IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received November 9, 2020, accepted November 30, 2020, date of publication December 14, 2020,

date of current version December 30, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.3044441

Demonstration of a 1 MJ XRAM Generator
Supplying a Medium Caliber Railgun

OLIVER LIEBFRIED © AND VOLKER BROMMER

French-German Research Institute of Saint-Louis (ISL), 68301 Saint-Louis, France

Corresponding author: Oliver Liebfried (oliver.liebfried @isl.eu)

This work was supported in part by the French Directorate General of Armaments (DGA) within the ANR Astrid program under

Grant ANR-14-ASTR-0025.

ABSTRACT The electric power supply for an electromagnetic launcher has to provide energy in the
mega-joule range within an acceleration time which only lasts for milliseconds. Today’s giga-watt pulsed
power generators are based on large capacitor banks and are therefore unsuitable for most mobile appli-
cations. Thus, power supply research focuses on size reduction by means of alternative technologies like
inductive storage. The XRAM topology, where several inductors are charged in a series and discharged in a
parallel connection, is a concept for inductive current multiplication. This technique requires simultaneous
switching of closing and opening switches and was realized by using thyristors turned off by a counter-current
pulse (inverse current commutation with semiconductor devices - ICCOS). At the French-German Research
Institute of Saint-Louis (ISL), several aspects of this technology have been investigated and several
demonstrators for different energies have been developed. Nowadays, the development of inductive pulsed
power generators advances towards energy levels relevant for future applications. This paper presents the
development of a 1 MJ XRAM generator which demonstrates the suitability of this technology by supplying
the medium-caliber ISL railgun RAFIRA during dynamic experiments. The results of the latest experiment
are reported, where the XRAM generator was charged to 842kJ. A current of 40kA was successfully
interrupted by the ICCOS opening switches and an 80 g brush projectile was accelerated to 1120 m/s. The
railgun current was switched off at the time of the projectile’s bore-exit, thus approximating a rectangular
current pulse shape. Experimental results are compared to outcomes achieved with capacitor banks as railgun
power supply.

INDEX TERMS Pulsed power supplies, electromagnetic launching, railguns, power semiconductor
switches, energy storage, inductors.

I. INTRODUCTION

Electromagnetic accelerators convert electrical energy
into kinetic energy of a projectile and can outperform
powder-actuated guns in several disciplines, e.g. precision,
velocity, impact energy or safety (no explosives). Although
the railgun is a topic with a long research history, it currently
receives a lot of attention worldwide [1]. This was triggered
by the efforts of the U.S. Navy to develop a long-range
artillery railgun with a kinetic energy of 32 MJ, which is
now tested along the Potomac River at the Naval Surface
Warfare Center in Dahlgreen and at the White Sands Missile
Range in New Mexico [2]. Other countries intensified or
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started their own R&D of this technology because the railgun
is seen as a ‘“‘true warfighter game changer” as the U.S.
Navy stated in [3]. Thus, it is not a surprise that photos and
videos of a Chinese railgun turret mounted on a landing ship
for sea testing were published online in 2018 [4]. Videos
of railgun demonstrators performing media-effective demon-
stration shots were also publicly released by Turkish defense
technology companies [5]. They show a demonstrator which
is mounted in a turret and it is claimed that it is supplied by a
10 MJ electrical pulsed power supply (PPS).

For the French-German Research Institute of Saint-Louis
(ISL), there are currently two conceivable military scenar-
ios for the application of an electromagnetic railgun. One
scenario corresponds to the U.S. Navy’s scenario using the
railgun to accelerate massive projectiles (of the order of 10 kg
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FIGURE 1. Ragone plot of various realized energy storages. Devices are
considered without auxiliaries like switches, vacuum pumps, cooling
systems.,....
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FIGURE 2. Energy conversion chain of a capacitive and an inductive
pulsed power supply with a battery as prime energy source.

and more) to velocities of 2.5 km/s, thus reaching muz-
zle energies surpassing modern conventional ship and land
artillery systems [6]. The second scenario is air-defense,
where projectiles with a relatively low weight are fired in
rapid succession as last line of defense against missiles or
approaching aircrafts. For existing close-in weapon systems
(CIWS), like ¢ Phalanx” or ¢ Goalkeeper’, typical velocities
are below 1500 m/s, while a railgun should be able to perform
better [7]. No matter what the final application will look
like, the size and the weight of the PPS is the key for a
mobile application of the weapon system. In most cases,
PPS based on capacitor energy storages are considered the
most appropriate solution. It currently operates reliably at
the appropriate energy level in railgun or high magnetic field
facilities around the world. However, they are fixed installa-
tions and not suited for mobile applications. Here PPS based
on inductive storage steps in. Inductive storage offers a higher
energy density than capacitors (see Fig. 1) and a fast charging
and discharging capability. In addition, they can be directly
supplied by a primary energy source without the need of
high voltage converters as in the case for capacitors. Thus,
less conversion steps are needed within the energy conversion
chain (see Fig. 2), which enables more compact systems [8].

The technical principle of inductive pulsed power gen-
erators has been known since the beginning of the railgun
research. However, capacitive solutions were favored due to
the complexity of opening switches which are required in
inductive pulsed power supplies (IPPS). Since the beginning
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of this millennium, IPPS have increasingly been investigated.
The focus of these studies was on current amplifying circuits
which are seen as a possible solution to reduce the stress
requirements of the opening switch. Inductive pulsed power
circuits can be categorized in three basic topologies:

« Single coils
+ XRAM generator
¢ Pulse transformer

The first is the traditional circuit with one coil, where the
charging current is equal to the load current. In an XRAM
generator, several coils are charged in a series connection and
discharged in a parallel connection, thus, multiplying the cur-
rent at the load by the number of stages under the condition of
a small load inductance. The term XRAM is derived from the
Marx generator, its capacitive counterpart (inverse spelling).
Pulse transformer are making use of the energy conservation
law: interrupting the small current of the primary windings
of a transformer leads to a sudden current increase in the
secondary windings in order to maintain the magnetic field
which is stored within the transformer windings. Details of
all three principles can be found in [9], [10].

A. EARLIER IPPS R&D

In the international context, several IPPS were developed
or investigated. Projects in Australia and the USA already
employed large single inductive storages, but they were used
for voltage amplification in combination with large flywheels
as energy source [11]-[13]. The biggest efforts were probably
done by a research group at Soreq NRC, Israel, which was
working for more than 10 years on this topic (see [14] and
literature therein). They built an XRAM generator with GTO
semiconductor switches at a maximum stored energy and a
maximum output current of 25kJ and 2.5 kA, respectively.
With a single coil circuit, they reached 515 kJ of stored energy
at a current of 64 kA in a jellyroll coil and transferred it to a
resistive load. For this setup, an explosive circuit breaker was
applied as opening switch.

Since 2000, several research groups, one in the USA, one
in Japan and three in China built small scale demonstrators of
IPPS for electromagnetic launcher.

In Japan, they built and tested a demonstrator which was
very similar to an XRAM generator [15]. They achieved
a 490 A peak output current by using lead acid batteries
to charge each of 12 cryo-cooled coils individually. IGBT
switches were used as opening switches. Based on the results,
the Japanese researchers designed a generator with 800 super-
conducting coils in order to generate an output current
of 2.5 MA. It is unknown if this design was ever realized and
if the project is ongoing.

In the U.S., the so-called “STRETCH meat grinder” was
built and tested [16]-[18]. The meat grinder belongs to the
family of pulse transformers where a rapid current change
in the primary windings results in a high secondary current.
In this way, a current amplification of nearly 11 was achieved
by interrupting the primary current with an IGCT opening
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switch and a capacitor in a parallel connection for volt-
age limitation. The maximum charging current of 2kA was
amplified to an output current of 21 kA. The U.S. project was
discontinued when the Institute of Advanced Technologies
has been closed [19].

B. CURRENT IPPS R&D

Besides ISL, several research groups in China are currently
working on IPPS. Three research groups can be distinguished
by regular publications until now (2020).

Since several years, the R&D group of Xinjie Yu at the
Tsinghua University in Beijing is working on the optimiza-
tion of the meat grinder technology [10]. They developed
several revisions of it and combined it with variants of the
counter-current opening switch technology [10], [20]. The
proposed circuits were proved by experimental laboratory
setups with energies below 2kJ. A milestone was the devel-
opment of an 80-kJ prototype of a pulse-forming unit (PFU)
based on the STRETCH meat grinder with SECT circuit
topology [21]. This inductive PFU combines a cylindrical
air-core transformer, a voltage protection capacitor, a control
unit, cables and switches in a compact frame with a rectan-
gular volume of 35 liters. The primary power supply was not
integrated.

Pulsed power transformers (PPT) with high-temperature
superconducting (HTS) primary and normal conducting
secondary windings have been under development at the
Chengdu Southwest Jiaotong University at least since 2012.
Li et al. developed a one-stage HTSPPT prototype apply-
ing a short cylindrical coil with a maximum energy density
of 70kJ/m3 (cryocooling equipment not considered) [22].
They were able to amplify the primary current of 100 A to
4.26kA at a resistive load of 1 mS2. In parallel, Wu et al.
developed a prototype of an HT'S transformer coil with a long
cylindrical shape and a maximum energy density of 55 kJ/m>.
Three different topologies were tested with it: the classical
pulse transformer, the meat grinder and the STRETCH meat
grinder topology [23]-[25]. The best current amplification
from 100 A to 4.29 kA was realized with the STRETCH meat
grinder topology [25]. Subsequently, the short coil design
of Li et al. was chosen, presumably because of the better
coupling coefficient and the better suitability for a toroidal
arrangement of multiple modules. Later publications from
the Southwest Jiaotong University deal with simulations of
the mutual inductance between several modules (toroidal
arrangement) [26]-[28] or the asynchronous ignition of sev-
eral modules (pulse shaping) [28]. The latter issue was exper-
imentally tested with 2 HTSPPT modules which have been
slightly modified since 2012 (smaller inductances but better
coupling) [29].

In 2016, a research group at the Shandong University
in Zibo, China, started publishing articles about the very
same HTSPPT design. One of the authors, Haitao Li, was
with the Chengdu Southwest Jiatong University before. Most
publications are about simulations to investigate different
system design aspects (i.e. circuit topology variations, pulse
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forming with several modules, matching of inductance to a
railgun load). The HTSPPT was also simulated with ICCOS
opening switches (ICCOS - inverse current commutation
with semiconductor devices). The authors concluded that
ICCOS enables the application of higher energies and that this
technology is considerably cheaper than IGCTs [30], [31].
A small prototype for an inductive energy storage of 37 J was
developed and used to demonstrate a repetitive operation with
a frequency of 5 Hz at a current ratio of 1.11 kA to 92.5 A.
Finally, Zhang et al. present a simulation based system design
of multiple HTSPPT modules supplying a railgun [32]. In this
work, the authors continued the concept of [33] and com-
bined the HTSPPT with an XRAM topology: The primary
windings of 12 HTSPPT modules are charged in series by
a common power supply and the secondary windings are
connected in parallel to the railgun. Thus, the authors predict
that a feeding current of 2kA could be amplified to 460 kA
at an opening switch voltage of 19.5kV. The 12 HTSPPT
modules could be set-up in a toroidal arrangement with an
outer radius of 0.57 m. Consequently, the SMES would have
a cylindrical volume of 1.02 m® without the cooling apparatus
for a temperature of 20 K, which means a net energy density
of 4.4 MJ/m’.

Until now, a mature IPPS is not available. However, many
capacitor-based laboratory setups proved their reliability and
therefore most users still prefer capacitors [34]. The advan-
tage of a higher energy density of IPPS only becomes
apparent in systems with high energy and has yet to be
demonstrated.

C. EARLIER WORK AT ISL

At ISL, the development of compact pulsed power sup-
plies started together with the beginning of the railgun
research. A modular 50kJ PFU, consisting of a capacitor,
a pulse forming inductance, a semiconductor closing and
crowbar switch assembly, was built in several versions and
is one of the major achievements of the program [35]. It is
successfully used in several laboratory setups and installa-
tions like the PEGASUS facility [36]. Since then, the size
of capacitive PFUs could be constantly reduced. The lat-
est type of the developed PFU utilizing a capacitor with
an energy density of 1.82MJ/m? features 1.2MJ/m> (see
Fig. 3). One major focus of this work was and still is
the development of smaller and more powerful switches
which are crucial for all kinds of pulsed power generators.
Therefore, it is logical that, when the interest turned toward
inductive PPSs, the researchers started with the research on
semiconductor switches which can be applied as opening
switches. Different kind of power semiconductor switches
like MOSFETs, IGBTs and IGCTs were investigated in this
respect [37], [38]. Finally, this led to the development of the
so-called ICCOS switch [39]. The ICCOS is basically a fast
switching thyristor with an additional circuit for the genera-
tion of a counter current in order to return them into the block-
ing state. The same technique was previously used at the TNO
in Delft, the Netherlands, with a mechanical opening switch
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FIGURE 3. Development steps of 50 kJ capacitive PFUs at ISL [48].

in the mega-ampere level [40]-[42]. In case of semiconductor
switches, such current levels require devices in a parallel
connection which is critical in terms of a reliable operation.
The slightest switching difference of a single device can
lead to a failure of the total switch. Increasing the switching
power by connecting several devices in series is somehow less
challenging. Thus, the XRAM topology is a solution to avoid
or reduce parallel switches. The concept was introduced by
Werner Koch at Marx’ High Voltage Institute at Brunswick
Technical University [43] and its operation principle is as
follows: First, several inductors are energized in a series con-
nection by a current source (battery, supercapacitors, rotating
machines or other means). After the inductors are charged,
they are connected to the load in a parallel connection by
corresponding switches, subsequently producing an output
current which is the sum of the individual inductor currents.
The current amplification depends on the number of stages
which defines the segmentation of components (inductor,
switches,..).

The ICCOS was applied to a two-stage XRAM gener-
ator and it was found that it is well suited for this kind
of IPPS. Subsequently, the number of stages was increased
gradually. XRAM generators with 4, 8 and 20 stages were
developed [44]-[46]. The 20-stage technology demonstrator
was realized in a compact toroidal arrangement with the
electronics placed in the vicinity of the coil [46]. It proved
that synchronized switching of a multitude of stages can be
realized with the ICCOS switch. Next, XRAM generators
with a higher energy were developed and connected to real
loads. A 4-stage XRAM was used to feed a wire explosion in
order to investigate the effect of high-voltage peaks created
during the plasma ignition [44]. Finally, a 4-stage XRAM
generator was tested with a stored energy of up to 200kJ
with an output current of 40kA in order to demonstrate that
it can be used to supply a railgun [47]. The demonstration of
a larger XRAM generator with an output current suitable for
one of the railguns at ISL was a logical extension of this work.
Consequently, the goal was a | MJ XRAM generator with an
array of opening switch devices to interrupt a charging current
of more than 40 kA.
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FIGURE 4. Schematic of the XRAM generator.

D. OPERATION PRINCIPLE

Although the switching requirements are influenced by the
topology, the essential requirement for an inductive pulsed
power generator is still an appropriate opening switch. In this
respect, semiconductor switches offer clear advantages in
terms of synchronous switching, maintenance costs, repe-
tition rate and durability. Research on the use of different
semiconductor switches in connection with inductive pulse
power generation has been carried out in the past and is
reported in [37] and [38]. In subsequent work, the ICCOS
was developed for a current amplitude of 28 kA [39]. In [49],
different active semiconductor opening switch concepts are
compared to the ICCOS system. The ICCOS counter-current
principle was chosen due to clear advantages in terms of
low power dissipation, synchronous switching, compactness
of the switch assemblies, and last but not least cost effi-
ciency. The main features of the ICCOS will be described
briefly in combination with a three stage XRAM generator
circuit shown in Fig. 4. The circuit diagram is simplified
with respect to the number of stages and details of the elec-
tronic circuit (i.e. neglected snubber elements). Since the
operation principle is independent of the number of stages,
only 3 stages are shown. The last one is separated from the
rest by a dashed line to indicate the possibility of extension.
Several inductors (L ...L,), which might or might not be
coupled magnetically, are connected in a series connection
via fast switching thyristors Togs . . . Tosn- The charging cir-
cuit is completed by the capacitor bank C. An intermediate
energy storage like batteries, supercaps or a flywheel would
be preferable for this purpose, but corresponding equipment
with sufficient power is not available at ISL. Each inductor
is individually connected to the load (Ly, Rr) via diodes
(D11 - .. Dyp). During the operation, the magnetic storage is
charged by the power supply if Tosi ... Tosn are switched
on. The main switch Ty 77 initiates the synchronous discharge
to the load when the desired inductor current amplitude
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is reached. At this moment, several processes happen at
once: The pre-charged capacitors Ce . . . Ceen discharge via
Tos, the load and Ty rr with a short but high current pulse.
The current within Tpgs1 . . . Tos, becomes negative until the
charge carriers have been removed from the pn-junction. The
remaining counter-current pulse is conducted by the diodes
Dos and resistance Rpg, which ensures a negative voltage at
Tos for the duration of the pulse and thus ensures the reliable
turn-off of Tpg thyristors. The counter-current simultane-
ously establishes the current in the load. The current commu-
tation from the charging to the discharging circuit completes
with the end of the counter-current pulse. After this, the mag-
netic storage discharges into the load. This is necessary until
the projectile leaves the bore at the muzzle. At this point,
it is advantageous to stop the discharge in order to avoid a
large plasma arc at the muzzle. Therefore, Tps1 . .. Tos, are
switched on again before the projectile leaves the muzzle
and the current commutates back to the charging circuit. The
impedance of the plasma arc leads to a high muzzle voltage
and supports a quick commutation. At this point, the coils
could be recharged but for now, the power supply is bypassed
by the diodes D¢ and the energy is converted to heat within
the circuit.

Il. EXPERIMENTAL SETUP

Originally, the goal was an XRAM-generator with 20 stages
on the basis of a toroidal coil with a total inductance of 1 mH
and a DC-resistance of about 5 m€2. A stored energy of 1 MJ
was envisaged which requires a current of >40kA. Corre-
sponding inductive storage and switch assemblies had to be
developed to meet those goals.

A. TOROIDAL INDUCTIVE STORAGE

A toroidal inductive storage was built from 180 copper discs
and an equivalent number of insulation discs. A D-shape
design for homogeneous force distribution was approxi-
mated. The coil consists of 20 modules with individual
connectors. Fig. 5 shows a photograph of the coil during
assembly. Table 1 summarizes the measured specification of
the coil. Its resistance changes according to

Reoit = 3.88mQ - \/f 4+ 5mQ (1)

with the frequency f due to skin effects. The coil was
stress-tested by a pulsed current of up to 50kA (1.25M1J).
Details on the coil’s design, construction and testing were
recently reported in [50].

B. SWITCHES

1) THE MAIN CLOSING SWITCH T; 77

High power light triggered thyristors (LTTs) with a blocking
voltage of 8kV and pulse current capability of 90kA for
10 ms have been chosen because they are available and robust
while providing intrinsic galvanic separation at the gate [51].
Up to 8 LTT modules, which are usually applied in low
inductive switching units for 50kJ capacitive pulsed power
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FIGURE 5. Unfinished toroidal inductive storage (12 of 20 modules).

TABLE 1. Measured coil specifications.

No. of segments 20

Outer diameter 960 mm
..with connectors 1030 mm
Inner diameter 260 mm
Height 423 mm
Volume 2201
Weight 1050kg
DC resistance 5mS2
Inductance @ 50 Hz 1 mH
Energy density @ 45kA  4.5MJ/m3
Specific energy @ 45kA  1kJ/kg

modules, were applied in a parallel connection. Each switch-
ing module is connected with a separate high current coaxial
cable. RC snubber circuits were adjusted to the circuitry
during low energy experiments in order to protect the LTTs
from high ”Z—‘t/ signals.

2) THE OPENING SWITCH Tps

The use of semiconductor switches is limited by several
parameters like voltage, max. current or the action integral
1 2dt, the % or the ‘2—‘;). The number of devices in a series
connection is determined by the applied voltage. The number
of devices in a parallel connection is determined by the
current and the action integral. The synchronous switching
of all switches is crucial for the save operation at high power
levels. If only one device experiences a switching delay,
single devices can be over-strained which can lead to an
avalanche effect among the switch array. A homogeneous
current distribution between parallelized switches is crucial
but not easy to realize since manufacturing variations, dif-
ferent temperature coefficients and slight variations in the
circuit design (i.e. resistance/inductance of wires) can cause
asymmetries. Therefore, past XRAM generators were built
with one thyristor stack per stage. In fact, it is one of the
practical advantages of the XRAM circuitry in combination
with the counter-current opening switch principle that the
semiconductor devices can be switched in a series connection
instead of a parallel connection. However, increasing the
power without exceeding the current limit leads to several
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FIGURE 6. Railgun RAFIRA facility.

devices in parallel for the opening switches as well for the
closing switches.

The theoretical design and size approximation for the
ICCOS opening switch was described in [49]. The final semi-
conductor switch assemblies per stage consist of diode stacks
with 3 diodes each (Dq; ...Dy3) and one stack of 4 paral-
lelized fast switching thyristors (Tps). The latter are applied
as opening switches according to the ICCOS principle. The
symmetric current sharing between the devices was achieved
by the introduction of mutual inductive coupling between the
thyristor branches (see [52]).

Purpose-designed gate units with very little delay
times (jitter) for the gate signals were developed and built
for each stage. The gate unit is able to synchronously
switch-on 8 thyristors. It is powered by long lasting Lithium
batteries and receives the trigger signal by an optic fiber.
Thus, the complete unit is galvanically separated from the
control units. The temporal deviation of the gate signals
was measured to be smaller than 100 ns. This satisfies our
requirements for reliable synchronous switching. The gate
signals are adjustable in pulse length and repetition rate,
which is important for a second thyristor switch-on with
respect to repetitive operation or muzzle arc prevention.

C. RAILGUN AND PROJECTILE

The railgun facility RAFIRA was chosen for experimental
investigations because it has served for many experiments
in the energy range around 1M]J [53]. Thus, it allows us
to compare experimental results with old recordings. The
railgun has been built for repetitive shot investigations. In this
case, however, recordings of single shot experiments were
used for comparison. A photograph of the railgun can be seen
in Fig. 6 and its specifications are given in Table 2. Note
the open bore structure which allows easy access for in-bore
investigations like X-ray pictures, velocity or magnetic field
measurements [54]. Three X-ray tubes are placed in front
of the railgun and one is mounted on top of the catch tank.
They were used in the former experiments to investigate the
projectile conditions but not during the XRAM generator
experiments.

The standard brush projectiles of 80 grams were used
for the experiments. The projectiles are made of a glass
reinforced plastic (GRP) block and six copper brushes which
are fixed in corresponding cut-outs (see Fig. 7). They are
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TABLE 2. Parameters of railgun RAFIRA.

Length 3m

Caliber 25mm X 25 mm

Rail material Dural

Rail cross section 25mm X 20 mm
Inductance gradient | 0.45uH @ 100kHz
Construction GRP bars and steel bolts

)1,

%

FIGURE 7. 80 g-projectile with 6 Cu-Cd brush armatures.

TABLE 3. Projectile specifications.

Length 55 mm
Width / height 24.5 mm
Mass 80.25¢g

Brushes (CU) 6
Brush diameter | 6 mm
Brush length 29 mm
Brush material Cu-Cd
Sabot material GRP

inserted at the breech before each shot. Its parameters are
given in Table 3.

D. POWER SUPPLY

Railgun RAFIRA can be powered by up to 18 capacitor bank
modules. Each 178 kJ-unit consists of 8 capacitors, a pulse
forming inductance of 4 uH, a trigatron closing switch,
4 crowbar diode stacks and a corresponding charge/dump-
panel. The backsides of some units are visible in in the
background of the railgun in Fig. 6. The capacitors have an
energy density of 0.3 MJ/m> and have reliably served their
purpose for the last 30 years. Thirteen capacitor banks were
used to charge the XRAM generator because a corresponding
prime power supply with sufficient power was not available
at the time of the experiments. The pulse forming inductances
and switches of the capacitor banks were short-circuited for
the duration of this test campaign.

E. ASSEMBLY

The XRAM-generator was assembled on a GRP insulat-
ing plate of 1.2m x 1.2m which was placed on a wooden
structure for easy transportation by a forklift. Two sub-coils
were connected in series in order to build a 10-stage
XRAM-generator. Subsequently, ten semiconductor switch
assemblies and three counter-current capacitors in parallel
connection per stage were placed around the toroidal coil as
shown in Fig. 8. Note, that the used capacitors are oversized
but they were available in our lab. Therefore, their electrical
specifications are not matched to the experimental circuit.
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FIGURE 8. XRAM generator connected to the railgun RAFIRA.

TABLE 4. Characteristics of the 1 MJ XRAM generator.

XRAM stages 10

Max. magnetic energy 1MJ

Total capacitance of Cec 10.8 mF

Max. charge current 40kA

Max. discharge current 400kA

Opening switches 10 X 4 fast switching Thyristors
Main switch 8 LTTs

Inductance in charging mode 1 mH
Inductance in discharging mode | 10 uH

All capacitors together could store an energy of 480kJ but
were only partially charged to 42 kJ during the latest exper-
iment. The eight LTT switch units and the load were con-
nected via 8 coaxial cables from the centered bus bar of the
XRAM-generator. The main characteristics are summarized
in Table 4.

F. METROLOGY

1) CURRENT MEASUREMENTS

Rogowski coils [55]-[57] are installed at each capacitor bank.
They were developed to be installed at the current feeds
and are connected to a passive filter and to the recording
system inside a Faraday cage. The integration is performed
by numerical computation [58], [59]. The error of these coils
is below 1%. Furthermore, commercially available “clip-on”
Rogowski coils [60] with an active integrator were used for
the current measurements at the XRAM generator.

2) VOLTAGE MEASUREMENT
The voltage measurement between the rails of a rail-
gun is regularly performed at the railgun’s breech and

225024

muzzle. At ISL, the measurements are performed using
voltage dividers, opto-electronic transmitters and oscillo-
scopes [59]. This measurement gives valuable information
on the contact behavior between the armature and the rails.
A sudden rise in voltage can be recognized if the armature
leaves the railgun and if the current is not yet completely
decayed. Then, a muzzle arc occurs which results in a high
breech and muzzle voltage. The origin and meaning of the
muzzle voltage were explained in [61], [62]. A commercial
high voltage capacitive voltage divider [63] was used for the
voltage measurements at the switches.

3) VELOCITY MEASUREMENT
The time-dependent position of the projectile was measured
by B-dots located in vertically centered positions along the
rails with distances of 98.5cm, 22.5cm and 4 cm, respec-
tively, to the muzzle. The B-dots are loop sensors, also called
search coils, with the active area being in plane with the
side surface of the rails. Therefore, the magnetic field created
by the current in the armature induces a voltage in a B-dot
which changes its polarity when the armature passes the mea-
surement position. The polarity change of the signal can be
detected and is used for armature position detection. It allows
to approximate the projectile velocity by assuming a linear
acceleration between two measurement locations.

A Doppler radar at the breech was used during earlier
experiments to record the velocity profile. Details of this
system are given in [64].

G. IMPLEMENTATION OF THE EXPERIMENTS
Experimental testing started with low energy tests and
a short-circuited railgun. With respect to the system
impedance, the short-circuit at the railgun breech is equiv-
alent to a projectile’s armature at initial position. Thus, it was
possible to test the setup and in particular the switches
with respect to the new electrical circuit conditions. The
counter-current circuit was adjusted to the new load and cable
inductances. Several voltages and currents were monitored
at different locations during repeated experiments in order
to check for asymmetric current distributions between the
thyristors and to avoid critical voltages.

Switching experiments with a short-circuited railgun were
conducted until a charging-current of 28 kA (= railgun
current of 280kA). Up to this current, a very symmetric
current sharing and a reliable switching behavior of the
semiconductor components could be realized. Thus, further
experiments were performed with a projectile instead of a
short-circuit. In the following, the short-circuit was replaced
by the brush projectile. A massive catch tank was installed
for the interception of the projectiles (see the blue barrel
on the right hand side in Fig. 6). The test campaign started
with small energies which were stepwise increased. Subse-
quent railgun experiments were conducted with a stepwise
increase of the capacitor charging voltage to 5kV, 6kV
and 7kV. At the last experiment, the charging voltage is
close to the 7.5kV-voltage limit of the used LTT switches.
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FIGURE 9. Measurements of the latest XRAM generator-supplied-railgun experiment with a stored energy of 842 kJ.

Thus, experiments with higher energy levels were not per-
formed. In the following, only the experimental results of the
latest railgun shot will be discussed in detail.

Ill. EXPERIMENTAL RESULTS AND ANALYSIS

A. RAILGUN SUPPLIED BY XRAM GENERATOR

1) STEP 1: CHARGING

The experiments started with the high voltage charging pro-
cess of the 13 capacitor banks. This lasted several minutes
and was therefore not recorded. The recordings start as can be
seen in Fig. 9 a at t = 0 ms with the triggering of the opening
switches. The trigger signal was given as soon as the capac-
itors reached a voltage of 7kV. The inductive storage was
then charged by the capacitors. The inductor current in the
XRAM generator increased until 40 kA at t = 10.2 ms. The
red curve (four thyristors) shows the total charging current
which was measured in this case at the opening switch of
stage 10. The blue and the green curve show the total current
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of two thyristors connected in parallel and the current of a
single thyristor, respectively. The waveforms resemble the
total current with half and a quarter of its amplitude, thus indi-
cating a symmetric current distribution between the randomly
measured thyristors of the opening switch assemblies.

2) STEP 2: RAILGUN SUPPLY

The LTTs of the main switch are triggered at t = 10.2 ms
which initiates the discharge of the pre-charged counter-
current capacitors (Cecj . . . Ceen). The corresponding counter-
current pulse can be recognized by the negative peak of
the charging current of about —5kA and by the positive
railgun current peak of up to 435 kA. At the opening switches
(Tos1 ...Tos2), a hold-off interval of > 70 us has been
measured (see Fig. 10). This is largely sufficient in order
to insure a reliable turn-off of the thyristors which feature
a recovery time of 20 us. The voltage at the thyristor ter-
minals, represented here by the voltage measurement at the
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FIGURE 10. Zoom-in on the thyristor currents (see Fig. 9 a) at switching
time.

4™ thyristor of stage 9 (see Fig. 9¢), increases sharply to a
very moderate amplitude of about 300 V, which is well below
the voltage limit of the thyristor (1400 V). Some damped
oscillations occur until t~ 10.5ms due to the snubber ele-
ments. At this moment, they protect the thyristors against high
voltage peaks. The XRAM output current, which is equal to
the railgun current in Fig. 9 b, starts with the counter-current
pulse and discharges approximately from 385 kA to 228 KA.
The measured current at LTT 2 of the main switch shows in
principle the same behavior but with one eighth of the ampli-
tude. This means a symmetric current distribution between
the LTT modules. Once the railgun current is switched on,
the projectile in the accelerator begins to move. This can be
seen by the rising voltage at the breech and at thyristor 4 of
stage 9 (see Fig. 9 c). Note that both voltages are proportional
to each other. The thyristor voltage is higher due to the
additional voltage drop at the high current coaxial cables
connecting the XRAM generator to the railgun breech.

3) STEP 3: TURNING-OFF THE RAILGUN CURRENT

The projectile reaches the end of the railgun at around
14.7 ms. This can be recognized by a sharp increase of the
muzzle voltage (see Fig. 9 ¢). At this time, a current of 228 kA
means that an energy of approximately 260k]J is still stored
in the coil. This energy can be either fed to a large muzzle
arc or, as was demonstrated to some extent, used for the
next charging cycle. As the energy for charging the inductor
was insufficient for more than one shot, the demonstration
was limited to switching the XRAM generator back to the
charging state and to reduce the muzzle arc. A muzzle arc
generates undesired heat, light and noise emissions and leads
to increased wear at the railgun muzzle. Switching on the
opening switches a second time after projectile launch results
in a drastic current drop at the load and simultaneously a
steep current rise at the charging circuit (see Fig. 9a). The
opening switch thyristors of the 10 stages were triggered
at t = 14.7ms just after the passage of the B-dot probe at
2.775m (see Fig. 9d). Successful switch-on can be recog-
nized by the voltage drop from 400V to 0V at Th4 at stage
9. Shortly after, the projectile leaves the railgun bore and the
muzzle voltage increases suddenly to approximately 650 V
(see Fig.9 c) because the rail-to-rail contact is not made via
the low-resistive armature but suddenly by a high-resistive
plasma arc at the muzzle. According to U = L x dI/dt, this
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voltage supports the current commutation from the load to the
charging circuit of the XRAM generator. Thus, the railgun
current decreases rapidly to zero after t = 15.3 ms and the
current of the charging circuit increases at the same time to
approximately 23 kA. An important aspect is that the current
distribution of the parallel connected thyristors stays symmet-
ric during the steep current rise. Otherwise, the dI/dt limit of
a single device could be exceeded. After t = 15.3 ms, the LTT
switches return to the blocking state as the railgun current is
zero. Thus, the railgun is electrically separated from the rest
of the circuit which leads to an undefined voltage potential
for t > 15.3ms. The average velocity was calculated to be
1064 m/s and 1121 m/s between the first and second B-dot
locations and between the second and third B-dot location,
respectively.

B. RAILGUN SUPPLIED BY CAPACITOR BANK

The railgun shot was compared to earlier RAFIRA shots
where the railgun was directly supplied by capacitor banks.
A shot with the same kind of projectile and an almost equal
muzzle velocity of 1120 m/s was chosen. In this experiment,
a single shot was supplied by 6 capacitor banks at a charging
voltage of 10.25kV. Each bank generates a current pulse
with a maximum of about 200kA. The superposition of
those pulses at the railgun results in a total current pulse
shape as given in Fig. 11. Fig. 12 shows additionally the
velocity and muzzle voltage profiles during this shot. Note
that the amplitude of the muzzle voltage was divided by 3 in
order to fit it into this graph. The projectile left the bore at
t =4.64 ms.

IV. SHOT COMPARISON

A. GENERATOR CHARACTERISTICS

Table 5 lists the basic parameters of both experiments for a
direct comparison. Note especially the difference of L and
R. Thus, the time constant of the XRAM generator coil is
more than one order of magnitude larger than L/R of the pulse
forming coil of the capacitor bank.

B. PULSE SHAPE
Each RAFIRA capacitor bank is made from eight capacitors,
a pulse forming coil, a trigatron (spark gaps with electrical
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FIGURE 12. Measurements of railgun current, projectile velocity and
muzzle velocity of a RAFIRA shot supplied with the capacitor banks.

TABLE 5. Comparison of experimental key values.

Pulsed power supply XRAM generator | Capacitor bank

Pulse shape Single pulse Superposition of pulses
Charging impedance 1mH/6mQ 4 uH /7280 u2
Discharging impedance | 10uH /60 pS2 4uH /280 u2

Max. current 433kA 425kA

Projectile mass 80.33¢g 81.92¢g

Stored energy 842kJ 971kJ

Muzzle velocity 1121 m/s 1120 m/s

trigger mechanism) and a crowbar diode assembly. The oper-
ating mechanism is as follows: After the Trigatron is switched
on, the pre-charged capacitors discharge to the bank’s pulse
forming coil and the railgun at once as they are connected in a
series connection. After the capacitor is discharged, the crow-
bar diodes, which are placed in parallel to the capacitors,
become conductive and the capacitor is bypassed. From this
moment, only the pulse forming inductor is supplying the
railgun. Thus, a capacitor bank with pulse forming coils can
be seen as an IPPS as well.

Several capacitor banks are connected in parallel to the
railgun. Thus, each unit can be triggered independently from
the others, allowing to form an arbitrary pulse shape. At the
chosen experiment, the capacitors were discharged with a
time delay that resulted in the approximation of a rectan-
gular pulse shape. As result, the current pulse consists of
the superposition of six single pulses with five local current
peaks. This might be important with respect to the mechanical
design of the railgun and the armature-rail contact as the
electromagnetic forces are proportional to the square of the
current. In case of the XRAM generator, all stages were
switched simultaneously and one single pulse with a short
spike (the counter-current pulse) was generated. Unlike the
capacitor bank, it decays smoothly with an exponential slope
defined by the time constant of the discharge circuit. Fig.13
shows the corresponding current pulses. Both current pulses
last approximately 5 ms. The exit of the projectile occurs in
both cases at about + = 4.6ms. It can be detected by the
sudden drop of the currents. In case of the capacitor bank,
the remaining current in the rails is about 110 kA at this time.
This current has to be as small as possible because it defines
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the residual energy in the inductance of the railgun and its
cables, which is consumed by a muzzle flash. The latter is
established during the exit of the armature and connects the
two rail endings by a plasma. The remaining current of the
XRAM generator during the muzzle exit is still more than
200KkA. It means that more inductive energy remains in the
system after shot out. This is caused by the smaller current
decay or higher discharge time constant, respectively, in case
of the XRAM generator. On the other hand, it also means
that the projectile experiences high forces until it reaches the
muzzle. Fig. 14 shows the integration of the squared currents,
the so-called action integrals of both experiments. Note that
the action integral is directly proportional to the projectile
velocity. Thus, it is a valid reproduction of the velocity pro-
file (compare velocity in Fig. 12 with the capacitor curve
in Fig. 14). In case of the capacitive PPS (CPPS), the action
integral increases almost linearly with some bumps due to
the time delayed triggering of the capacitor banks. After
t = 3.5ms, the curve asymptotically approaches the final
value. In case of the XRAM generator, the curve increases
smoothly with an exponential behavior before it reaches the
same maximum value. This corresponds to the fact that the
muzzle velocity of both experiments was the same.

After the shot-out of the projectile, the current decreases
faster in case of the XRAM generator because the charging
circuit was switched on again. Thus, the muzzle flash was
kept small and the remaining inductive energy could have
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been used again if the means for an additional charging pro-
cess had been available. Unfortunately, this time, the energy
was just dissipated in the resistance of the circuit.

C. EFFICIENCY OF THE ENERGY CHAINS

Finally, the energy chains were compared (see Figs. 15 & 16).
Fig. 15 represents the energy flow from the capacitive stored
energy at the beginning until the kinetic energy of the projec-
tile during the classical railgun shot. In between, the energy
is stored temporarily in the magnetic field of the circuit
inductances (pulse forming inductance, cables and railgun).
Energy is lost due to ohmic losses, friction and unused mag-
netic energy. The first ohmic losses occur until the current
reaches its maximum (inductor charging). The other ohmic
losses occur thereafter. The allocation of losses to individual
components like coil, switches, cables and railgun was not
possible due to insufficient measurement data. Residual mag-
netic energy remains in the system at the end of the shot and
is dissipated in the muzzle flash. The conversion efficiency
from capacitive to kinetic energy is 5.3%.

The corresponding Sankey diagram of the railgun shot with
the XRAM generator as power supply is shown in Fig. 16.
For the sake of completeness, the diagram starts with the
charged capacitors. However, this first part is shown in gray
as the efficiency analysis is based on the charged inductive
storage. Thus, 800kJ magnetic and 42kJ capacitive energy
of the counter-current capacitors are considered as 100 %.
As before, a large part of the energy is lost due to friction,
ohmic losses and magnetic energy which remains in the
system after the muzzle exit of the projectile. This time, a dis-
tinction was made between the residual coil energy and the
residual magnetic energy in the railgun and cables. Finally,
the projectile has a kinetic energy of 50kJ which results in
a conversion efficiency of 5.9 %. This is slightly higher than
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with the capacitor bank. The efficiency can be improved to
9 % if the resuming coil energy of the last shot is assumed
to be re-used. Thus, the coil needs to be re-charged only by
568KkJ.

V. DISCUSSION

The turn-off of a charging current of 40 kA by a semiconduc-
tor switch array was successful demonstrated. As far as the
authors know, such current amplitudes were only achieved
by mechanical or explosive opening switches until now. Fur-
thermore, a railgun of a size which might be suitable for a
future CIWS was supplied by an XRAM generator. However,
experiments had to be stopped because the max. capacitor
capacity and the switch voltage limit imposed a maximum
inductive energy of 800kJ which is 20 % below the goal
of 1 MJ. This is a result of the fact that a capacitor bank was
used instead of a low-voltage power supply like batteries.
Hence, the charging time of the inductor was rather short.
In the future, the charging time with a low-voltage source
might take more time, which increases the action integral
and therefore the thermal stress on the switches and the
conductors remarkably. It also means a different dI/dt which
might affect the current balancing between the switching
components.

A higher action integral due to longer charging time would
also impose more losses. As mentioned before, that the com-
parison in section IV-B is done by assuming charged short
term storages (capacitor bank and inductive storage) and thus,
the efficiency looks very advantageous for the XRAM gener-
ator. A theoretical comparison of the complete energy chain
in [8] indicated a better overall efficiency for the capacitor
bank. Further work with respect to fast and powerful coil and
capacitor charging will be necessary in the future.

It has to be mentioned that the conversion efficiency
of our experiments is quite small. However, this is not a
show-stopper because the efficiency is proportional to the
projectile velocity. Thus, railgun efficiencies up to 41% were
demonstrated at more powerful experiments [36].

A long-term goal, as mentioned in the introduction, is the
proof of IPPS compactness in order to evaluate the possi-
bilities of system integration and mobile application of the
railgun. Note in this respect, that the presented setup is still a
breadboard installation which is not yet optimized for com-
pactness (see Fig. 8). To answer the question if IPPS or CPPS
are more suitable, it would be necessary to optimize the coil
as mentioned in [50] and to use a purpose designed energy
supply, counter-current capacitors and switches (LTTs). Fur-
thermore, the complete energy chain needs to be compared.
However, even then, a general comparison between IPPS and
CPPS remains difficult as many factors (like application sce-
nario, supply interface, installation constraints, segmentation,
distance between PPS and load, cooling,..) influence the sys-
tem size and might favor one or the other solution in different
cases. Nonetheless, the energy density of the toroidal coil was
3.6MlJ/cm? during the last experiment which is only slightly
better than a high-power dielectric capacitor but was not yet
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used until its stress limits. It was already tested with a current
of 50kA, which means an energy density of 5.7 MJ/m>.
FEM simulations predict its mechanical limit at 10 MJ/m?.
See [50] for further details. The authors are confident that
improved toroidal coil designs with additional mechanical
support might reach 20 MJ/m3 or more but suspect that ther-
mal heating and not mechanical constraints will ultimately
limit the energy density.

Another point to discuss is the counter-current pulse. In an
ideal case, the railgun works best with a smooth rectangular
(flat-top) current pulse. In case of the XRAM generator,
the counter-current pulse represents a short and high current
spike at the beginning of the supply pulse. Although it con-
tributes little to the projectile acceleration, it generates high
forces which need to be mechanically compensated. It did
not provoke any problems in the present case as the forces
stay far below the limits of the used railgun but it needs to
be considered in future designs. It should be pointed out that
the amplitude ratio of the discharge current to counter-current
depends on the ratio between storage inductance and para-
sitic inductance. Thus, the counter-current peak was 113%
of the discharge current amplitude. In previous experiments
with smaller storage inductances, the excess was as high as
133% [65] or 145% [47]. The larger the system, the smaller
the excess due to the counter-current pulse.

VI. CONCLUSION

As a continuation of the XRAM generator development at
ISL, the new goal was a demonstrator with a stored energy
of 1 MIJ and its use as power supply for a medium caliber
railgun. Its realization required the development and con-
struction of an inductive storage and switches for a current
greater than 40kA. The coil was realized as toroidal cop-
per coil with a total mass of 1 ton and a volume of 2201.
Switches were realized by thyristors and LTTs in a parallel
connection. The former were applied as opening switches by
turning them off with a counter-current pulse generated by
additional capacitors. Current balancing between the single
semiconductor devices was a challenge and required addi-
tional measures (see above). A stored energy of 842kJ at a
charging current of 40 kA were achieved at the final railgun
experiment. Both values are new benchmarks at ISL and for
XRAM generators with semiconductor switches in general.
The maximum energy was limited by the voltage limit of the
used components. Thus, the maximum capacitor voltage was
7kV. A more suitable (low voltage) current source was not
available. Thus, budget limitations and not technical reasons
stopped us from reaching higher energy levels.

The energy density of the coil reached 3.6 MJ/m? in this
experiments although the coil alone was already tested for
5.7MJ/3 and the maximum energy density is estimated to be
10 MJ/m3 [50].

The XRAM generator was successfully used to supply ISL
railgun RAFIRA with a peak current of 400kA. An 80g
projectile was successfully accelerated to 1120 m/s. The shot
was compared with a classical RAFIRA shot from the past
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with very similar results. The XRAM showed a slightly better
performance if the charging circuit of both, XRAM genera-
tor and capacitor bank, is not taken into consideration. The
efficiency balance of the XRAM generator can be improved
if the residual magnetic energy of the coil is used for another
shot. This possibility was proven in principle by switching on
the coil charging circuit a second time.

The new XRAM generator also showed a reduced peak-
to-peak ratio between counter-current pulse and discharge
pulse in comparison to small energy demonstrators of the
past. This is important with respect to the mechanical com-
pensation of electromagnetic forces.

No show-stopper has been faced in realizing the XRAM
generator in the MJ-range although the semiconductor
switches must be designed very carefully for each new design.
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