equivalent circuit
of the arrangement together with a photo of the implementation can be seen in
Fig. 4.10.
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Vs cIRC \ B I

I

(a) The load current Iy, is measured by the (b) The load current I, passes through
ohmic shunt resistor Rg, containing the IGBTs (1) and the shunt resistor
a parasitic inductive component Lp. via a broad-side trace. It consists of 18
By adding an RC element before mea- individual metal-plate SMD resistors
suring the voltage Vg, the inductive (2) in parallel. The measurements leads
component can be compensated. (3) are very close together and routed

in parallel.

Figure 4.10: Equivalent circuit diagram of the shunt resistor (a) and photo of the implementation

(®).

For complete compensation, the RC time constant must equal the LR time
constant as expressed by Eq. 4.6.

Rg-Co=1=— 4.6)

A complete compensation is advisable if a very accurate current reading is
required. Increasing the time constant of the RC-element, on the other hand,
also slows down the circuit’s response. Instead of a complete compensation,
the values of the compensation network were chosen in experiments to allow
for a maximum current rise rate of 4 kA/us. The threshold was set to 650 A
(see Sec. 5.3.4). The resulting time constant 7 is around 120ns. While
for the measurements presented in this chapter the overcurrent protection was
deactivated to determine the maximum possible rise rate and deduce the circuit
inductance, it was validated in the small-scale assembly (see Sec. 5).
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4.2.4 Discharging the pulse capacitors

The high stage capacitance of 100 uF in combination with a charging voltage of
1 kV poses a considerable risk when operating the stage. In principle, shorting
the capacitors after each operation by hand is possible, the high number of
stages necessitates an automated shorting switch. The pneumatic shorting
switch used in the final generator assembly is presented in Sec. 6.2.1. Besides
the obligatory safety circuit, an additional discharge unit was implemented in
each stage to provide the means to discharge the stage capacitor by software,
before the hardware switch shorts the capacitors, potentially damaging the
boards by the resulting high currents or voltage reversal of the pulse capacitor.
As for the charging voltage distribution discussed in Sec. 2.4.1, the discharge
unit uses high-voltage SMD relays as switching elements. Two dump resistors
with a value of 1kQ each are operated in parallel to discharge the stage
capacitance in less than 0.1s (57). To ensure the reliable operation of the
resistors, special pulse resistors were used with an energy absorption capability
of 400J each [94]. Compared to the energy stored in the stage capacitors of
1001J the safety margin is largely sufficient.

4.3 Control logic

The control logic on each stage comprises means of communicating optically
with the main control unit on ground potential to exchange status parameters
such as stage voltage, temperature, and the switching commands. Its main
functionality is the correct switching signal generation for the pulse switches
in the course of a pulse.

4.3.1 Fast and cost-efficient optical data transmission

Following the discussion of Sec. 2.3.2, the approach in this work is to use
optical signal transmission for isolated communication with all 149 stages.
The requirement of a synchronization of all stages within several nanosec-
onds requires a very fast combination of transmitter and receiver. Whereas
commercial solutions for high bandwidth transmission are available, they may
require a DC-balanced protocol [95]. To omit the resulting restrictions with
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respect to protocol, only devices capable of arbitrary signal transmission have
been investigated. Due to the high amount of required transmitters/receivers,
costs of individual devices and ease of handling are an important factor. Very
fast photo diodes are available on the market, but the combined costs of the
devices themselves and the fabrication and installation into a proper housing
exceed the costs of commercial diodes already encased in an appropriate hous-
ing. For those reasons, the combination of a fast light-emitting diode (LED)
in a housing (HFBR-1527Z) as transmitter and a fast PIN diode including a
pre-amplifier as receiver (HFBR-25267) is employed in this design. The drive
circuitry around them was developed in order to meet the specifications.

Driving optical transmitters

The selected transmitter HFBR-1527Z is cost-efficient, but according to the
datasheet (optical rise time t, = 12ns and fall time tf = 9ns [96]) not fast
enough for this project.
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(a) Equivalent circuit of an LED, consist- (b) The diode’s capacitance and parallel
ing of a resistive contribution Rp and resistance as function of the junction
Ryg, a capacitive component Cp and an bias voltage. Both show a strong non-
ideal current source I;qeq) [97]. linear behavior before the diode starts

conducting as the space charge region
shrinks.

Figure 4.11: Equivalent circuit and measured diode parameters in dependence of the bias voltage.

Fig. 4.11a illustrates the equivalent circuit of an LED: under negative or small
positive bias, the device behavior is dominated by its junction capacitance
Cp. Its value is given by the thickness of the space-charge region within the
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diode. With increasing bias, the thickness of this region decreases, causing the
junction capacitance to increase [97]. The measurement shown in Fig. 4.11b
demonstrates the dependence of the junction capacitance on the bias voltage.
As can be seen, the parallel resistance Rp drops with increasing bias until the
device starts to conduct. It then behaves like an ideal diode (current source
Tiqeal) With a parasitic serial resistance. The vanished junction capacitance is
replaced by a capacitive contribution due to the limited charge carrier mobility
within the device [97].

The main contributions slowing the turn-on process are, hence, the charging
process of the junction capacitance [98] and the limited charge carrier diffusion
speed [97]. After turn-off, the charge carrier lifetime dictates the optical signal
decay [97].

To foster a fast turn-on of the device, it is beneficial to bias the LED close to
its knee-voltage with a small bias current [98]. Using an RC peaking network
allows for a fast charging of the junction capacitance during turn-on as well as
for a negative bias to extract charge carriers during turn-off. As demonstrated
in [98], high drive currents shorten both optical rise and fall times.

The resulting drive circuit is shown in Fig. 4.12a. The LED Dy, is driven
by a fast current feedback amplifier QQq, since they allow to adjust gain and
bandwidth independently [99]. The feedback resistors R are split to reduce
their parasitic capacitance. The bias voltage in off-state was set to 1.1V, far
enough from the knee-voltage of 1.8V [96] as to include a safety margin for
thermal drifts. In steady on-state, Rpc serves as current-limiting resistor. The
peaking network consisting of Cp; and Cpo was adjusted empirically to the
diode to deliver the best performance. The maximum current is limited by Rp
to the maximum current as given in the datasheet (120 mA [96]). Fig. 4.12b
illustrates the effect of different capacitance values of Cp; on the pulse shape.
Using a small value capacitor slows down the leading edge of the pulse, whereas
a high value causes a significant overshoot. A value of 220 pF was chosen,
as it allows for a rise and fall time of the optical signal of approximately 3 ns
without significant overshoot. The three-fold increase in device switching
speed renders the diodes suitable for the use in this project, since timing jitter
associated with the limited optical rise time will be below 1 ns.
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(a) The LED drive circuit used in this (b) Optical output signal of the employed
work. The peaking network is tailored LED for different peaking capacitors.

to the specific diode to compensate its
junction capacitance.

Figure 4.12: The developed LED drive circuit and corresponding measurements for achieving
approximately 3 ns rise and fall times.

Light detection

On the receiver side of the optical connection, the selected device HFBR-
25267 is with a specified typical rise time of 3.3 ns [100] already fast enough
to meet the requirements. Due to the implemented high-power LED drive
circuit presented earlier, excessive optical signal has to be prevented from
reaching the receiver. Especially at short fiber length below one meter, very
good polishing of the optical fiber ends can lead to a saturation of the pre-
amplifier. Fig. 4.13 shows a measurement of such a case. The original signal
is around 11 ns shorter than the received signal. Although a high LED drive
current is necessary to achieve a fast signal, the design ensures the optical
signal remaining within the dynamic range of the amplifier. Additionally,
the rising edge (transition light off to light on) is used for all precise timing
purposes as it cannot be skewed by the saturation of the pre-amplifier. Details
on the trigger signal recognition are discussed in Sec. 5.1.2.

97



4 Stage design process

original signal
15 . recellved signal
1.0
;:\ tp =497ns
& t, =508 ns
T 05r .
=)
2]
0.0 14
_05 1 1 1
0 250 500
time (ns)

Figure 4.13: Original and received electrical signal using an LED and receiver combination with
excessive optical signal. Saturation of the built-in pre-amplifier results in a pulse
width distortion.

4.3.2 Switching signal generation

The new approach to generate the control signals for the stages’ pulse switches
locally on each stage instead of by centralized control unit (see Sec. 2.3.2) de-
mands for a precise timing in the order of several tens of nanoseconds. On the
other hand, for monitoring the stage parameter such as temperature or charging
voltage, peripheral devices such as ADCs and serial ports are required. From
the manufacturing point of view, only devices solderable by hand can be used
for this project. Ball-grid arrays and other packages with connections under-
neath the device cannot be handled in the institute’s workshop and, hence,
would impede the development process.

Some researchers use Field Programmable Gate Arrays (FPGAs) [101] for the
control of fast pulsed power generators. In principle, they can meet many of the
demands also in this project. Running at high clock frequencies, the parallel
computing capability allows for fast signal processing. Their main disadvan-
tage is, however, the dependence of the gate-to-gate transit time of a signal on
the performed calculation. Therefore, the transit time uncertainty introduces
an additional source of timing jitter. Due to their complexity, FPGAs feature
more than 100 pins rendering their manual soldering a challenge.
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Since the computational tasks to be performed on each stage are not very de-
manding, microprocessors can accomplish many of the required tasks. They
come in small packages and different peripheral features, so the most cost-
efficient solution can be selected easily®. On the downside, precise absolute
timing is challenging, since fast reaction on external events requires the use of
interrupts. The time delay between the occurrence of the external event and
the execution of the interrupt service routine is dependent on the processor
state at the time of the external event and, hence, cannot be predicted with
sufficient accuracy. Precise relative timing, however, can be achieved using the
Timer-Counter (TC) peripheral device. It allows for setting or resetting certain
output pins depending on the number of passed clock cycles, without interven-
tion of the CPU. To cope with this limitation, a combination of microprocessor
and Complex Programmable Logic Device (CPLD) is used [102]. CPLDs
are devices with programmable parallel logic, incorporating more than 1000
logic gates and having a constant pin-to-pin delay independent on performed
calculation [103]. Moreover, the selected device (MAX3000, Intel) offers SV
capabilities, facilitating the interface with standard TTL logic.

In the presented project, only a very accurate synchronization of the leading
edge is important. Therefore, the microprocessor handles all communication,
data acquisition and "slow" switching signal generation. To create a syn-
chronous leading edge with all stages, the CPLD is used to recognize the pulse
start command and to execute the first turn-on of the pulse switch. Afterwards,
the TC module controls the pulse switch with precise relative timing. The
microprocessor also supplies the clock signal to the CPLD. Both micropro-
cessor and CPLD run at a clock frequency of 100 MHz, giving rise to a time
uncertainty of 10ns. The experiments in a small-scale generator setup (see
Sec. 5.3.1) could validate the domination of this timing jitter in the total jitter
of the pulse execution of several stages.

4.3.3 EMI testing

In the final generator arrangement, each stage will be subjected to a substantial
amount of electromagnetic interference. Especially the high-speed logic cir-
cuitry used on each stage is vulnerable and has to be shielded accordingly. To

8 This project uses: Microchip ATSAM4NSA, 4€ [59]
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test the designed shielding enclosure, an EMI test bed was set up to simulate
the conditions a stage will experience in the final assembly. Fig. 4.14 illustrates
the used test setup.
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Figure 4.14: Circuit diagram of the employed spark-gap based Marx generator used to simulate
both capacitive and magnetic coupling. The stage-under-test is connected to the
output of the generator.

It consists mainly of a traditional spark-gap based Marx generator with six
stages, each stage with a pulse capacitor of approximately 100 nF and decou-
pling inductors of 380 uH [104]. The capacitors were charged to Vo = 35kV.
By grounding the generator at the center, the isolation distance to the surround-
ing is reduced. The generator was connected to a load impedance of 100 Q
and several microhenry of circuit inductance. Connecting the stage-under-test
to one side of the load impedance, the fast shift in the stage’s potential with
respect to ground once the generator erected was used to simulate the capaci-
tive coupling in the final arrangement. For simulating the magnetic coupling,
the load current was lead close by the vulnerable circuitry. In addition, the
employed spark-gaps feature a broad-band emission spectrum [105] that was
used to test the robustness against radiated EMI. During the experiments, the
stage was powered using a battery and a DC-DC converter from 12 V battery
voltage to =500 V supply voltage (see Sec. 2.4.2). The state of all input pins,
including the clock signal, was monitored by means of an optical fiber. For this
experiment, the CPLD was programmed to output the clock signal divided by
four, only if neither a signal was received on either input pin, nor any optical
signal was received. In case the clock signal could not be recorded over the
optical fiber, hence, electromagnetic interference caused an incorrect signal
recognition.
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Figure 4.15: Upper graph: Output current (red trace) and output voltage (black trace) of the
conventional Marx-generator to which the stage-under-test was connected.
Lower graph: Transmitted divided clock signal.
When the Marx-generator is erecting, a false optical recognition occurs as there is no
more signal from the stage. Afterwards the clock signal returns with varying speed,
indicating a clock generator failure.

Fig. 4.15 shows a test with an unshielded board. The upper graph displays
output voltage and load current of the Marx generator. Due to the grounding
point, the output voltage of the generator is negative with respect to ground
and only half of the sum charging voltage. The negative voltage of —100kV
is approximately equal to the design output voltage of the semiconductor-
based generator. The positive peak in the beginning of the pulse is a result
of the positive half of the Marx generator erecting before the negative half —
increasing the voltage swing the stage is subjected to. The load current crests
at around 2.5 kA, exceeding the expected current of 600 A by a factor of four.
With a look on the optical signal transmitted from the stage (lower graph), it
is obvious that EMI influences the circuitry. Upon ignition of the generator,
the clock signal fails — indicating a wrong signal reception. Afterwards, the
clock signal returns but the clock speed is first slowing down, then speeding
up. This behavior can only be explained with interference into the clock signal
generator. Since precise timing is key in this application, both types of failures
have to be avoided.

For EMI protection, the whole PCB was inserted into a copper box of 1 mm
thickness. The box was closed on five sides and a copper block was mounted
onto the PCB to seal the sixth side. Good electrical contact between the box
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4 Stage design process

and the block was achieved using CuBey contact springs. The arrangement is

illustrated in Fig. 4.16.
‘ /®

—O

Figure 4.16: Simplified illustration of the shielding enclosure. The PCB (1) is inserted into a
copper box (4). The opening is sealed by means of a copper block (2), mounted onto
the PCB and contact springs (3) connecting the block to the box.

In Fig. 4.17a, the stage is depicted in the designed shielding enclosure. When
the box is subjected to a varying magnetic field, compensating currents are
induced depending on the orientation of the magnetic field. Since the box is
closed on all sides (and the copper block has connections from one side of the
PCB to the other), the compensating currents are not limited to single faces of
the enclosure but can flow over the whole surface. Signal filters were used to
block voltage transients on all logic traces leaving the shielding enclosure. The
pulse switches are within the shielding enclosure, as the fast gate signals cannot
be shielded effectively. The main source of EMI in the housing are voltage
transients in the order of 1kV/10ns resulting from the switching elements
within the housing, but did prove not to influence the circuitry.

(a) The shielded stage corresponding to the (b) The fast logic circuitry is shielded by
measurement in Fig. 4.18. means of a tinplate SMD shielding
cabinet (photo without cover).

Figure 4.17: For adequate shielding, a two-layer approach was chosen. The outer shielding made
from copper (a) and the inner shielding made from tinplate (b).
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As mentioned in Sec. 2.3.4, the combination of high-conductivity shielding
material and high-permeability material is advisable for very sensitive parts.
For this reason, the fast logic circuitry was located under a SMD shielding
cabinet made from tinplate [106] with an attenuation of 60 dB in the range of
500 MHz to 3 GHz where copper is not as effective as in the low-frequency
range. A photo of the arrangement without the top cover of the SMD shielding
cabinet is shown in Fig. 4.17b. In addition to shielding against magnetic
interference, the closed compartments (both box and SMD cabinet) work well
against capacitive coupling. With the presented shielding, the stage was again
tested in the EMI test bed. The results are presented in Fig. 4.18.
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Figure 4.18: Upper graph: Output current (red trace) and output voltage (black trace) of the
conventional Marx-generator to which the stage-under-test was connected.
Lower graph: Transmitted divided clock signal of one stage with proper shielding.
As can be seen, the transmitted signal is not influenced by the external Marx-
generator, proving the efficiency of the shielding.

As can be seen, the signal as transmitted by the stage does not show any ir-
regularities once the generator erects. The efficiency was validated for several
shots. Moreover, the path of the load current was changed in orientation.
Whereas the exact disturbance one stage is experiencing in a specific gener-
ator arrangement cannot be simulated without a comparable generator, these
measurements can be used to estimate the necessary means for shielding the
circuitry. While current- and voltage amplitude and rise time are comparable
to the final experiment, mainly the duration of the pulse differs significantly
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from what the stage will experience in the final arrangement. The longer pulse
duration may cause a saturation of the tinplate shielding cabinet. However,
since the pulse duration mainly influencing the low-frequency content of the
interference spectrum where the copper shielding (non-saturable) is the most
efficient, this effect is expected to be of minor importance.

4.4 Design validation

4.41 Pulse circuit qualification

For benchmarking the stage’s switching behavior, it was operated in a low-
inductive test circuit. The circuit is displayed in Fig. 4.19: the stage (as
described in this section), consisting of the pulse switch T'{, the pulse capacitor
C1 and the freewheeling diode D1 is connected to a variable load resistors Ry..
The switching commands are generated by the control logic on the stage. In
the following measurements, the load current is plotted as negative due to
the negative polarity of the stage’s output voltage. In addition to the discrete
elements as shown in the circuit diagram (Fig. 4.19), each element as well as
all connections and leads have a certain stray inductance. For the development
process of the generator, knowledge of the stray parameters is very important.
The stray inductance can be estimated by comparing the differences in voltage
and current rise time.

| Control ¢
| logic

Figure 4.19: One stage (switching element T';, stage capacitor C1, and free-wheeling diode D)
in a low-inductive pulse circuit with load Ry,. The collector-emitter voltage V¢ is
measured directly across the switching element, the load current Iy, is measured by
means of a shunt resistor Rg (Rg << Ry, ).
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To this end, one stage was operated under varying load condition at 1kV
charging voltage. Fig. 4.20 shows a typical turn-on event of a stage with two
different load resistors. The shape of the collector-emitter voltage (red) does
not change significantly in dependence of the load resistor. However, the load
current rises fast for a larger load resistor of 2.5 Q than it does for a smaller
load resistor of 1.66 Q. For a better comparison, the load current is plotted
normalized to its maximum value of 400 A and 600 A, respectively.
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Figure 4.20: Collector-emitter voltage and normalized pulse current for 2.5 Q and 1.66 Q load.
The rise time is mainly determined by the circuit inductance.

As discussed in Sec. 2.5, the total rise time of a combination of two circuits
with finite rise time can be calculated as the geometric sum of the two. Here,
the switch has a limited rise time as can be measured by the voltage fall time
across it (Ty). In addition, the connected LR circuit reacts with its time
constant (T,g, compare Eq. 4.6). The measured current rise time through
the load resistor can be considered the total rise 71. Therefore, the parasitic
inductance can be deduced according to Eq. 4.7.

L:RL'TLR:RR'\/T%*T% 4.7

The calculation parameters and resulting stray inductance for the two traces
plotted in Fig. 4.20 are displayed in table 4.1.
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Table 4.1: Calculated stray inductance values.

Ty Load resistor (peak current) 77 Calc. circuit inductance

17 ns 2.5Q (400 A) 34ns 72nH
17 ns 1.66 Q2 (600 A) 46ns 71 nH

Both values are identical within the resolution of the measurement. As a worst-
case estimation, the total stray inductance of one stage within the generator can
be assumed to be 72 nH not including the stage-to-stage wiring. Considering
the circuit diagram in Fig. 4.19, the majority of the inductance can be either
located in the pulse circuit (Cq, T1) or the load circuit (Ry,, Rg).
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Figure 4.21: Normalized pulse current for 2.5Q and 1.66 Q load, trailing edge of one pulse.
Since the current traces for both currents coincide, the turn-off speed is limited by
the switching devices.

By comparing measurements of the turn-off characteristic of the stage (see
Fig. 4.21) for different load resistors, the location can be determined. During
turn-off, any stray inductance in the load circuit would drive a current through
the free-wheeling diode D; when the switching element is turned off. The
decay of this current is governed by the ratio of stray inductance and load
resistance (neglecting the voltage drop over the free-wheeling diode) and,
hence, should differ for different load resistors. The graph shows normalized
load current traces for 1.66 Q and 2.5 Q load resistors, both coinciding within
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the resolution of the measurement with a fall time of 67 ns. Therefore, majority
of the stray inductance is located in the pulse circuit instead of the load circuit.

4.4.2 Fast current rise time measurement

The rise time of the generator will be determined by the combination of stage
rise time, generator inductance and stray capacitance to ground (see Sec. 2.3).
To allow for a sufficient safety margin with respect to the stage switching speed,
the figure of merit used in the design of one stage was the current rise time at
maximum load current. Limiting the energy dumped in the solid carbon load
resistors, the pulse length was kept around several microseconds only in the
experiments.
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Figure 4.22: Load current (black trace) and collector-emitter voltage (red trace) across the switch-
ing element of the stage at nominal charging voltage of 1kV. Connected to 1.66 Q
load resistance, a current rise time of 46 ns can be achieved for 600 A load current.

Fig. 4.22 displays current and voltage of one stage operated in the pulse circuit
presented in the previous section. On a load resistor of 1.66 €2, a current rise
time of 46 ns can be achieved with a load current of 600 A. This equals a
current rise rate of around 10 kA/us using six IGBTs in parallel. Compared to
the achievable 4.2 kA/us current rise rate with a single device (see Sec. 3.3.4),
it becomes clear that the switching time of the IGBTs is much faster than the
response of the pulse circuit. The falling edge, being of minor importance to
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this project, is with a transition time of 67 ns 30 % slower than the rising edge.
A current fall rate of 7 kA/us can be achieved. The current fall rate is roughly
equal to six times the current fall rate for a single device operated at 100 A
(compare Fig. 3.26).

4.4.3 Arbitrary switching sequence

In addition to a fast rise rate, also the capability of performing fast and arbitrary
switching sequences is a requirement for the designed stage. One stage was
operated with 4 Q load, delivering a nominal pulse of 250 A, 1 kV with 500 kHz
repetition rate at 50 % duty cycle. Due to the limited energy absorption
capability of the employed resistors, the stage was operated in burst-mode
only. Besides the demonstrated waveform, any on/off sequence within 100 ps
and toggle frequency below 500 kHz can be performed by the control logic.
The resolution of the employed counter is, limited by the clock speed of the
TC module of the microprocessor, 20 ns.
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Figure 4.23: Load current (black trace) and collector-emitter voltage (red trace) across the switch-
ing element of the stage at nominal charging voltage of 1 kV. Connected to 4 Q load
resistance, arbitrary switching sequence generation is demonstrated by a 500 kHz
waveform with 50 % duty cycle.
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5 Proof-of-concept assembly

Prior to the construction of the full-scale version, the operation of several stages
in a generator arrangement had to be tested. Their interaction and communi-
cation via the developed optical bus system together with the generator’s main
control unit is described in this section. All crucial functionalities such as a
low-jitter triggering of many stages, a fast output rise time and arbitrary output
waveforms at 600 A load current are successfully demonstrated. Major results
of this work presented in the following chapter have already been published
as [23].

5.1 The Marx module

Resulting from the implementation of the optical bus system, several stages are
logically grouped together to form a module within the generator. All stages
within one module are addressed using one optical link.

5.1.1 One stage equivalent circuit

To understand the functional interaction of many individual stages as presented
in the previous chapter, a glance on the circuit diagram as depicted in Fig. 5.1
is helpful. It combines the main features of stage n, having three connections
to the lower stage (i.e. closer to ground) and three to the upper stage (i.e. closer
to the output terminal). The charging voltage path, as described in Sec. 2.4.1,
is transiently isolated using one high-voltage relay contact S;. The same coil
operates a second contact So used for shorting the free-wheeling diode D,,.
Hence, the pulse capacitor C,, is charged via S, charging diode D¢ and Sy —
the return current using the pulse current connection.
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5 Proof-of-concept assembly

The negative voltage of —500V used as supply voltage is distributed via the
diode string Dg9 and the charging diode Dg to charge the buffer capacitor Cg.

&— to lower stage to upper stage —>
S1
Charging voltage path - = -+ Charging voltage path
Charging voltage Y
T
Gate-boosting 7 Lc 1 S;
driver =
Control logic Over-current =
T 1 peine Ro
| Optical transmitters/receivers converter - &
s
_;_ Dsi Y T On
Pulse current path - =) -+ Pulse current path
L 7 |
— SZ
Supply voltage path --- = - Supply voltage path
Ds2

Figure 5.1: Main circuit components of one stage. The ground symbol is the local reference
potential for the control logic circuitry.

The stage uses several DC/DC converters (5 V, 15V and 80 V) to generate the
required supply voltages. The pulse capacitor can be discharged by software
closing the high-voltage relay contact S3, thereby discharging C,, via Rp.
To achieve fast switching, the pulse switches T, are operated using a gate-
boosting driver circuit (see Sec. 3.3). A fast shunt resistor is used to provide an
overcurrent signal to the control logic to block the switching element in case
of a malfunction, whereas the charging voltage across the pulse capacitor can
be measured by the control logic. Arbitrary switching sequences with precise
timing are realized by pre-programming the control logic as discussed in
Sec. 4.3 via optical fibers. Using a novel optical bus system for interconnecting
the stages, a synchronization within 10 ns and a fast pulse interrupting in case
of an overcurrent detection can be achieved.

5.1.2 Combination of stages via an optical bus system

The optical bus system investigated in this work allows for a reduced complexity
of the control circuitry as compared to a direct link from the control circuitry
to each individual stage. Fig. 5.2 illustrates the concept: a PC serves as
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5.1 The Marx module

user interface and transmits the respective commands to a control unit via an
optical USB interface enabling an RS232-like communication. The control
unit has no direct link to each stage — instead the stages are grouped in modules.
The control unit only communicates with the middle stage of each module,
from where the signal is forwarded upwards and downwards. This allows
for addressing one specific stage (by protocol) or for addressing all stages
simultaneously. The bus system is bidirectional, so also data from one stage to
the PC can be transferred. While it is in principle possible to operate all stages
of the generator in one single module, the transit time of the signal from the
signal infeed to the last stage limits the maximum turn-off speed in case of a
failure.

Stage 1 ]

1
P

/ Stage (n+1)/2 | 1~ Module x-1
Stage n ol

<«<— | Control unit 7
Stage 1

‘\\‘ Stage (n+1)/2 | [~ Module x
<+—> : RS232-like communication o, O

«— : optical bus » Stage n ,

0
>

°
-

Figure 5.2: Generator control schematic, consisting of a PC as user interface, the control unit
responsible for addressing x individual modules and the optical bus connecting n
stages within one module.

Using the CPLDs on each stage, the routing of the optical signal can be
changed depending on the generator state. Fig. 5.3 shows a connection of one
branch in one module. Solid lines indicate logic connections on the stage,
dotted lines symbolize a fiber optic link. Prior to pulse execution (a), the
signal originating from the main control unit is forwarded to all stages — their
receivers and transmitters are arranged in parallel. Therefore, each stage lis-
tens to the incoming data stream and can react when addressed. Collisions on
the return data line are prevented by software. If a pulse is to be executed,
the main control unit transmits the command for each stage to wait for the
synchronization signal. Then, all transmitters and receivers are connected
in a series configuration. For assuring all stages are ready, the control unit
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turns on its transmitters permanently. If a stage is ready and has not detected
any error, it will forward the incoming signal. The last stage in one branch is
programmed to "reflect” the incoming signal, that is to say transmit downwards
what is received. The middle stage communicating with the control unit will
output a logic AND connection of the signal received from above and below.
Therefore, the task of checking if all stages in one module are ready for the
pulse is reduced to check if light is emitted from the middle stages. Each stage
can interrupt the pulse in case of a detected error by turning off its transmitters.
Neighboring stages will detect the absence of the signal and start to turn off
even before the main control unit has to react. Fault detection by the main
control unit will lead to the turn-off of all transmitters and, hence, the generator.
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Figure 5.3: Employing a CPLD, the hardware configuration of the optical signal routing can be
changed from a parallel connection of all stages during communication (a) and a serial
connection for fault detection during the pulse (b).

For a good synchronization of all stages, the transit time of the signal is
important. Fig. 5.4 shows a signal as measured on four consecutive receivers
in amodule. As can be seen, each stage in the bus introduces an additional time
delay of 20ns. The measurement was taken with an optical fiber of 1 m and
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therefore includes around 5 ns delay due to the transit time of the light through
the fiber. Being a multiple of the clock period (10 ns), however, it can be easily
compensated. Limiting the delay time between a signal from the control unit
to the highest stage to below 100 ns, in the presented work a total of nine stages
was used per module. As synchronization signal, a 30 ns "light-oft" pulse is
used — the pulse is started synchronized on its trailing "light-on" edge.
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Figure 5.4: Electrical bus signal transfered from one stage to the next. Each stage contributes
20 ns time delay to the signal.

5.1.3 Software control

The functionality of the logic circuitry on each stage is distributed between
the CPLD and the microprocessor. As simplification, a flowchart of the im-
plemented state machine is depicted in Fig. 5.5. Dashed boxes indicate a state
that can only hold for a certain time. The effect of each state on the charging
and discharging relays (S1, So, S3, compare Fig. 5.1), the transmitter/receiver
arrangement (compare Fig. 5.3) and the gate driver is summarized in table 5.1.
After restart, the stage is in "idle" state allowing for communication with the
user via the control unit. The stage is powered by the supply voltage and all
relays are closed. The pulse capacitor is being discharged via the discharge
switch. "Charging" refers to the same state, now with the discharge switch
open.
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This is the default state also after pulse execution as not to discharge the ca-
pacitors completely after one pulse.

Figure 5.5: Flowchart representation of the state machine controlling one stage.

Transition (1) can be initiated in both directions via software command. From
"charging" the stage can be transfered to "pulse ready" (2) via a software
command. The relays open and isolate the stage, now being powered purely
from the buffer capacitors. Connecting the transmitters/receivers in series
configuration allows for monitoring the "pulse ready"” state in all stages.

Table 5.1: Effects of the logic state on the stage’s components.

State S1,S9  S3  Transmitter/receiver arrangement Gate-driver

idle closed closed parallel disabled
charging closed open parallel disabled
pulse ready open open serial disabled
pulse open  open serial enabled
emerg. off open open disabled disabled

If the synchronization signal is received within a certain time frame (3), the
stage transits into "pulse" state. The IGBT gate-drivers are active and the mi-
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croprocessor runs the pre-programmed switching sequence. After the sequence
has ended, the stage resets into charging state (5). In case the synchronization
signal has not been received within the permitted time frame (4), the stage
transits into "emergency off". The same happens if in "pulse” the absence of
the optical signal is detected or an overcurrent is measured (6). In "emergency
off", the stage deactivates its transmitters to signal the error to adjacent stages
and waits for a certain time before resetting to "charging".

5.2 The main control unit

5.2.1 Interfacing the generator to the experiment’s control

The generator’s main control unit represents the interface between the genera-
tor, its power supplies, the GESA experiment’s control and the user (via a PC).
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GESA control
Supply switch

PC interface

Trigger

Module links Module links Module links

Figure 5.6: Circuit components of the control circuitry, interfacing the generator, the PC user
interface, and the GESA controls.

Its main component is a microprocessor (see Fig. 5.6), controlling the supply
switch disconnecting the generator from the power supplies during the pulse.
Using bidirectional communication, pulse execution is prevented in case of a
malfunction of the switch. The interlocks of the power supplies are controlled
by the GESA experiment control. To facilitate the integration of the generator
into the experiment, the interface is nearly identical to the previously used

115



5 Proof-of-concept assembly

interface: the GESA control receives a "read to charge" command when the
generator has been programmed successfully and sends an "execute pulse”
command when charging is complete and a pulse is to be executed. Addition-
ally, the microprocessor is used for processing the serial data stream from the
PC. If a received command is intended for the generator, the microprocessor
forwards it to all modules simultaneously. Due to the limited serial com-
munication ports on cost-efficient microprocessors, again a combination with
CPLDs is used. One serial port is, therefore, sufficient to communicate with
the generator: the transmit port drives all available transmitters in parallel,
all receivers are combined on the receive port using a logical OR connection.
Overlapping telegrams are prevented by software. A control bus is used to
configure the CPLDs depending on the current generator state (for details on
the software, see Sec. 5.2.2). The limited size of the CPLDs, both in terms of
pins and macrocells, necessitates the use of three individual devices. In order
to avoid timing problems, they all use the same clock signal as provided by
the microprocessors. All traces on the PCB are matched in length within 1 cm
inbetween the devices and from the devices to the periphery. A fast turn-off of
the generator is assured by an error signal that can be driven by each device.
Besides the common functionalities described in the following section, each
device has one special function. CPLDI] is used to monitor the overcurrent
signal as recorded on the control unit. Its threshold can be adjusted by the PC
and the measurement takes place in the main current monitor in the generator
itself. CPLD2 has the functionality of creating the synchronization signal for
the generator upon the reception of a trigger impulse from the microprocessor.
CPLD3 can raise an error flag to the microprocessor if any error has occurred
during the pulse.

5.2.2 Implementation of the main functionalities

The working principle of the main control unit can be understood with a glance
on the simplified flowchart representation of implemented state machine in
combination with the effect of each state on the output pins (summarized
in table 5.2). All dashed boxes indicate non-persistent states. Starting in
"idle" state, the control unit signals to the GESA control to disable the high-
voltage power supply (HVPS) used for charging the pulse capacitors. In this
state, the supply switch is closed, connecting the auxiliary power supply to
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the generator. All transmitters are configured to relay the data stream from
the PC to the generator. When all stages are programmed, the user can set
the control unit into "pulse ready” (1) which, in turn, signals to the GESA
control to activate the HVPS and charge the capacitors. By sending the trigger
command (2), the GESA control can initiate the pulse execution. In "prepare
pulse", the supply switch is opened, isolating the generator from the HVPS
and the auxiliary power supply. Once the current through the supply switch
ceases, the command to open the high-voltage relays (stage state "pulse ready",
see table 5.1) is transmitted to the stages before turning on all transmitter
permanently. As discussed in the previous section, by comparing sent and
received signals from all modules the correct reception of the command by all
stages can be verified. If all stages are ready (4), the control unit transfers to the
"execute pulse” state, enabling the transmission of the synchronization signal.
Consecutively, all stages preform their pre-programmed switching sequence
according to the stored data. After the maximum pulse length is reached
(plus the time necessary to close all relays), the control unit resets to "idle"
(5). In case not all modules report "ready" (6) or transmitters are disabled
during the course of the pulse (7), the control unit transfers to "emergency
off". Here, it disables all transmitters, preventing either the transmission of
the synchronization signal (if the pulse was not started yet) or turns off the
generator (in case the pulse was already started).

Table 5.2: Control unit states and their effect on output pins.

State HVPS Supply switch Transmitters Sync. signal

idle off closed PC communication  disabled
pulse ready on closed PC communication  disabled
prepare pulse  on open on disabled
execute pulse  on open on enabled
emerg. off on open off disabled

A timing diagram of the pulse execution can be seen in Fig. 5.8. The trigger
signal is transmitted from the GESA control to the main control unit (falling
edge). Immediately afterwards, the supply switch disconnects the power sup-
plies from the generator (falling edge) so the stage relays do not have to break
the supply current.
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H HEA :
: execute pulse > emergency off:

Figure 5.7: Flowchart representation of the state machine implemented in the control unit.

Once the supply switch is open, the stage opens its relays (falling edge). Since
the release time of the relays is specified with several milliseconds, the pulse
is executed with some milliseconds delay. The pulse is measured by means
of a gate signal on one stage (spike). Once the pulse is finished, each stage
waits for another five milliseconds before closing the relays again (rising edge).
To ensure all relays are closed before the power supplies are connected to the
generator, the control unit waits for 15 ms after the pulse before reconnecting
the generator to the power supplies (rising edge). During the time the supply
switch is open, each stage is powered purely from the buffer capacitor on each
stage. Fig. 5.9 shows a picture of the control unit used for the 149-stage full
version of the generator. By using the optical bus communication, only 17 fiber
optic transmitters/receivers are necessary to communicate with all stages. In
order to protect the sensitive circuitry, the PCB is enclosed in a solid aluminum
housing with a wall thickness of 2 mm. To allow for an efficient shielding while
being able to feed the optical fibers into the housing, solid aluminum pipes are
welded to the housing forming waveguides.
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5.2 The main control unit
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Figure 5.8: Timing diagram of the trigger signal (from the main experiment control), the opening
of the supply switch (i.e. high-low transition), the opening of the stage relay, and the
gate signal (i.e. pulse execution) of one stage.

Figure 5.9: The generator’s main control unit in its shielding enclosure.

Following the discussion in Sec. 2.3.4, their length to diameter ratio is above
five. For easy access, the enclosure is covered with a solid lid — the sides
showing a significant overlap. A good electrical contact between lid and
housing is achieved by means of a flexible highly conductive CuBes mesh.
The arrangement is depicted in Fig. 5.10.
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5 Proof-of-concept assembly

Figure 5.10: To shield the sensitive electronics within, the control unit’s housing is closed by a
tight-fitting solid cover, the slits between housing and cover are sealed by a flexible
CuBes mesh.

5.3 Design validation

5.3.1 Lows-jitter triggering

Besides the fast switching elements, low-jitter triggering of each individual
stage is key for a fast rise time. As discussed before, all stages are ready when
a permanent "light on" signal is received. The synchronization signal to start
the pulse execution is a 30ns "light off" pulse created by the main control
circuitry. Once this signal is recognized, the pulse is started. Using this
encoding has two major advantages: primarily, using "light on" as ready signal
prevents pulse execution in case of transmission errors due to bent/broken
optical fibers. Secondly, using a "light off" pulse means the triggering is
executed on a "light on" edge that cannot be skewed by saturation of the
optical pre-amplifier (see Sec. 4.3.1). Operating four stages in one optical bus
system with the control unit, the gate signal of each stage was measured. The
results presented in Fig. 5.11 overlap 100 individual pulses (a total of 400 gate
signals). By compensating the 20 ns time delay introduced by each stage, the
total measured jitter is below 11 ns. This value is expected and caused by the
limited clock speed of 100 MHz resulting in a 10 ns time uncertainty for the
trigger signal recognition.
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Figure 5.11: Overlap of the gate signal at the beginning of one pulse measured at four stages
simultaneously for 100 pulses. The resulting jitter is below 11ns and is mainly
determined by the limited clock speed (100 MHz) of the CPLD responsible for
trigger signal recognition.

5.3.2 Pulse circuit qualification

Prior to the construction of a full-scale version of the generator, a smaller
proof-of-concept version was assembled and tested.

D1 Dx Dx+1

Figure 5.12: The test circuit for an arrangement of up to eight stages. The generator output was
connected to a load impedance Zp,, across which the total output voltage V,, was
measured. The load current I}, was measured in the grounding point of the generator.
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5 Proof-of-concept assembly

The test setup allows for arranging up to eight stages according to the circuit
diagram in Fig. 5.12. In the first step, a load impedance Zy, was connected to
the output. The output voltage V,, was measured across the output impedance
and the load current was measured at the grounding point of the generator (for
the measurement equipment, refer to Sec. 2.5).

(a) CAD drawing of an eight-stage arrange- (b) Photo of the corresponding experimental
ment. setup.

Figure 5.13: Photo and CAD drawing of the eight-stage generator arranged in a helical pattern.

The CAD model of the arrangement together with a photo of the actual setup
is shown in Fig. 5.13. As can be seen in Fig. 5.13a, the stages are arranged in
a helical pattern. The load current follows the winding of the stages upwards.
As resistors, electrolytic water resistors were used, connected to the topmost
stage (generator output) and the bottommost stage on ground potential.

For estimating the inherent rise time of the generator (switches and jitter), the
arrangement was operated at full charging voltage 1kV in nearly open circuit
conditions. The residual load impedance resulted from the connected high-
voltage divider (Cy, = 64 pF [47]) and a high-value resistor (Ry, = 340kQ).
The resulting measurement is shown in Fig. 5.14. All stages were triggered
simultaneously, with a resulting output voltage of 8 kV. Due to the capacitive
component of the load, strong oscillations are visible after the generator erects.
The rise time of the output voltage can be estimated to 28 ns without load.
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5.3 Design validation

Following the discussion in Sec. 2.5.1, the limited rise time of the high-voltage
divider will overestimate the rise time. Nevertheless, this value will be used to
serve as worst-case estimation.
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Figure 5.14: Load current and output voltage of the generator operated on a high-value ohmic
load in near open circuit conditions.
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Figure 5.15: Output voltage and load current of a fast rising output pulse of approximately 8kV,
150 A connected to ohmic load.
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5 Proof-of-concept assembly

Fig. 5.15 displays a measurement with around 8kV output voltage across a
50 Q load. Since load current and output voltage coincide, the assumption of
an ohmic load is validated. The majority of the remaining circuit inductance,
hence, is in located in the generator arrangement instead of being part of the
load resistor. For 150 A pulse current, the current and voltage rise time equals
40ns. The falling edge being determined by the charge carrier recombination
(see Sec. 3.3.4) is significantly slower than the rising edge. The asymmetry
of the pulse has no influence of the generator performance in the investigated
application.
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Figure 5.16: Output voltage and load current at maximum pulse parameters of around 8 kV and
600 A. By increase of the RL time constant, a low-value ohmic load slows down the
generator rise time.

Running the generator at maximum pulse parameters of approximately 8§ kV
and 600 A when connected to an ohmic load of 13Q (see Fig. 5.16), the
rise time increases to 106 ns due to an increase in the RL time constant. In
agreement with the measurements presented in Sec. 3.3.4, the pulse symmetry
increases with increasing pulse current. From these measurements, the circuit
inductance can be estimated. Using Eq. 4.7, the rise time contribution caused
by the RL component can be derived under the assumption of the inherent
generator rise time being 28 ns. The results of both graphs Fig. 5.15 and
Fig. 5.16 are summarized in table 5.3. Both measurements yield identical
results within the resolution of the measurement of 1.4 uH.
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5.3 Design validation

Table 5.3: Calculated stray inductance values.

Ty Load resistor (peak current) 77  Calc. circuit inductance

28 ns 50Q (150 A) 40ns 1400 nH
28 ns 13 (600 A) 106 ns 1350 nH

5.3.3 Arbitrary output waveform generation

The measurements presented in the preceding section were performed with
eight stages switched on simultaneously. By varying the amount of active
stages, however, it is possible to control the output voltage step-wise arbitrar-
ily. The simplest case is to create a flat pulse with varying pulse amplitude.
Fig. 5.17 demonstrates how the amplitude of the output waveform can be
chosen in steps of the charging voltage (1 kV) from one to eight active stages.
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Figure 5.17: A 3.5 us pulse at 1kV stage voltage. By varying the number of active stages, the
output voltage can be chosen step-wise arbitrarily.

Apart from flat pulses, the control of the GESA device may necessitate a more
sophisticated shape of the driving voltage. The pre-programmed switching se-
quences each stage can perform allow for changing the output during the pulse.
An example of a true step-wise arbitrary waveform is depicted in Fig. 5.18.
At maximum pulse parameters of approximately 600 A and a maximum out-
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5 Proof-of-concept assembly

put voltage of around 8 kV, a pulse resembling the IHM institute logo can be
executed. Due to the long pulse length and high current, the capacitor voltage
droop is visible in the course of the pulse.
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Figure 5.18: Arbitrary output waveform as delivered by the generator connected to an ohmic load,
resembling the IHM institute logo.

5.3.4 Overcurrent protection

The dynamic behavior of the emitting plasma front in the GESA device render
it a highly dynamic load. Especially a complete short of the cathode-anode
gap may occur during experiments. For this reason, the short-circuit capability
of the generator had to be tested.

Two different types of faults have been investigated in this work: a turn-on
fault and a fault-under-load. The first is caused by a complete short of the load
even before the full output voltage is applied. This case may happen in case
of a complete flash over of the device. The second is a more likely scenario: a
pulse is executed with nominal parameters when the load impedance suddenly
drops strongly. Once a short circuit occurs, the load current Iy, is only limited
by the remaining circuit inductance Lr,. It will rise linearly depending on the
generator output voltage V, according to Eq. 5.1.

dl, Vv,

_Jn 1
dt L, 6.1
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5.3 Design validation

Using the result of the inductance measurement of the previous section
(1.4 uH/8 stages), the inductance of the final generator (149 stages) includ-
ing the GESA device and wiring can be estimated to around 30puH (see
Sec. 6.1). With a nominal generator output voltage of 120kV, the expected
current rise rate will be in the order of 4 kA/us. To model these conditions,
the load impedance as introduced before was expanded by an inductance and
a spark-gap in parallel (see Fig. 5.19). Upon the ignition of the spark-gap, the
load changes its behavior from resistive to inductive. For the following exper-
iments, the circuit as presented in Fig. 5.13 was operated with seven stages.
For a total output voltage of 7kV, the required circuit inductance to achieve a
rise rate of 4 kA/us is around 1.75 uH. Subtracting the internal inductance of
the seven-stage arrangement of 1.23 pH, the load inductance Ly, was chosen to
520 nH.

Cy Cx Cy1
Ty T T
) 1«
1< 1<
Dy Dy Dy+1

Figure 5.19: Expanded circuit diagram of the load impedance. For testing the behavior on dynamic
loads, an additional inductance can be connected in parallel to the load during the
pulse by means of a spark gap.

For the turn-on fault, the spark-gap was shorted and the generator fully charged
to 1kV stage voltage. All stages were triggered simultaneously. The resulting
current measurement is depicted in Fig. 5.20a.
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(a) Current measurement of the generator turning on at full
charging voltage onto a low-inductive short.
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(b) Dynamic load testing of the generator: the load is shorted
around 300 ns after pulse start.

Figure 5.20: Current and voltage traces during the successful clearance of overcurrent faults in
different scenarios.

The current rises linearly with a slope slightly higher than 4 kA/us. After
140 ns, the threshold current of 650 A is reached. It takes around 200 ns for the
generator to register the overcurrent condition and turn off. During this time,
the load current crests at 1.5kA. Considering the maximum pulsed current
the switching elements can sustain (1.9 kA), the safety margin is sufficient to
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5.3 Design validation

protect the devices. The 200 ns time delay between reaching the overcurrent
threshold and generator turn-off is caused by the current measurement and the
logic circuitry (approximately 100 ns) and the time delay from the removal of
the gate signal until the IGBTs start blocking (approximately 100 ns).

The second scenario, the fault-under-load, is depicted in Fig. 5.20b. The spark-
gap was operated close to its self-breakdown voltage and ignites with a time
delay. For this measurement, a flat pulse of 7kV and 400 A was executed.
After the load flashes over (i.e. the spark gap ignites), the load current again
rises linearly until the generator turns off. The maximum current of 1.4kA
is still in the safe range. With these measurements it was demonstrated, that
the generator is able to withstand short-circuit conditions under different fault
scenarios. It has to be noted that the maximum current rise rate has to be
limited to values below 4 kA/us in order to prevent damage to the device due
to the dead-time between reaching the overcurrent threshold and generator
turn-off. As described in Sec. 6.2.2, a current-limiting inductance is an option
to reduce the current rise rate while allowing a fast charging process of the
generator’s stray capacitance.
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6 Generator implementation

After the successful tests with a small-scale assembly presented in the pre-
ceding section, the full-scale version of the generator was developed and con-
structed. The main circuit parameters resulting from the increased physical
dimensions as compared to the smaller version can be estimated by 3D electro-
magnetic simulations with a simplified model and used for worst-case estima-
tions. Measurements on the full-scale version validate the capability of 120 kV
output voltage while performing active droop compensation. The strict rise
time requirement of 10'2 V/s is thereby exceeded by 20 %. At nominal current
of 250 A, a maximum pulse length of 100 us can be achieved. Selected results
of this work presented in the following chapter have already been published
as [23].

6.1 Electrical properties

The high number of individual stages, each comprising a complex circuitry,
quickly escalates the required effort for a detailed simulation. In order to es-
timate the generator’s behavior before construction, important values such as
generator inductance and stray capacitance to ground, have to be calculated.
Whereas both of these values are distributed elements with a frequency de-
pendency, simple worst-case estimations have been used in the design of the
generator. Distributed elements can be considered "lumped" if signal transit
time over the extend of the element is significantly faster than the time of the
energy transfer with the element [15]. With the large employed stage capac-
itances, the energy transfer time is in the microsecond range, thus exceeding
the signal transit time by at least one order of magnitude. Therefore, the total
circuit inductance and stray capacitance can be considered as a lumped ele-
ment as far as the main pulse is concerned. Fast oscillations across distributed
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6 Generator implementation

elements, excited by the fast transients of the switching elements cannot be
identified using this method.

6.1.1 Stage arrangement

In the final assembly, the stages are arranged in a similar pattern as investigated
in the previous section. Fig. 6.1a shows a CAD model of around 40 stages.

(a) The stages are arranged in a helical (b) With the stages enclosed in the inner
pattern comparable to the test assembly tower and the return conductor, consist-
(Fig. 5.13). The 100 pF capacitors are ing of copper plates, arranged around it
mounted on doors to allow for an easy the generator is designed to be a quasi-
access. coaxial arrangement. The output is

connected between the two top field
grading rings.

Figure 6.1: Tllustration of the stage arrangement within the octagonal tower (a) and generator
including the return conductor (b).

They are arranged in a helical pattern as close as possible together. The main
spacial constraint being the pulse capacitors, they are mounted facing outwards.
The walls of the structure are sectioned in doors with the capacitors mounted
on them. Since the capacitors are connected to the PCB via contact springs
only, they can compensate a certain amount of misalignment and the doors
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6.1 Electrical properties

can be opened and closed (capacitors connected and disconnected) without the
need of tools. For easy maintenance, the boards are only slid into the copper
shielding enclosures and can be exchanged quickly. Additionally, since each
board features a 4 uF capacitance mounted directly on the board, the generator
can be operated without the main pulse capacitors during commissioning.
Several of the units as depicted in Fig. 6.1a are arranged into a tower as can be
seen in Fig. 6.1b. The generator output is connected to the smaller field grading
ring at the top. For reduced inductance of the circuit, the ground conductor is
formed by copper plates all around the generator. Connecting the load between
the two field grading rings, the generator is designed to be quasi-coaxial.

6.1.2 Stray inductance estimation

Arranging the stages in a helical pattern to achieve a low-inductive current
path seems counter-intuitive due to the increased inductance resulting from an
magnetic field enhancement caused by the parallel current paths. However,
the important factor determining the magnetic field enhancement is the field
overlap from on turn to the next.
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Magnetic flux density (uT)

(a) The model used for the FEM simulations: a (b) Using COMSOL (magnetic field module),
helical current path with variable pitch p. the magnetic flux density for a DC current
of 1 A and a pitch of 50 mm shows a signif-
icant overlap from one turn to the next.

Figure 6.2: Model and resulting magnetic flux density for estimating the inductance of a helical
current path with pitch p.
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In order to determine the resulting inductance, static magnetic field simulations
were performed (COMSOL, AC-DC module) on a helical current path with
variable pitch p and otherwise identical geometrical dimensions. The used
model is shown in Fig. 6.2a. The physical dimensions are equal to the presented
design. For a small pitch of 50mm and a DC current of 1 A, the resulting
magnetic flux density is depicted in Fig. 6.2b. The small pitch causes a
significant magnetic field overlap. From the resulting total magnetic energy,
the circuit inductance was calculated.

Fig. 6.3 summarizes the results of the simulations. The total inductance value
was divided by the number of necessary turns in the generator (18) as figure-
of-merit but, therefore, is only a mean value. As can be seen, the inductance
increases strongly for small pitch values. Above a pitch of 200 mm, the change
of the inductance with increasing pitch is far less pronounced. For high pitch
values, the physical dimensions of the generator become impractical. The red
star indicates the value as chosen in the design as trade-oft between circuit
inductance and generator size. The value of 1.4 uH per eight stages is in good
agreement with the measurements presented in the proof-of-concept assembly.
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Figure 6.3: Simulated values of the generator inductance per turn (149 stages equal 18 turns) in
dependence of the stage pitch. The red star indicates the chosen value of 160 mm as
best trade-off between generator size and inductance.

Since DC simulations neglect the effect of eddy-currents induced in metal

structures present in the generator (reducing the inductance), the actual value
of the generator inductance can be much lower. Additionally, the simulations
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6.1 Electrical properties

disregard the influence of the ground conductor on the arrangement. However,
as worst-case estimation this value can be used for generator design.

6.1.3 Simulating the parasitic capacitance

The generator’s stray capacitances are distributed elements over the whole
extend of the generator. For each stage of the generator, a stage-to-ground
capacitance Cgq and a stage-to-stage stray capacitance Cgg can be defined
according to Fig. 6.4.
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Figure 6.4: Equivalent circuit of stage, including the stray capacitance towards ground Cgg « and
a stage-to-stage capacitance Cgg x.

In principle, a high distance between the stages and ground decreases the stray
capacitance but simultaneously increases the circuit inductance. To avoid
the time-consuming simulations with a detailed generator model, a simplified
model was used. Therefore, the CAD model (see Fig. 6.5a) was simplified by
removing the black support structure of the copper return conductors. Instead
of modeling every PCB and capacitor inside the octagonal tower, it was sim-
ulated empty. A linear potential distribution inside of the tower was enforced
by filling it with a high-permittivity material (its electric field energy contri-
bution was subtracted afterwards). Therefore, the complete inner surface of
the tower contributes to the stray capacitance, overestimating it. As boundary
conditions, the top cover of the generator tower was simulated as electrode at
V5, = 120kV, the base plate of the generator and the return conductor were
grounded. Instead of calculating each stray capacitance value (differing from
one stage to the next depending on the position), the total electric field energy
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Eg total Was calculated. Using Eq. 6.1, the equivalent generator-to-ground
capacitance Cgq can be calculated.

2 EE,total

> 6.1)

Caa =Csa,total =

In Fig. 6.5b, the electric field distribution inside the generator is depicted. A
total electric field energy of 800 mJ yields an effective generator capacitance

of around 100 pF.
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(a) CAD model of the generator including the  (b) Electric field distribution for the nominal
return conductor. output voltage of 120kV and a constant
voltage gradient within the generator tower.

Figure 6.5: CAD model and electric field distribution used for deriving the equivalent stray
capacitance to ground of the generator.

The stage-to-stage capacitance can be estimated assuming a parallel-plate ca-
pacitor. The overlapping area of one stage to the next is in the order of 280 cm?
with an air gap of Il mm. The small potential difference of 1kV yields for all
149 stages a total stored energy of 18 mJ. Due to the small energy stored in
Css,total as compared to Cgq total, the stage-to-stage capacitance is neglected
in the following calculations.
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6.1.4 Generator connected to the GESA device

Before the final construction of the generator, the design needs to be validated
using all worst-case calculations for each component as presented earlier. The
whole circuit comprised of the generator, its connection to the GESA device
and the GESA device itself. By combining all parasitic capacitances and
parasitic inductances in two lumped elements that are to be driven by an ideal
voltage source with limited rise time, a lower boundary for the voltage rise
time across the GESA cathode can be derived. For connecting the generator
output to the GESA device, a coaxial line of 2 m length is to be used. With an
inner diameter of 5Smm (150kV DC insulated line) and an outer diameter of
8 cm, it has a parasitic inductance of 1 uH and a parasitic capacitance of 40 pF.
Table 6.1 summarizes all parasitic properties in the arrangement.

Table 6.1: Summary of the parasitic properties as used for the calculation of the cathode voltage

rise time.
Property Value
Generator rise time 30ns
Generator capacitance 100 pF
Generator inductance 25 uH

Coaxial connector capacitance 40 pF

Coaxial connector inductance 1 uH
GESA capacitance 150 pF
GESA inductance 4 uH

The inset in Fig. 6.6 shows the equivalent circuit of the arrangement: all capaci-
tive contributions are combined in one element C¢ (190 pF) whereas all induc-
tive contributions are combined in L with 30 uH. The dashed trace in Fig. 6.6
represents the ideal generator with a rise time of 30ns up to 120kV. This
value equals the value obtained in the small-scale assembly (see Sec. 5.3.2).
The black trace indicates the voltage across the capacitive element, rising in
significantly less than 100 ns (91 ns, gradient: 10'% V/s) to 100kV (red dashed
lines indicating the 10 % and 100 % thresholds).
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With a current of less than 400 A necessary to charge all parasitic capacitances,
all design values are met.
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Figure 6.6: Simulated cathode voltage according to the equivalent circuit as shown in the inset.
Combining the worst-case estimations for the generator and GESA capacitance, gen-
erator and wiring inductance and limited generator rise time, the voltage rise rate
requirement of 10'2 V/s can be met.

It has to be noted, that the voltage overshoot as expected in a weakly damped
RLC circuit does not cause problems within the device as the device draws
a significant current as soon as the cathode plasma ignites (above 100kV).
Whereas the simulations verify that the design goals can be met even under
worst-case estimations, the presented design was implement. The actual circuit
parameters, however, have to be determined by experiments once the complete
system is set up.
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6.2 Full-scale validation

6.2 Full-scale validation

In order to benchmark the generator’s performance, it was operated in a test-
bed for the following experiments. For the implementation of the device into
the GESA experiment, a time-consuming rearrangement of the experiment as
well as modifications to its control system have to be performed. This task will
be completed by the GESA experimentalists in the near future. The photos
presented in Fig. 6.7 show the generator after construction without (a) and with
(b) return conductor.
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(a) Generator, power supplies and controls (left (b) Generator with the return conductor
side) after construction. mounted.

Figure 6.7: The photos show the final implementation of the generator in its test-bed. Some of

the following experiments were performed without the 100 uF capacitors, therefore
the generator was operated without the doors.
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6.2.1 Hardware discharge switch

For a safe operation of the generator, all capacitors need to be shorted after
experiments. Whereas each stage features a discharge switch (see Sec. 4.2.4),
it is not considered safe since it is controlled by the logic circuitry. In addition
to the contact springs shorting the capacitors when the doors are opened (see
Sec. 4.1.2), a second mechanical switch is required.

(a) The pneumatic pistons (b) When turned off, the ca- (¢) During operation, the pis-
located at the top of the pacitor lead connected to tons lift the rod, enabling a
generator operate eight in- the spring steel lever and charging of the capacitor.
dividual shorting switches the lead connected to the
by means of rods. brass bolt are shorted.

Figure 6.8: Photos showing the implementation of 149 individual capacitor discharge switches
operated simultaneously by pneumatic pistons. For each stage, the pulse capacitors
are connected to a spring steel cantilever and brass bolt (b) and (c).

Due to the high number of stages, an automated mechanism was installed.
Operated by pressurized air, eight pistons operate eight individual insulating
rods running along the generator. The rods are pulled down by means of a metal
plate at the bottom of the generator and can be lifted by 3 cm by pressurizing
the pistons. For each stage, one pole of the capacitor is connected to a metal
contact mounted on the moving rod, whereas the other pole is connected to
a fixed spring steel cantilever. Without air pressure, the contact rests on the
cantilever and the capacitor is shorted. During operation, the pistons lift the
rods and break the electrical contact. The valve controlling the air pressure is
operated by the experiment’s safety circuit. In case of an emergency shutdown,
the power supplies are turned off. The lack of control power causes a closing
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6.2 Full-scale validation

of the local discharge switches on each stage, so that each capacitor is safely
discharged via the discharge resistor before the hardware discharge switch
causes a hard short of the capacitors. The system operates in less than 2 s.

6.2.2 Determination of pulse parameters

In order to evaluate the generator after construction, its pulse parameters have to
be determined. Operating the generator without the 100 uF pulse capacitors and
pulsing only one stage enables a simple method to determine the generator stray
inductance: at full charging voltage, one stage discharges its pulse capacitor
into a short-circuit. The equivalent circuit of the generator can be seen in
Fig. 6.9. The equivalent capacitance Ce is derived from the series connection
of all active stages — in this experiment it equals the total capacitance of one
stage (4 uF) — being charged to the sum of the charging voltage of all active
stages Vy, (1kV). Since the load current by-passes all inactive stages via
the free-wheeling diode, the series connection of all free-wheeling diodes is
represented by an equivalent diode D¢ and its corresponding voltage drop
Vp. All losses are accounted for by the incorporation of a parasitic resistance
Rp. Additionally, the circuit has a parasitic inductance Lp.

Figure 6.9: The generator’s equivalent circuit in case of a load short. The equivalent capacitance
and equivalent diode parameters are determined by the number of active stages,
parasitic inductance, and parasitic resistance are parameters of the circuit.

Fig. 6.10 shows the capacitor voltage of one stage (red) and the resulting current
waveform (black). As the arrangement is a basic RLC discharge, the current
trace can be fitted to extract the circuit parameters. The orange dashed line
represents the current fit using Eq. 6.2.
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V
I, = w-Ep -exp(—0-t)-sin(w-t)
(6.2)
Rp 1
ith: 0 = —, w= ~02and Vo=V, -
wi 2LP w cheq an VO Vn VD

0 0
VD
& BB -250
< s
] -500 <
o (0]
E -100 g
o -750 =
>
-150 Current measurement +-1000
— — Current fit
+4-1250
200l Voltage
L . : -1500
0 20 40
time (us)

Figure 6.10: Output voltage (red) and current (black) when pulsing only one stage in the generator
onto a short circuit. From the current fit (yellow dashed), the circuit parameters can
be determined.

As can be seen in the graph, the pulse capacitor does not discharge completely
due to the finite diode forward voltage Vp. The value can be extracted to
115V from the measurement. The resistive component of the circuit as used
in the fit has a value of 3.1 Q, the inductive component amounts to 14.8 uH.
The rather high value of the resistive component can be explained by the
differential resistance of the free-wheeling diodes. Each diode has a differential
resistance of 100 mQ (10 A, 25°C [88]). Using six diodes in parallel, the
differential resistance of each stage in by-pass mode equals approximately
16.7mQ. Resulting from the series-connection of 148 inactive stages in this
measurement, the ohmic contribution of all diodes amounts to approximately
2.5Q. The residual 600 mQ of resistance, if distributed equally across all
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stages, amount to 4 mQ per stage. Compared to the worst-case estimation in
Sec. 6.1.2, the inductance of the final generator was found to be only 60 %
of the simulated value. A significantly lower value was expected due to the
simplification of a static simulation and the resulting neglect of effects such as
eddy-currents reducing the inductance. This result has an important impact on
the generator design, as the much lower stray inductance allows for current rise
rates exceeding the capabilities of the implemented overcurrent protection. To
limit the current rise rate below 4 kA/us (refer to Sec. 4.2.3) in case of a load
flash-over, an additional current-limiting inductance of 16 uH was connected
between the last stage of the generator and top field-grading ring.

6.2.3 Measurement qualification

For a complete understanding of the measurements, all before mentioned pa-
rameters have to be considered. To this end, the equivalent circuit as presented
in Fig. 6.9 has to be extended according to Fig. 6.11. Load voltage V1, and
load current I}, are measured at the load resistor Ry,.

I
1

Figure 6.11: The equivalent circuit of the Marx generator attached to an ohmic load. The effects
arising from the connected capacitive-resistive high-voltage divider are incorporated
(gray components).

The equivalent capacitance Ceq = 33nF is calculated as series connection of
all 120 active stages, charged to voltage V,, = 120kV as sum of all charging
voltages. The switch is modeled to close within 30 ns. At full output voltage
(i.e. 120kV, 120 stages active), only 29 stages will be in by-pass mode with their
diodes active. Due to the high output voltage, their forward voltage drop can be
neglected. The resistive component of the generator will be then determined
predominantly by the differential resistance of the switching elements. For one
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6 Generator implementation

stage, the differential resistance equals 2 mQ (100 A per device, 25 °C [67]), in
combination with the calculated 4 mQ contact resistance, the active generator
has a parasitic resistance Rpg of approximately 1 Q. The parasitic generator
inductance Lpg amounts to 14.5 uH and the protection inductance Lpp to
16 uH (see Sec. 6.2.2). As Lpp separates the stages from the top field-grading
ring, the generator’s total capacitance is split into one component of all the
circuitry in the tower Cpg and one component Cpp (i.e. the field-grading ring)
after the protection inductance, including the coaxial connection to the load
resistor (20 pF). Using the simulations shown in Fig. 6.5b, the two components
can be calculated to 40 pF and 80 pF. For first experiments, the generator
was connected to a load resistor Ry, of 1400Q. In addition to generator
and load, also the measurement system, a capacitive-resistive high-voltage
divider (HVT 240 RCR — HILO TEST), has to be considered. Its components
have been included according to the datasheet values of Ryeas = 114 Q and
Crneas = 190 pF [47].

voltage (kV)

150k M'easurgment_
—— Simulation
0 5 10 15 20
time (us)

Figure 6.12: Measurement (black) and corresponding simulation (red) of a 120kV output pulse.
The inset shows a magnification of the leading edge.

A comparison of the simulated voltage across the load (SPICE, circuit Fig. 6.11)
and a measurement is shown in Fig. 6.12 for a pulse duration of 16 us. With
120 active stages charged to 1kV charging voltage, a strong overshoot at the
load is visible. A magnification of the leading edge (inset) shows a good
agreement between measurement and simulation. The voltage overshoot is
caused by the significant inductance in the circuit in combination with an
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6.2 Full-scale validation

important capacitive contribution from the measurement system. Comparing
the load current and load voltage measurement as in Fig. 6.13, the absence of
an important inductive component in the load is verified by the coincidence of
both traces.

load current (A)
load voltage (kV)

0 2 4 6 8 10 12 14

time (us)

Figure 6.13: Connected to a high-value ohmic load of 1.4kQ, both load current (black) and load
voltage (red) show a strong overshoot.

6.2.4 Meeting the voltage rise time requirement

In the final arrangement, the voltage rise time across the GESA cathode will
be the main figure of merit of the generator. As presented in Sec. 2.1.3, the
cathode has a parasitic capacitance of around 150 pF which is in the same
range as the parasitic capacitance of the measurement system (190 pF). Since
the GESA device features a build-in resistive high-voltage divider, the mea-
surement system used for the presented experiments will not be used in the
future. Therefore, the voltage rise time as measured in the presented system
will be only insignificantly slower than the voltage rise time across the GESA
cathode. Fig. 6.14 shows a magnification of the leading edge as presented in
Fig. 6.12 together with a linear approximation of the rising edge. The rise time
from 10kV to 100kV is 78 ns as discussed in Sec. 2.1.2. Using the 10 % to
90 % definition, the rise time to peak output voltage is 97 ns. As mentioned
in Sec. 2.5.1, the limited rise time of the high-voltage divider of 48 ns has
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6 Generator implementation

an influence on the measured rise time. Under the assumption that the influ-
ence of the divider can be taken into account according to Eq. 2.18, actual
generator rise time can be calculated to 84 ns. Since both systems (generator
and high-voltage divider) interact significantly, this calculation may be mis-
leading. However, as the measured signal already shows a voltage gradient of
1.2-10'2 V/s and thereby exceeds the requirement of 10'2 V/s by 20 %, condi-
tions for a homogeneous plasma ignition are achieved. The strong overshoot
above the nominal 120kV drive voltage is not considered a problem, since
the GESA load behavior changes from capacitive to resistive as soon as the
cathode plasma ignites. All energy stored in the parasitic inductances causing
the voltage overshoot will be dissipated in the device.

slope: 1.2kV/ns

load voltage (kV)

-120 -
-150 -

-180 R

10 60 110 160 210 260
time (ns)

Figure 6.14: A magnification of the pulse as presented in Fig. 6.12. The voltage rise rate across
the load (resistor and capacitive divider) is deduced from the rise time from 10kV
to 100kV.
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6.2 Full-scale validation

6.2.5 A 120kV, 600 A semiconductor-based Marx generator for
step-wise arbitrary output waveforms

Atfull charging voltage, the stage’s switching program can be chosen arbitrarily
to achieve a modulated output waveform. To limit the energy input into a
sample, the pulse length has to be adjustable. As example, Fig. 6.15 displays
pulses with 7 ps, 12 us and 17 us pulse length at 120kV at 1.4 kQ ohmic load.

load voltage (kV)

-120

-150 R

-180 R

time (us)

Figure 6.15: Load voltage for different pulses. The pulse length is determined by software.

By choosing the number of active stages, the total output voltage can be varied
in steps of the stage charging voltage (i.e. 1 kV). Fig. 6.16 shows a comparison
of 100 us pulses with increasing active stage number (in steps of ten stages)
onto 1.4k load ohmic load. As can be seen, the effective circuit capacitance
decreases with increasing stage number due to the series connection of the
stage capacitances.

From previous measurements it is known that the initial resistance of the GESA
device is in the order of 480 Q. However, the generator is able to turn-on onto
a comparably low-impedance load. Fig. 6.17 demonstrates the generator turn-
on onto 200 Q ohmic load. The resulting pulse current of 600 A is the design
limit of the generator. For the measurement, the pulse is started with 120
active stages and shows significant voltage droop. After 2.5 ps, 20 spare stages
are activated to demonstrate the arbitrary waveform generation, causing the
generator output voltage to increase by approximately 20kV.
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load voltage (kV)
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Figure 6.16: The measurement shows load voltage traces for an increasing number of active stages.
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Figure 6.17: The graph shows load voltage (red) and load current when executing a 120kV pulse
onto 200 Q load. The maximum specified current of 600 A can be achieved. After
2.5 s, 20 spare stages are activated.

In the final stage of the project, the generator was completed by mounting the
200 pF stage capacitors. At the nominal pulse current of the GESA device of
250 A a pulse with a length of 100 us can be achieved with minimal voltage
droop. The measurement presented in Fig. 6.18 shows current and voltage
traces of the generator connected to a 480 Q ohmic load. The inset in the graph
shows a magnification of the leading edge, validating the implicit assumption
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6.2 Full-scale validation

that the generator performance remains unchanged by the increased stage
capacitances.

- B —
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Figure 6.18: With full stage capacitances of 200 uF, a pulse length of 100 us can be reached at
nominal current of 250 A. The inset shows a magnification of the leading edge.

6.2.6 Active droop compensation

The demonstrated capability of the generator to deliver arbitrary output wave-
forms can be used to compensate the capacitor voltage droop by the subsequent
activation of spare stages, allowing for an efficient reduction of pulse capacitor
size (see Sec. 2.3.3). As an example, a comparison between a pulse without
(black trace) and with (red trace) active droop compensation can be seen in
Fig. 6.19. The pulse starts with 120 active stages onto a 1.4 kQ ohmic load in
both cases (4 uF stage capacitance). The series connection of 120 active stages
yields the equivalent generator capacitance Ceqy, to 33nF. After 5us, when
the droop compensation is activated, the load current I, has decayed to around
70 A. Allowing an output voltage droop AV, of 1kV, the time delay between
the activation of a spare stage Atg can be calculated according to Eq. 6.3. The
equation approximates the current decay to be linear. With each additional
stage, the equivalent capacitance decreases.

| Ceq-AV,

At
s I

(6.3)

149



6 Generator implementation

For the measurement as presented in Fig. 6.19, hence, a time delay of around
500 ns between the activation of spare stages was chosen. Employing this
technique the first standard deviation of the voltage in the range between
Sus to 15 us could be decreased from 5.2kV to 0.7kV (measurement noise:
0.15kV).

—— 120 stages

—— 120 + 20 stages (droop compensation)
T T T T

load voltage (kV)
&
L= )

| —s droop compensation active -

0 5 10 15 20
time (us)

Figure 6.19: Measurement of a 120 kV pulse without (black) and with droop compensation (red).
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7 Conclusion and outlook

In this work, the design of a high-voltage pulsed power modulator for fast-rising
arbitrary waveforms was presented. Besides the developed "gate-boosting"
technology allowing for a tremendous increase in switching speed for com-
mercial power semiconductors, the work presents a new design to operate
six devices in parallel with a low-inductive capacitive energy storage. In
combination with a good synchronization and an overall low-inductive layout,
the generator is significantly faster than comparable generators previously pre-
sented in literature for the given output voltage and output current. The efficient
control of many stages is accomplished via a new optical bus system, allowing
the transmission of data as well as the synchronization signal. In combina-
tion with the design of locally controlled switches, the constraints both on the
control circuitry and the manufacturing effort have been drastically reduced.
Additionally, the direct switch control allows for a fast overcurrent protection
scheme. The unique EMI shielding did prove to protect the sensitive circuitry
efficiently. First measurements on the full-scale implementation showed the
excellent agreement with the predicted pulse parameters and the exceedance
of the required rise time by at least 20 % while demonstrating the full output
voltage of 120kV and maximum load current of 600 A. At nominal pulse
current of 250 A, a pulse length of 100 us has been achieved. An active droop
compensation by subsequent activation of spare stages did allow for enhancing
the pulse flat top quality.

Although the efficiency of the overcurrent protection scheme was demonstrated
in the small-scale assembly, the generator’s behavior with full capacitance un-
der a load-short event has to be evaluated. For future implementation into
the GESA experiment, a second output of the generator will be necessary
to directly control the grid voltage in the triode structure. As a result from
the comparably small current drawn from the grid connection, the voltage
distribution should not be altered significantly by unequal discharging of the
pulse capacitors. Nevertheless, proper functioning of this concept has to be
demonstrated. For the subsequent integration of the generator into the GESA
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7 Conclusion and outlook

experiment, the software and hardware side of the control unit is already pre-
pared. First measurements on the GESA device can therefore be expected in
the near future.

Due to the fast rise time of the generator in combination with a high stage
capacitance, the applicability of the design in other pulsed power fields of re-
search (such as accelerator research or treatment of biological material) should
be investigated. However, pulsed power generators are typically designed
specifically for each application, so an adaptation of the design in details will
be necessary. Especially an upgrade of the generator to higher pulse repetition
rates — currently limited by the employed high-voltage relays — is a promising
approach to broaden the technology’s field of application.
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