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Kurzfassung
Elektromagnetische Schienenbeschleuniger verwenden elektrische Energie für die Beschleunigung von trägen Massen und erreichen Geschwindigkeiten, die mit konventionellen Beschleunigungstechnologien nur mit hohem Aufwand erreicht werden
können. Die einfachste Konfiguration eines solchen Beschleunigers besteht aus zwei
Schienen aus leitfähigem Material, die über eine gleitende Strombrücke elektrisch
miteinander verbunden sind. Für die Beschleunigung der Strombrücke ist ein großer
Strom erforderlich, der einige Mega-Ampere erreichen kann. Durch Diffusionsprozesse des magnetischen Feldes kommt es zu einer Stromkonzentration an der Innenseite
der Schienen und am hinteren Bereich der Strombrücke. Dies hat eine verstärkte
Wärmeentwicklung in diesen Bereichen zur Folge und kann, zusammen mit der Reibung zwischen der Strombrücke und den Schienen, zu einem Verlust des metallischen
Kontaktes führen. Der resultierende Lichtbogenkontakt zwischen der Strombrücke
und den Schienen vergrößert die Wärmeentwickelung und kann zu Schäden an den
Kontaktflächen führen. Um eine Verringerung des elektrischen Stroms in der Strombrücke zu erzielen, ohne die Beschleunigungskraft zu reduzieren, kann ein zusätzliches Magnetfeld zwischen den Schienen hinzugefügt werden.
Um einen solchen magnetfeldverstärkten Beschleuniger zu untersuchen ist der modulare, magnetfeldverstärkte, mehrstufige elektromagnetische Beschleuniger (MASEL)
konstruiert, aufgebaut und getestet worden. Externe Spulen sind in dem Beschleuniger integriert um eine Verstärkung des Magnetfeldes zu erzielen. Die mechanischen
und elektrischen Eigenschaften des Versuchsaufbaus sind zuvor mit verschiedenen
Simulationen berechnet und optimiert worden.
Der experimentelle Aufbau des magnetfeldverstärkten Beschleunigers ermöglicht die
Untersuchungen mit mehreren unterschiedlichen Konfigurationen. Hierzu werden die
Spulen oder deren Verschaltung zum Beschleuniger variiert. Unter anderem ist ein
System zur Strommultiplikation in dem Beschleuniger integriert, bei dem die induktiven Energiespeicher für eine Verstärkung des Magnetfelds im Beschleuniger genutzt
werden. Die Experimente zeigen, dass der Einsatz von externen Spulen die Projektilgeschwindigkeit deutlich steigert, ohne den Strom durch die Strombrücke erhöhen
zu müssen. Im Vergleich zur einfachen Konfiguration des Beschleunigers ist die Geschwindigkeit von 181 m/s auf 389 m/s gestiegen. Dies bedeutet eine Verbesserung
der Energieeffizienz von 0.9 % auf 4.4 %. In den Versuchen mit einem zweistufigen
Beschleuniger ist die Geschwindigkeit auf 713 m/s mit einer Energieeffizienz von
4.8 % gestiegen. Hierfür sind eine Vorrichtung zur Reduktion des Mündungslichtbogens der ersten Stufe und ein System zur Auslösung der zweiten Stufe entwickelt
worden.
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Abstract
Electromagnetic accelerators use electrical energy to accelerate projectiles to large
velocities above 2 km/s [1]. A simple electromagnetic launcher consists of two rails,
which are connected by a sliding armature in between them. Applying an electric
current to the rails and the armature leads to a magnetic field in between the rails.
The magnetic field together with the electric current in the armature leads to an
accelerating Lorentz-force, acting on the armature. Due to magnetic field diffusion
effects, the electric current is concentrated on the rear part of the armature and on
the inner surfaces of the rails, resulting in high current concentrations and therefore
heat generation. Together with the friction of the sliding contact between the armature and the rails, abrasive wear of the materials can occur and cause a transition
from a solid contact to a plasma contact. This can further increase the temperature and the wear of the rail/armature interface. To decrease the electric current
through the armature without decreasing the accelerating force on the projectile, an
additional magnetic field can be applied in between the rails of the launcher.
In order to study electromagnetic launchers with a magnetic field augmentation, the
modular augmented staged electromagnetic launcher (MASEL) is designed, built
and tested at ISL. This augmented launcher uses two external coils with up to four
windings each, to produce a large additional magnetic field. The mechanical and
electrical properties of the setup are calculated using different simulations. The results of the simulations are used to improve the structure of the launcher.
The experimental setup of the MASEL allows to study multiple different configurations such as the simple electromagnetic launcher, the parallel augmented, the
series augmented and the energy storage augmentation configuration. In addition,
the setup allows the integration of a current multiplication system, which simultaneously augments the magnetic field in the launcher. The experiments show that it
is possible to increase the velocity of the projectile by a factor of two and the system
energy efficiency by a factor of four, without increasing the current through the armature. Furthermore, the integration of the pulse forming inductance of the power
supply units into the launcher is demonstrated. The maximum projectile velocity
of 181 m/s from the experiments with the conventional electromagnetic launcher is
increased to 389 m/s, using the magnetic field augmentation. This translates to an
energy efficiency increase from 0.9 % to 4.4 %. In the experiments with two stages of
the MASEL, the velocity of the projectile increases to 713 m/s, resulting in a larger
energy efficiency of 4.8 %. For this setup, a muzzle arc suppression device and a
trigger management system are developed to ensure a reliable operation.
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1 Introduction
Electromagnetic accelerators or launchers enable an acceleration of masses to large
velocities above 2 km/s [1] using electrical energy. They can be used for future space
launch activities [2], as electric current switches [3], or they can help to investigate
impact phenomena in material science [4]. In this section a brief overview and
current state of the art of electromagnetic launchers is presented, followed by the
description of the structure of this thesis.

1.1 Overview and Current State of the Art
An electromagnetic accelerators or rail launcher (hereafter electromagnetic launcher)
consists of two parallel rails made out of conducting material such as copper or
aluminum alloy [5]. The rails are electrically connected by a sliding armature. The
basic setup of an electromagnetic launcher is illustrated in Fig. 1.1, where the red
arrows indicate the direction of the electric current, the blue rings illustrate some of
the magnetic field lines around the launcher rails and the green arrow indicates the
accelerating force, acting on the projectile. The projectile is inserted at the breech
Contacts

Armature

Muzzle
Figure 1.1: Schematic of an electromagnetic launcher
of the launcher, close to the power supply connectors. The muzzle of the launcher
is the exit point of the projectile after the acceleration process.
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The payload, or the mass that is to be accelerated with the electromagnetic launcher,
is carried by a sabot, which contains the sliding armature (detailed information
about the projectile design is given in section 5.5). If an electric current is applied
to the rails, it passes through the rails and the armature and produces a magnetic
field around the rails. This magnetic field, together with the electric current through
the armature, leads to a Lorentz force, which accelerates the projectile. The force
inside the current carrying armature can be expressed with [6]
ˆ
~
~,
F =i
d~l × B
(1.1)
where i is the current in the conductor, d~l is the vector of the direction of the current
~ is the vector of the magnetic flux density in the armature.
carrying conductor and B
The electromagnetic launcher converts electrical energy into magnetic energy before
it is converted into kinetic energy of the moving projectile. The electromagnetic
launcher can be considered as an inductor that changes its value depending on
the position of the armature. The position dependent inductance is the so called
inductance gradient and is an important value for the evaluation of electromagnetic
launcher systems. By applying the principle of conversion of energy, the equation
for the calculation of the force on the armature can be expressed with [7]
1
F = L0 i2 ,
2

(1.2)

where L0 is the inductance gradient of the external inductance of the electromagnetic
launcher.
The inductance gradient mainly depends on the structure of the launcher and the
geometry of the rails. A typical value for a square caliber launcher for the inductance gradient L0 is about 0.5 µH/m [7]. With this value, the electric current in
an electromagnetic launcher that is necessary to accelerate a mass to a certain velocity can be estimated. Assuming a mass of the projectile of 0.5 kg, a launching
duration of 10 ms and a desired muzzle velocity of 1500 m/s, the DC electric current
has to be about 0.5 MA for the entire launching time, neglecting the mechanical
friction. Many studies have been dedicated to evaluate the optimum rail geometry
and caliber, in order to achieve a maximum value for L0 [8, 9, 10, 11, 12]. However,
for the investigation of an electromagnetic launcher, it is practical to use rails with
rectangular cross sections to reduce the manufacturing effort for complicated rail
geometries. The distance in between the rails in the launcher depends on the mass
and geometry of the body, that is to be accelerated.
The electric current in an electromagnetic launcher can reach amplitudes of several
MA (mega amperes) [13]. The large electric current in the rails and armature is
necessary to achieve a large accelerating force (105 N) acting on the projectile, which
is capable of launching the projectile to high velocities above 2 km/s [1] in a time
period of a few milliseconds.
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Magnetic field diffusion effects cause a current concentration on the inner side of the
rails and on the rear part of the armature [14]. The heat generation of the concentrated electric current together with the thermal mechanical load of the friction at
the rail armature interface causes abrasive wear in form of mass loss and gouging
[15]. This can lead to a transition from the metallic contact to a plasma contact,
which increases the thermal load on the rail-armature interface and decreases the
energy efficiency of the system [16]. Initial defects on the surface of the rails increase the risk of further damages during the next launching process [17]. The left
hand picture of Fig. 1.2 represents a launch package with the armature in the sabot
material at the start of the launching process. At this point the armature can estabBreech

Armatures

Eroded Armatures

M uzzle

i

M ovement

M ovement

i

Figure 1.2: Visualization of the armature at the beginning and the end of the
acceleration process
lish a good electrical contact between the rails. The right hand picture represents
a launch package at the end of the launching process, when the armature suffered
from the electric current. The increased temperature in the armature causes erosion
and melting of the armature material until no direct electric contact between the
rail and the armature can be maintained. When this point of the armature material
degradation is reached, a contact transition from a solid to solid to a plasma contact occurs. A plasma contact accelerates the degradation of the armature and the
rails. An additional magnetic field in the launcher allows a reduction of the electric
current through the armature (maximum action integral equation 9.12) without decreasing the force on the armature. This augmenting magnetic field can be applied
to the launcher in different ways [18]. A summary of experiments with augmented
electromagnetic launchers is given in section 4.4.
According to the literature, the experimental electromagnetic launcher facilities have
mainly been focused on the investigation of the non-augmented launchers. Velocities
above 2 km/s have been achieved in many experiments [1, 19]. Plasma accelerators
without payload have achieved velocities above 10 km/s [20]. The largest muzzle
energy that has been reached by an electromagnetic launcher is 32 MJ [21]. However,
the harsh conditions in an electromagnetic launcher and the large electric current
(up to of several MA) in the rails and armature damage the rails and limit the
life time of the launcher to a few accelerations per pair of rails. After several high
energy launches, the rails can not ensure a proper contact to the armature. The
lifetime of the rails in an electromagnetic launcher can be increased by reducing
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the current density in them to avoid local melting of the materials. Therefore, the
current density in the rails and the armature has been investigated in various studies
[14, 22, 23, 24].
A magnetic field augmented electromagnetic launcher helps to decrease the electric
current in the rails and armature (factor > 2 in this study), so that this technology
can be used in future applications to allow for reasonable long lifetimes (≈ factor 2
- 5) of the rails and increase the energy efficiency (factor 4 in this study).

1.2 Applications of Electromagnetic Launchers
An electromagnetic launcher can be used in different applications. In some, they
are superior to traditional acceleration methods. In order to give a brief overview of
the technical capabilities of an electromagnetic launcher system, some applications
are presented in the following.
Material Science
In material science the dynamic mechanical behavior of materials is studied by
colliding probes with velocities in the range of several hundred meters per second.
An electromagnetic launcher is suitable for this task, since the acceleration of the
projectile can be manipulated during the launching process. This enables an active
control of the acceleration process which leads to a small dispersion of the exit
velocity [25, 26].
In another application in the field of material science, an electromagnetic launcher
has been used, to study the dynamic fracture behavior of natural poly-phase ceramic
with projectile impact velocities up to 537 m/s [4].
Light-gas guns are used to accelerate small projectiles to very high velocities for the
performance of hyper-velocity impact tests. These experiments usually require high
operational and financial efforts. The capabilities of electromagnetic launchers to
accelerate low mass projectiles (3−36 g) to high velocities in the range of 3−10 km/s,
has been used for hyper-velocity impact tests [27].
Space Launch
The conventional launch of orbital space flight vehicles requires rockets to transport
a payload into LEO (Low Earth Orbit). Rockets use chemical fuels to obtain the
required thrust to overcome gravity. The total mass of such a vehicle is usually
significantly higher than the transported payload. The payload fraction describes
the ratio of the mass of the carried payload to the total mass of the vehicle and
reaches about 3 - 5 % for large multistage vehicles [28]. The Ariane 5 launcher is
capable of launching up to 20 metric tons to LEO with a payload fraction of about
2.5 % [29]. A higher payload fraction leads to less fuel that has to be carried in the
launcher and reduces the costs.
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The initial mass of the space flight vehicle can be reduced, if it is launched with
an initial velocity [30, 31, 32]. A hybrid launcher vehicle as proposed in [33] uses
an electromagnetic accelerator that is launched with an initial velocity of 509 m/s.
Later, chemical propellants further accelerate the payload until it reaches the desired
orbit. This enables a payload fraction of 5.5 %. However, the large acceleration values (≈ 105 m/s2 ) that occur during the electromagnetic launcher operation and the
size of the launcher system constrain the payload to small and robust devices. The
launching of micro-satellites is a realistic application for electromagnetic launchers
[34, 35]. For larger payloads (m & 5 kg), a large, highly efficient launch facility is
necessary and can be realized as suggested in [36].
Fusion Reactor Fuel Injection
Fusion reactors use the energy that is generated in the process of a fusion reaction of
two atomic nuclei. For this reaction a high energy state of the atoms is required and
can be maintained by a plasma. For the containment of the plasma, the magnetic
field in a tokamak can be used. For the refueling process of a nuclear fusion reactor
based on the tokamak concept, hydrogen pellets can be injected into the reactor
[37, 38]. The desired pellet velocity for this is in the order of 10 km/s [39]. The
acceleration of a hydrogen pellet to velocities above 4 km/s is described in [39].

1.3 Thesis Structure
The first chapter gives a brief review of the theory of the physical phenomena that are
necessary for the investigation of magnetic field augmented electromagnetic launchers. In the following chapter a brief history of electromagnetic launcher is presented
and the energy transfer from the power supply units to the launcher is described.
The magnetic field augmentation of electromagnetic launchers and the motivation
for its implementation is presented in chapter 4. Furthermore, this chapter contains
a summary of augmentation techniques that have been presented in the past, together with some of the experimental results. In the following chapter 5, the design
concept of the augmented electromagnetic launcher is introduced and the experimental setup and equipment used in this study are described. This includes the
simulation of the performance of the launcher, the mechanical and electrical design
optimization and a description of the data acquisition and power supply units.
In chapter 6, the experimental setup of the first stage of the augmented electromagnetic launcher is described, followed by results of the performed experiments.
The velocity of the projectile depends on the augmentation configuration and the
initial energy in the power supply units and allows an evaluation of the launcher
performance. Amongst other configurations, the first stage of the augmented electromagnetic launcher is used to implement an XRAM generator into the launcher. The
XRAM principle for a current multiplication is described as well as its implemen-
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tation into the experimental setup. The results of these experiments are presented
for different configurations of the system.
In the following chapter 7, the experiments with two augmented electromagnetic
launchers placed after each other are described. In these experiments, the projectile is launched in the first stage and injected into the second stage to be further
accelerated.
The last chapter summarizes the achievements with the augmented electromagnetic
launcher and points out its limits. The conclusion of the experimental results with
the augmented electromagnetic launcher is followed by an outlook for possible future
studies and suggests improvements for electromagnetic launcher systems.
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2 Theoretical Background
Magnetic fields play a key role in the acceleration of masses using electromagnetic
launchers. During the launching process in an electromagnetic launcher without
resistive losses, the electrical energy is transferred to magnetic energy, which is then
converted into kinetic energy in the form of a moving mass. To understand the
energy transfer mechanism in an electromagnetic launcher it is necessary to have an
understanding of the behavior of magnetic and electric fields and their interaction
with conducting materials. Therefore, a brief review of the important physical
concepts, which are relevant for an electromagnetic launching process, is given.

2.1 The Quasi-Stationary Magnetic Fields
The quasi-stationary magnetic field equations describe an approximation of the
Maxwell equations, which allow the calculation of the magnetic and electric fields,
when the derivation of the time varying electric field is neglected. Unlike the stationary equations, in which no time dependency is considered, the quasi-stationary
equations can give a good approximation of the time depending magnetic field distribution. The approximation is made if the influence of the time varying electric
field on the system can be neglected. This is the case in systems, where the energy stored in the magnetic field is significantly larger than the energy stored in
the electrical field. This is often the case in low frequency applications, where the
capacitive effects are small compared to inductive effects. In this case, the magnetic
field intensity H is calculated with
~ = ~j ,
∇×H

(2.1)

where ~j is the vector of the electric current density.
For an electromagnetic launcher, the quasi-stationary approximation is sufficiently
accurate for the calculation of magnetic field distributions and its influences on the
conducting material, such as eddy currents and magnetic field diffusion effects. The
timescale of an electromagnetic launching process usually is of the order of a few
milliseconds. Furthermore, the mainly inductive characteristic of an electromagnetic
launcher allows to neglect the time varying electric field, which contains only a very
small fraction of the total energy. However, this small fraction of electric energy
might be radiated in form of electromagnetic radiation and interfere with electronic
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devices in the vicinity of the electromagnetic launcher. The radiation of electromagnetic energy and the electromagnetic compatibility (EMC) in electromagnetic
launcher facilities have been investigated in [40] with the result that the electric
and magnetic field have such an intensity, that they can influence personnel and
electronic circuits in the vicinity of the launcher.

2.2 Law of Biot and Savart
The calculation of the magnetic flux density field, that is produced by an electric
current flow, is interesting for several applications and enables an evaluation of its
distribution. The law of Biot and Savart provides a simple tool for the calculation of
the magnetic field distribution. It does not allow the calculation of time dependent
magnetic field diffusion processes and the resulting current density distribution in
the current carrying conductor. However, it is a good tool for the estimation of
the magnetic field distribution, which occurs in electromagnetic devices, such as
electromagnetic launchers. With this approximation, the magnetic field in a current
carrying conductor can be calculated with [41]
~ r) = − µ
B(~
4π

ˆ ~ 0
j(~r ) × (~r − ~r 0 )
dV ,
| ~r − ~r 0 |3
V

(2.2)

where ~j(~r 0 ) is the vector of the current density in the conductor at the position
~r 0 , ~r is the position at which the magnetic flux density is calculated and µ is the
permeability of the material. The vectors for the magnetic flux density calculation
for a current carrying conductor is visualized in Fig. 2.1.
~j(~r 0 )
~r 0 − ~r
~ r)
B(~
~r 0

~r
z

y
x

Figure 2.1: Geometrical representation for the calculation of the magnetic flux
density for a current carrying wire using equation 2.2
Equation 2.2 is used to approximate the magnetic flux density in the electromagnetic
launcher and allows a verification of the simulated values.
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2.3 The Lorentz Force
The Lorentz force describes the force acting on an electric charge q in an electromagnetic field. Many daily life applications use the effect of the Lorentz force, such
as television sets with cathode ray tubes, electric motors or Hall-effect sensors. It
is also the driving force in an electromagnetic launcher. The Lorentz force can be
expressed as [42]
~ + ~v × B)
~ ,
F~ = q(E
(2.3)
~ is the vector of the electrical field strength, ~v is the vector of the velocity
where E
~ is the vector of the magnetic flux density.
of the charge q and B
~ to
In an electromagnetic launcher, the contribution of the electric field strength E,
the force can be neglected, so that equation 2.3 is simplified to
~.
F~ = q ~v × B

(2.4)

The force on a current carrying conductor in a magnetic field is the sum of the
Lorentz force on each moving charge in the conductor. Therefore, the force on a
wire, carrying the electric current i and placed in a magnetic field, can be expressed
as
ˆ
~,
F~ = i
d~l × B
(2.5)
where d~l is the differential vector, that defines the length and direction of the current
carrying conductor.
The Lorentz force is used to calculate the accelerating force on the armature in an
augmented electromagnetic launcher, which uses permanent magnets for a magnetic
field augmentation (see section 4.2). Furthermore, the equation is used to calculate
the electromotive voltage in an electromagnetic rail launcher that is induced due to
the interaction of the moving armature and the magnetic field in the launcher (see
section 9.7).

2.4 Magnetic Field Diffusion
With the magnetic field diffusion equation [43]
4H = σµ

∂H
,
∂t

(2.6)

the electric current density and magnetic field distribution in a conducting material
can be described, as a consequence of an applied time varying magnetic field. A
transient magnetic field, applied externally to a conducting material results in an
induced electric current density in it, known as eddy currents. The source of the
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time varying magnetic field can be a transient electric current in the conducting
material. In this case, the transient magnetic field influences the current density
distribution in the conductor and can have a significant influence on the resulting
resistance and therefore on the ohmic losses of the conductor.
The solutions for the magnetic field diffusion are derived from the Maxwell equations
[43]. The stationary solution, in which the time derivation of the displacement
current is neglected, allows to simplify the calculation of the magnetic diffusion.
A further simplification is the consideration of the magnetic field diffusion into
the half-space [42], in which the electrical and magnetic field only depend on one
dimension and the time. The dimension x represents the distance from the surface
into the conducting material (x < 0 ⇒ σ = 0 and x ≥ 0 ⇒ σ 6= 0). With these
assumptions, the diffusion process of a magnetic field that is applied to the surface
of the conducting material as a step function is calculated with [41]
√
x µσ
B(x, t) = B0 erf √ ,
2 t

(2.7)

where B0 is the applied magnetic flux density at the surface of the half-space approximation at x = 0 and t = 0, µ is the permeability, σ is the conductivity of the
material and t is the time of the magnetic field diffusion process. The application
of Ampere’s law, which is represented in equation 2.1, leads to the induced current
due to the change of the magnetic field in the conductor. The current density in the
half-space conductor can be written as [42]
B0 − x2 σ µ
j(x, t) =
e 4t
µ

r

σµ
.
πt

(2.8)

The equations above allow the calculation of the magnetic field and current density
diffusion into the half-space. Furthermore, they allow to approximate the magnetic
field and current density diffusion into other geometries than the half-space, if the
penetration depth of the magnetic field is small compared to the dimensions of the
conductor.
The magnetic flux density diffusion into a half-space made of copper as a response of
a suddenly applied magnetic flux density of 1 T to the surface of the half-space with
a conductivity of σ = 5.96 S/m, is shown in Fig. 2.2a. The magnetic flux diffusion
is visualized in the range from 2.5 µs to 250 µs. It shows that the magnetic flux
propagation into the material is increasing with each time step. After an infinite
time period, the magnetic flux density reaches the value of the applied magnetic flux
density B0 in the entire conductor. The resulting electric current density is shown in
Fig. 2.2b and displays a large electric current density at the surface of the half-space
in the first time step of 2.5 µs. The current density is decreasing with the distance
to the surface x and the time t. When the magnetic field is fully penetrated, the
electric current density decreases to zero.
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Figure 2.2: Visualization of the one dimensional magnetic field and current density
diffusion effect.

2.4.1 Penetration Depth, Proximity Effect and Velocity Skin
Effect
Penetration Depth
The equations above describe the magnetic field and current density distributions
in the conducting half-space material as a response to a suddenly applied magnetic
flux density B0 . The penetration depth defines the depth, at which the amplitude
of the magnetic flux density in a conducting material is reduced to 1/e ≈ 36 % of
the value at the surface of the conductor j(0, t) [42] and is calculated with
x

j(x, t) = j(0, t) e− δ = j(0, t) e−1 .

(2.9)

The penetration depth is expressed as
s

δ=

4t
,
σµ

(2.10)

where t is the duration of the magnetic field pulse and j(0, t) is the current density
at the surface of the conducting material. The skin-effect is especially interesting for
high frequency applications (f > 500 Hz) but is also relevant for power transmission
lines (f = 50 Hz). The faster an applied magnetic field pulse is, the more the
current density is concentrated to the surface of the conductor, resulting in an
increased resistance. This can cause local overheating and mechanical stresses due
to local thermal expansion. The equations 2.7, 2.8 and 2.10 are valid for the halfspace approximation. However, they can be used to understand the penetration of
the magnetic field and current density into conducting materials (e.g. rails of an
electromagnetic launcher). In this case, the dimensions of the conductors has to be
larger than the penetration depth (min. factor 2).
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The magnetic field diffusion effect can influence the resistive behavior of a pulsed
power system and needs to be considered for the design of an electrical system with
changing magnetic fields. In an electromagnetic launcher with a pulse duration of
typically several milliseconds, the magnetic field diffusion causes a current concentration, which reduces the effective current carrying cross section of the conducting
material.
Proximity Effect
In an electric conductor configuration with multiple current carrying conductors,
the magnetic field diffusion in each conductor is influenced by the presence of the
magnetic field, that is produced by the other conductors. This effect is called proximity effect. For the case of two parallel current carrying conductors with an electric
current in opposite directions, the electric current density will concentrate to the
side of the conductor, that is facing the other parallel conductor. An electric current
with identical flow direction in two parallel conductors causes a current concentration to the opposite side of the conductors. An electromagnetic launcher consists
of two parallel conducting rails with an electric current in opposite directions. This
results in a current concentration at the inner surfaces of the rails.
Velocity Skin Effect
The velocity skin effect is a result of the magnetic field diffusion and the penetration
depth as described above. The movement of the electrical contact in an electromagnetic launcher causes a movement of the magnetic field along the conductor. This
movement leads to an appearance of the magnetic field to a conductor area, where
no magnetic field has been applied before, so that the magnetic field and the corresponding current density need time to diffuse into the conductor. This, together with
the magnetic field produced by the electric current in the moving conductor, results
in a current concentration toward the rear part of the moving electrical contact. An
increased velocity of the electrical contact increases the current concentration to the
surface of the conductor [14], and hence, the resulting resistance. Fig. 2.3 visualizes
the current stream lines for a static simulation at the rail/armature interface. Due
to the symmetry of the system, only one half of the launcher and the armature is
shown. Fig. 2.3a shows the uniform current stream line distribution for a non moving
armature. In Fig. 2.3b, the armature is moving with a velocity of 10 m/s and causes
a current concentration at the rear contact point of the armature rail interface.
The magnetic field diffusion influences the current density distribution in an electromagnetic launcher and can limit their launching performance [44, 7] as well as
the lifetime of the conducting materials.
The analytical calculation of the magnetic field diffusion even for simplified geometries is a complex task. The calculation of the magnetic field diffusion processes in
non-ideal geometries can be performed with the help of numerical calculation tools
such as the finite element method (FEM) [45, 46, 10].
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Figure 2.3: Visualization of the current concentration caused by the velocity skin
effect in an electromagnetic launcher.

2.5 Magnetic Pressure
The magnetic field diffusion effect in fast, transient current pulse devices such as
pulsed power magnets or electromagnetic launchers does not allow an immediate
penetration of the magnetic field into a conducting material. As described in section 2.4, a fast changing magnetic field that is applied to a conducting material,
causes an induced electric current in it, which is producing a counteracting magnetic
field that prevents the applied magnetic field from penetrating into the conductor.
The induced electric current and the applied magnetic field results in a force on the
conductor. The magnetic pressure is build up inside the conducting material and
can be calculated by [42]
B2
,
(2.11)
pmag =
2µ
where B is the applied magnetic flux density and µ is the permeability of the conducting material.
The magnetic pressure allows to estimate the mechanical load on conducting materials in a fast changing magnetic field environment, such as pulsed power devices,
including high magnetic field coils and electromagnetic launchers.
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An electromagnetic launcher converts electrical energy into kinetic energy and has
several advantages compared to conventional mass propulsion systems (mechanical,
pneumatic, chemical propulsion, etc.) in terms of acceleration, velocity, payload
fraction and operation safety. They allow the rapid acceleration of masses in the
range of several grams to a few kilograms to velocities in the range of several m/s
to several km/s, using electrical energy. The operation of electromagnetic launchers
requires a large amount of electrical power, which makes the use of pulsed power
supply units necessary. In this chapter, electromagnetic launchers, their history and
the necessary power supply are presented.

3.1 Early Electromagnetic Launchers
The acceleration of an inert mass is an important task for many applications and has
a long history. The acceleration of an inert mass using electrical energy is almost as
old as the technical use of electricity itself. After the first attempts to control and
use electricity for technical applications, the conversion of electrical into mechanical
energy using electrical motors has been continuously developed and can nowadays be
performed in a very efficient way. However, sometimes it is required to accelerate a
mass in a very short time period to a high velocity. In these cases, an electromagnetic
launcher can be used. The first electromagnetic launcher has been mentioned in the
literature in the 19th century [47]. In the beginning of the 20th century, the physicist
Kristian Birkeland discovered, that iron pieces are sucked with large velocities into a
solenoid coil during his experiments with a “New Electric Current Breaker” [48]. He
used this discovery to develop an electromagnetic launcher, using coils to accelerate
masses [49]. At that time, the power supply of these launchers has constituted a
big problem and limited the performance of the setup. Birkeland has stopped his
activities after a failed public demonstration of his electromagnetic launcher in 1903.
In 1921, the French inventor André Fauchon-Villeplee has issued a patent for an
electromagnetic launcher [5]. One year later, he has issued a second patent with
an improved electromagnetic launcher design [50]. Since then, multiple nations are
working with increasing effort on the development of electromagnetic launchers. The
development of energy storage units with high energy density and semiconductor
technologies increase the feasibility of electromagnetic launcher systems, so that
the technology is considered for the development and implementation for future
applications.
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3.2 Principle of Electromagnetic Launchers
Several possibilities to use electrical energy for the acceleration of masses are available. Except for the electro-thermal launcher, most of them are based on the Lorentz
force. The electrical motor is the most common application of the Lorentz force and
their mature designs ensure high energy efficiencies in the range of 90 % and more
[51]. However, some applications require a very fast acceleration of masses, where
the common electric engines and the power supply systems reach their limits. To
solve the challenging tasks emerging in the acceleration of masses with electrical
energy beyond the limits of common electric engines, pulsed power driven electromagnetic launchers are used. The main electromagnetic launch principles are the
coil launchers and the rail launchers. Unlike the electromagnetic rail launcher, coil
launchers do not have an immediate electrical contact to the armature and can be
used to accelerate masses to moderate velocities as it is shown in [52]. However,
coil launcher are not suitable to launch masses to high velocities (> 1000 m/s).
Therefore, this work focuses on electromagnetic rail launcher.

3.2.1 Energy Efficiency of Electromagnetic Launcher Systems
The energy efficiency of an electromagnetic launcher system describes the ratio of
the initially stored energy in the pulsed power supply unit to the kinetic energy of
the projectile. It allows the evaluation and comparison of electromagnetic launcher
systems and their energy conversion capabilities. With the assumption, that all
the electrical energy in the system is consumed at the end of the launching process
(no remaining electric current at the projectile exit time) and the projectile exits
the muzzle of the launcher with the velocity of vmuzzle , the energy efficiency of an
electromagnetic launcher system can be expressed with [53, 54]
η=

Ekin
=
Ein

1
4R

L0 vmuzzle

+1

.

(3.1)

In this equation, Ekin is the kinetic energy of the projectile at the end of the launching
process and Ein is the initially stored energy in the power supply unit. R is the
total resistance of the launcher system, including all resistive components such as
the switching element, cables and rail resistance (see electric diagram in Fig. 3.4).
From equation 3.1, it can be seen that the energy efficiency of the electromagnetic
launcher systems can be maximized, if the resistance R is as small as possible and
if the inductance gradient L0 and the end-velocity vmuzzle are as high as possible.
A high end-velocity can be achieved by a long acceleration length and an optimized
structural geometry, which increases the effective inductance gradient. Unfortunately, a long launcher length causes an increased system resistance, due to the
prolonged rails in the launcher. The structural constrains of the launcher containment limit the maximum applied magnetic pressure, and hence, the electric current
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that is causing it. Furthermore, the electric current carrying capabilities of the
armature have to be taken into account.

3.2.2 Electromagnetic Launcher Configurations
The electromagnetic launcher schematic shown in Fig. 1.1 is the most basic configuration. Other setups are possible and can improve the performance of the launcher.
The distributed energy supply (DES) launcher for example, is an electromagnetic
launcher with two or more power feed connections, which allow an energy supply
at several points along the rails [55, 56]. In the conventional configuration with one
power feed connection, the rail resistance from the breech to the armature causes
losses, which increase with the movement of the armature along the rails. In the
DES configuration, the energy losses in the rail resistance can be minimized by injecting the electric current to the position of the projectiles into the launcher [57].
Each power supply is triggered successively when the armature passes the injection
points of the power supply units. This reduces the distance in between the active
power feed and the armature, with the consequence of a reduced rail resistance. The
reduction of the rail resistance depends on the amount and distance of the power
injection points. A schematic of a DES launcher is shown in Fig. 3.1.
Power supply connection

Rails

Armature

Figure 3.1: Schematic of a distributed energy supply launcher setup
In a segmented electromagnetic launcher, the rails are divided into several independent sub launchers. This configuration allows an independent operation of each segment and can be used to launch multiple projectiles after each other [58]. However,
this configuration requires a current pulse adjustment so that the electric current
of the previous segment does not disturb the operation of the following segment.
A schematic of a segmented launcher is shown in Fig. 3.2. A similar configuration
has been used to investigate the high current switching capabilities of the armature injected into the next segment [3]. The geometric setup of the segments can
vary. As described in [59], a hexagonal orientation of the rail segments has been
used to accelerate a projectile with three independent armatures. Fig. 3.2 shows
the schematic of a hexagonal orientated electromagnetic launcher with three pairs
of rails.
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Power supply connection

Rails

Armature

Figure 3.2: Schematic of a segmented launcher setup

Rails

Figure 3.3: Schematic of an electromagnetic launcher with three pairs of rails with
hexagonal orientation
The magnetic field augmentation is another technique to improve the performance
of the launcher. Further explanations about the magnetic field augmentation are
presented in chapter 4.

3.2.3 Electric Diagram of an Electromagnetic Launcher System
A simplified electric diagram can be used to calculate the electric current in an
electromagnetic launcher system. The system includes the pulsed power supply
unit, the cables and the electromagnetic launcher itself. In Fig. 3.4, the simplified
electric diagram is shown. C1 represents the capacity of the capacitor bank and S1
represents the switch, which is used to trigger the discharge of the capacitor bank. R0
represents the resistance of the energy supply including the resistance of the switch
for the time period of the capacitor discharge, until the crowbar diode is active. The
crowbar diode is represented by the diode D, which ensures that the capacitor bank
is not charged with a negative voltage due to the reverse voltage of the inductance
of the system. L1 and R1 represent the inductance and the resistance of the pulse
forming unit including the values of the pulse forming inductance. The inductor LC
and the resistor RC represent the cables that connect the pulsed power supply unit
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Pulse Forming Unit
R0
S1
C1

L1

R1

Cable

EML

LC RC

ir
D

L0 x
R0 x

Figure 3.4: Electrical diagram of an electromagnetic launcher system
and the electromagnetic launcher (EML). The launcher itself is represented by the
variable inductor L0 x and the variable resistor R0 x.

3.3 Pulsed Power Supply Systems
The energy supply for an electromagnetic launcher requires the use of pulsed power
units [60]. The electric current that is necessary to operate an electromagnetic
launcher causes electrical, thermal and mechanical stresses on the components of the
system. The ideal pulse shape is a DC current pulse for the duration of the launching
process (see appendix, section 9.6). However, the realization of a DC current pulse
is rather complicated. Therefore, pulsed power systems often work with a sloping
current pulse. The operation of such a system always follows the same procedure.
The first step is to charge an energy storage device with low power (≈ 2 kW for
the system used in this study) to a certain energy level over a relatively long time
period (≈ 30 − 60 s for the system used in this study). In the second step, the stored
energy is released to a load in a relatively short time period (≈ 10 ms for the system
used in this study) with high power (MW range). In a system without losses, the
input energy is equal to the output energy, but the power of the released pulse is
significantly higher than the input power. The procedure is visualized in Fig. 3.5 for
a capacitively driven pulsed power system. The pulsed power supply together with
the load (e.g. the electromagnetic launcher) and a charging unit form the pulsed
power system. In the following, several pulsed power supply configurations with
different primary energy storage technologies are introduced.
Pulsed Power Supply using Capacitors
Capacitor based pulsed power systems are a common pulsed power supply configuration. The charging of the high energy capacitors to the desired initial energy is
uncomplicated, since the losses of the capacitor voltage during the charging process
can be neglected. This allows a slow charging procedure without high power. When
the capacitor is charged to the desired initial energy level, the energy is released
into the load. Spark gap based switches are still in use as closing switches in pulsed
power systems but are being replaced more and more by high power semiconductor
switches [61].
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Figure 3.5: Visualization of the current profile in a pulsed power system using
capacitors
Pulsed Power Supply using Inductors
Inductor based energy storage devices store the energy in the magnetic field inside
the coil. Inductive energy storage elements are mainly used for short term storage of
electrical energy [62]. The electric current causes resistive losses in the coil material,
which successively reduces the energy content of the inductor. This is not the case
in superconducting materials. The technical effort for the cryogenic system and
thermal management is complicated [63]. However, inductive energy storage unit
with superconducting coils have a large potential for future pulsed power energy
supply units.
Battery Powered Pulsed Power Supply
Recent developments of high capacity batteries such as Lithium-Ion batteries are
capable of providing electrical energy with high power and can be used as a primary
source of energy in pulsed power supply units [64]. Together with inductive energy
storage devices, battery driven pulsed power supply units can supply sufficiently
high electric currents to operate an electromagnetic launcher and offer very good
energy per volume ratios [62, 65].

3.4 Energy Transfer in Electromagnetic Launcher
Systems
As mentioned before, capacitor based pulsed power supply units are common energy supply solutions for pulsed power devices, including electromagnetic launchers.
However, most pulsed power supply systems use inductors as an intermediate energy
storage. The inductors are used to adjust the shape of the electrical pulse.
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Figure 3.6: Energy dissipation in the components of an electromagnetic launcher
system
The following description of the pulsed power system operation is based on the electrical diagram as shown in Fig. 3.4. The values of the electrical components, that are
used for the calculation of the electric current pulse and the energy dissipation in the
electromagnetic launcher (see section 5.2.1) are shown in table 3.1 and correspond
to the values of the experimental setup.
Table 3.1: Values of the component used for the energy dissipation calculation
Initial Voltage

Capacity

Inductance

Resistance

U0

C1

L1 + LC

L0

R0

R1 + RC

9 kV

3,08 mF

5,1 µH

0,45 µH
m

8,5 mΩ

1,45 mΩ

R0
0,1

mΩ
m

The energy dissipation in the components of the system are illustrated in Fig. 3.6a
and Fig. 3.6b. The trigger event starts the electric current pulse by closing the
switch S1 , which releases the stored energy from the capacitors into the inductors of
the system. The discharge of the capacitor bank occurs in the first 210 µs after the
trigger event. The electric current and thus, the inductive energy reach their peak
values shortly before the crowbar diode changes to its conducting state (indicated
as dashed line in Fig. 3.6b). When the capacitor is fully discharged, the inductors
of the system cause a voltage reversal so that the crowbar diode D changes to
the conducting state (see dashed line in Fig. 3.6b). This prevents a recharging of
the capacitor with a negative voltage1 . Until this moment due to the relatively
high resistance of the switching element, over 30 % of the initially stored energy
dissipates into the resistance of the system. After the crowbar diode is active, the
system can be considered as an inductively operated pulsed power system. The
major part of the energy is stored in form of magnetic energy in the pulse forming
inductor of the pulsed power system and the inductance of the cables. At this time,
1

Typically the capacitors used in pulsed power supply units are only capable to handle a specific
negative voltage (Data-sheet of the capacitor).
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the armature has not yet moved far along the rails, so that the resulting inductance
of the electromagnetic launcher is still relatively low compared to the inductance
of the launcher when the armature is close to the muzzle of the launcher. During
the remaining current pulse, the electric current in the inductors decays, while the
projectile in the electromagnetic launcher is accelerated. A large part (≈ 99 %) of
the electrical energy in the inductor is dissipated into the resistance of the pulsed
power system, including the cables, the crowbar diode and the launcher. At about
5.4 ms, the armature leaves the launcher and interrupts the electrical connection in
between the rails. The remaining electrical energy in the system is consumed in a
plasma arc at the muzzle of the launcher. This so called muzzle arc has a higher
resistance than a solid armature (factor ≈ 1000) and causes a faster decay of the
electric current (τ ≈ factor 5).
The power supply system used in this study can be considered as an inductive
energy transfer system, since the primary inductance (Lpri = L1 + LC ) supplies the
secondary inductance (Lsec = L0 x). The capacitor C1 supplies the inductance of the
system in a short time period (200 ms). The efficiency of the energy transfer in an
inductive system is influenced by the inductance ratio [53]
β=

Lsec
.
Lpri

(3.2)

This induction ratio should be in the range of β ≈ 1 in order to achieve an efficient energy transfer. This can be maintained by an increased launcher length x.
However, a long electromagnetic launcher leads to increased resistive loses. When
the armature is at the muzzle of the launcher the inductance ratio is 6 % using the
values of table 3.1.
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The magnetic field augmentation is the support of the magnetic field inside an electromagnetic launcher by an external magnetic field source. This can have advantages
in terms of energy efficiency, reduced electric current amplitude and therefore, increased lifetime of the rails and the armature. In this chapter, the different reasons
for the magnetic field augmentation are introduced, the different techniques for a
magnetic field augmentation are detailed and the specific augmentation technology
used in this study is described.

4.1 Why to Use Magnetic Field Augmentation
As described in section 1.1, the electric current in the rails and armature of an electromagnetic launcher can reach amplitudes of several mega amperes. The armature
in between the rails has to carry this large electric current during the acceleration
process and maintain a good contact, while sliding along the rails. The resistance
of the conductor causes an energy dissipation into the rails and armature, which
increases the temperature of the material.
The resistance of a solid armature and the contact resistance to the rails are usually
relatively small (µΩ range) and depend on the caliber of the launcher, the geometry
of the armature and the rails, and their materials. However, due to the large electric
current, the energy dissipation in the armature cannot be neglected. The resistive
energy dissipation results in a temperature increase of the armature, which in turn
increases the resistance of the conducting material, especially at the contact area. If
the temperature of the armature reaches the melting point of the armature material,
the solid to solid contact interface can no longer be maintained. The temperature
increase of the armature can be calculated by comparing the energy dissipation in
the armature resistance and its heat quantity, as it is demonstrated in the appendix,
section 9.1. With a given material and current pulse profile, the minimum mass of
the armature, that is required to avoid melting, can be calculated.
The temperature of the armature increases additionally by the friction between the
armature and rails. Once the solid electrical contact is disturbed, a transition from
a solid contact to a plasma contact between the armature and the rails occurs. The
temperature of the plasma, further increases the thermal load at the surface of the
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rails and armature and causes damages to the armature and the rail surfaces. The
abrasive wear that is caused by the friction can damage the surfaces additionally.
(Further information about contact transition can be found in section 5.5.3.) These
mechanisms limit the current carrying capabilities of the sliding armature and the
rails (specific action to melt (SAM)). However, it is desired to decrease the mass of
the armature in order to increase the ratio between the payload and the total mass
of the projectile. A smaller armature mass further decreases the current carrying
capabilities of the armature. With the specific action to melt value, the temperature
increase of a material can be determined with a given action integral of the current
pulse [7]. This value can be used to estimate the current carrying capabilities of a
material with an inhomogeneous current density distribution.
Due to the movement of the projectile, the temperature increase in the rail material
is usually not critical. Since the projectile is moving along the rails, the armature
progresses to an area of cold rail material throughout the launching process. However, at the start of the launching process, when the projectile is not moving, the
large electric current can cause local overheating of the rail and armature interface
and damage them [66, 17]. Fig. 4.1 shows the wear marks of two copper rails after
31 experiments with the electromagnetic launcher used in this study, operated with
electric current pulses with peak currents in the range of 112 − 188 kA. For exper-

Figure 4.1: Photograph of the first 25 cm (from breech) of the rails with wear
marks after 31 experiments
iments with such moderate current pulse amplitudes, the life time of the rails can
reach up to 100 launches.
The force on the armature in electromagnetic launchers is proportional to the current inside the armature and the magnetic field in the launchers as described in
equation 1.1. The magnetic field in the launcher has not necessarily to be produced
by the electric current in the rails and armature alone. It can be augmented by
an external magnetic field. Hence, the force can be increased without increasing
the electric current in the launcher by applying an external magnetic field in between the rails. This applied magnetic field superimposes with the magnetic field
produced by the electric current in the rails and increases the accelerating force. A
reduced electric current in the armature has a large effect on the dissipated energy
in the armature, since the power losses are proportional to the square of the electric
current.
An electromagnetic launcher with an additional magnetic field source is known as a
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magnetic field augmented electromagnetic launcher or augmented electromagnetic
launcher. Besides an increased acceleration force, without increased electric current,
the augmented electromagnetic launchers can have other advantages. These can be
an increased energy efficiency and a shorter accelerator length, compared to the
non-augmented electromagnetic launchers. The augmented electromagnetic launchers are introduced in this chapter, together with an overview of possible magnetic
field augmentation techniques. As a conclusion of this chapter, the augmentation
technique investigated in this study, is introduced in section 4.7.

4.2 Accelerating Force in Permanent Magnet
Augmented Electromagnetic Launchers
The technical requirements for a successful magnetic field augmentation in an electromagnetic launcher are rather challenging. The most obvious way to add a magnetic field to the launcher is to place permanent magnets in the vicinity of the
electromagnetic launcher. An additional magnetic field results in an increased force
on the armature. The force on the current carrying armature in an external magnetic
field B can be expressed with
ˆ
~ dv → Fx = i B dcal ,
F~ =
(~j × B)
(4.1)
~ is the vector of the magnetic flux
where ~j is the vector of the current density, B
density and dcal is the caliber of the electromagnetic launcher. When the magnetic
flux density of a permanent magnet Bmag is perpendicular to the electric current in
the armature i, the total force on the armature in a permanent magnet augmented
electromagnetic launcher can be expressed by [67]
1
Fx = L0 i2 + i Bmag dcal .
2

(4.2)

A schematic view of an augmented electromagnetic launcher using a permanent
magnet in the vicinity of the launcher is shown in Fig. 4.2.
The magnetic field of the permanent magnet enables the acceleration with lower
electric currents (depending on the strength of the additional magnetic field Bmag )
[67], since an initial magnetic field is provided by the permanent magnet. However, the magnetic field produced by the electric current in the rails and armature
should not exceed the magnetic flux density of the permanent magnet. Otherwise,
the magnetic field of the permanent magnet has no effect on the accelerating force.
Furthermore, the magnetic flux density that is provided by a permanent magnet at
room temperature can reach 1.3 T [68]. The external magnetic field for the augmentation can be provided by placing a permanent magnet close to the barrel or by
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Figure 4.2: Schematic of a magnetic field augmentation using a permanent magnet

leading the magnetic field with a magnetic circuit to the electromagnetic launcher
[67, 69]. As described in [70], a permanent magnet has produced a “[...] constant
and uniform magnetic field of 0.53 T [...]” inside the barrel of the electromagnetic
launcher. This configuration has enabled the acceleration of a 30 mg plasma armature projectile to a velocity of 3.3 km/s. The magnetic flux density in a medium
sized electromagnetic launcher can reach up to 20 T [46]. This means that the high
magnetic flux density, which is necessary for the acceleration of heavy projectiles to
large velocities, can not be provided by permanent magnets.

4.3 Accelerating Force in Augmented
Electromagnetic Launchers with Additional
Conductors
The limited magnetic flux density of permanent magnets restricts the augmentation
of the magnetic field in an electromagnetic launcher. To overcome this limit, additional current carrying conductors in the vicinity of the rails can be used. The
magnetic field produced by an electric current in a conductor is limited by its current
carrying capabilities and its mechanical setup. Therefore, it is possible to produce
a large magnetic field, which can support the launching process (≈ 5 − 10 T). Additional conductors can, for example, be placed parallel to the main rails of an
electromagnetic launcher as indicated in Fig. 4.3. In this schematic, the augmenting
conductors are supplied by a separated power supply. Such an augmented launcher
has first been suggested in [5] and experimentally investigated in [71].
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Figure 4.3: Schematic of a magnetic field augmentation using an additional set of
conductors

The magnetic coupling between the electromagnetic launcher and the additional
conductors allows the calculation of the force on the armature in an augmented
electromagnetic launcher. The progressive movement of the armature increases the
area in between the rails behind the armature. This increases the magnetic coupling
between the launcher and the augmenting conductors. The increased coupling can
be expressed with a mutual inductance between the augmenting conductor loop and
the launcher loop (M 0 x), that depends on the position of the armature. Similar
to the force on the armature in a non-augmented electromagnetic launcher, the
force in an augmented launcher can be derived from the magnetic energy inside
the launcher with the additional mutual inductance from the augmenting conductor
loop (see appendix, section 9.2). It can be calculated with
1
Fx = L0 i2r + M 0 ir ia ,
2

(4.3)

where ir and ia are the electric currents in the rails of the launcher and the augmentation conductors, respectively. M 0 is the mutual inductance gradient between the
augmenting conductor loop and the launcher.
If the augmenting conductor loop is connected in series to the launcher, the electric
current in the launcher ir is equal to ia . In this case, the force on the armature can
be expressed as [53]
1
1
1
Fx = L0 i2r + M 0 i2r = (L0 + 2M 0 )i2r = L0ef f i2r ,
2
2
2

(4.4)

31

Chapter 4

Augmented Electromagnetic Launchers

where L0ef f is the effective inductance gradient of the augmented electromagnetic
launcher.

4.4 Augmented Electromagnetic Launchers
Investigated in the Past
In the following, a brief overview of different magnetic field augmentation techniques
is presented. Additionally, examples of experimental investigations with the different
augmentation techniques as found in the literature, are presented.
Series augmented electromagnetic launcher
In the series augmented configuration the augmenting rails are connected in series
to the main rails as shown in Fig. 4.4. This configuration is the most common augmentation technique and has been applied in numerous experiments [53, 25, 72, 73].
The augmentation can be realized with one or more augmentation rail pairs. The
main advantage of this configuration is the integration of the inductance into the
launcher. This increases the effective inductance gradient of the launcher and hence,
its performance. Furthermore, no additional power supply is necessary for the augmentation. However, the augmentation of the magnetic field increases the magnetic
pressure in the launcher, so that the structure has to withstand significantly larger
mechanical forces during the launching process than in a non-augmented launcher.
This requires a strong mechanical housing and conductor design. According to [74]
a 154 g heavy projectile has been accelerated to 1900 m/s using a compulsator with
a rotor speed of 8264 rpm. The electric current pulse in the launcher has reached a
peak value of 660 kA.

Figure 4.4: Series augmented electromagnetic launcher configuration

Parallel augmented electromagnetic launcher
The parallel augmented configuration can be realized similarly to the series augmentation setup (described above), with the difference, that the augmenting rails
are not electrically connected to the main rails. They are placed in parallel to the
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main rails. This configuration is illustrated in Fig. 4.5. It enables the control of the
current in the augmentation rails and in the main rails separately. In [39], a parallel
augmented electromagnetic launcher has been used to accelerate a hydrogen pellet
with a mass of about 4 mg to 2.11 km/s using an electric current of 9.2 kA and 28 kA
in the main rails and the augmentation rails, respectively. For the individual power
supply of the launcher and the augmentation rails, two pulsed power modules are
required. This represents a larger installation effort.

Figure 4.5: Parallel augmented electromagnetic launcher configuration

Partly or segmented parallel augmented electromagnetic launcher
The partly augmented electromagnetic accelerator configuration can be used to augment only specific parts of an electromagnetic accelerator, for example at the beginning of the launch process. This can help to reduce the electric current in the
armature at the beginning of the launching process, in order to ensure a proper
electric contact between the rails and the armature for the entire acceleration. In
Fig. 4.6, a segmented parallel augmented configuration is shown. For this configuration multiple power supply modules are necessary, in order to realize different
trigger times of the augmentation segments. A model of an electromagnetic accelerator, which has been augmented in this way, is presented in [75]. This configuration
requires a more complex mechanical setup, compared to the parallel or series augmentation setup. Separate power supply connections have to be implemented into
the launcher.

Figure 4.6: Segmented parallel augmented electromagnetic launcher configuration
with two augmentation segments
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Multiple turn augmented electromagnetic launcher
The multiple turn augmented electromagnetic launcher comes with the advantage
of an increased effective inductance gradient (depending of the amount of turns). In
[76] a two turn augmented electromagnetic launcher has shown an increase of the
effective inductance gradient by a factor of approximately 4, allowing a current peak
reduction by a factor of over 2 to achieve a similar muzzle velocity of the projectile.
Unlike the non-augmented electromagnetic launcher, which can be understood as a
“one turn” electromagnetic launcher, the current passes two or more times through
the armature of the multiple turn accelerator. This is achieved by two or more rails
on each side of the barrel, which are connected in series with each other, as it is
shown in Fig. 4.7. In several publications [77, 78, 79] this augmentation configuration

Figure 4.7: Two turn electromagnetic accelerator
has been investigated, reporting higher energy efficiencies, compared to the simple
electromagnetic launcher. Using a five turn electromagnetic launcher, Poltanov has
accelerated a 800 g heavy projectile to a velocity of 1240 m/s [80].
Muzzle fed electromagnetic launcher
The muzzle fed electromagnetic launcher can help to avoid a high current density
in the rear part of the armature that occurs due to the velocity skin effect. In
this augmentation configuration, the electric current is supplied to the augmentation conductors at the breech of the launcher. At the muzzle of the launcher, the
augmentation coils are connected to the rails, as illustrated in Fig. 4.8.

Figure 4.8: Muzzle fed augmented electromagnetic accelerator
Thus, the launcher current is supplied at the muzzle [81]. The magnetic field, which
is necessary for the electrical propulsion of the armature, is generated by the augmentation rails, in between the breech and the armature. In the area in between the
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armature and the muzzle of the launcher, the magnetic field produced by the electric current in the augmentation conductor and the launcher counteract each other.
This results in a low magnetic flux density in this area. This kind of electromagnetic
launcher, has been compared with a simple electromagnetic accelerator in [82, 71].
Masses of about 1 g have been accelerated up to 2467 m/s using the simple and
up to 1470 m/s using the muzzle fed electromagnetic launcher with similar initially
stored energy. This comparison shows that the single turn augmented muzzle fed
electromagnetic accelerator is not an alternative for efficient mass acceleration. In
[83] the comparison of a series augmented and muzzle fed augmented electromagnetic accelerator is presented, resulting in a poorer performance of the muzzle fed
augmented accelerator. The increased distance of the augmentation conductor to
the armature reduces the magnetic field according to equation 2.2. Furthermore,
the resistance of the muzzle fed launcher is larger due to the increased current path
length compared to the non-augmented launcher configuration.
Augmentation using superconducting materials
The use of superconducting materials can dramatically reduce the resistive losses
in the augmentation conductors. The cooling of the superconducting material requires an elaborated thermal management system. Especially under consideration
of the mechanical force acting on the superconductor during the acceleration of
the armature. Furthermore, the material specific critical electromagnetic field of
the superconductor can not be exceeded and limits the usage of superconducting
materials. However, it might be possible to use superconducting materials for the
augmentation of electromagnetic accelerators as suggested in [84] and [85].
Coil augmentation
In the coil augmentation, several coils are providing an additional magnetic field for
the acceleration process. These coils can either be supplied by a separated power
supply or can be connected to the main rails. The advantage of an externally
supplied electromagnetic coil is that a high electromagnetic field can be generated
independently of the launcher current. This additional electromagnetic field can
be produced by one or more external coils [86]. An electromagnetic launcher with
several augmenting coils is illustrated in Fig. 4.9.
XRAM electromagnetic launcher
The XRAM electromagnetic launcher uses the inductive version of the MARX generator. An XRAM generator uses two or more inductors, which are charged to a
certain electric current, while connected in series to each other. For the discharge,
the inductors are connected in parallel to each other. This results in a current summation of the electric currents of each inductor. Thus, the current amplitude in the
launcher can be multiplied by the amount of XRAM stages. In an XRAM electromagnetic launcher, the XRAM inductors are integrated into the launcher. Therefore,
the magnetic field in the launcher can be supported and a current summation can
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Figure 4.9: Coil augmented electromagnetic accelerator
be realized. A larger current results in a larger electromagnetic acceleration. According to [71, 53] an electromagnetic launcher using the XRAM configuration, has
accelerated a 7.3 g heavy projectile to a velocity of 500 m/s with an electric current of 25 kA. Further information about the XRAM electromagnetic launcher are
presented in section 6.6.1.
Transformer electromagnetic launcher
The transformer electromagnetic launcher consists of coils that are inductively coupled to a rail launcher that is short-circuited at the muzzle [71]. The rails of the
launcher do not require a separate current injection. The current in the launcher
and the conducting armature is induced by the coils next to the launcher. For
this, a transient current pulse has to be applied to the coils. The induced current
in the launcher can be larger than the applied current in the coils (depending on
the amount for windings of the coils and the resulting magnetic coupling to the
launcher). An illustration of a transformer electromagnetic launcher is shown in
Fig. 4.10.

Figure 4.10: Transformer electromagnetic accelerator
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4.5 Electric Diagram of an Augmented
Electromagnetic Launcher System
The electric diagram of an augmented electromagnetic launcher, with an augmentation inductor connected in series to the launcher is shown in Fig. 4.11. It is fairly
similar to the electric diagram of the non-augmented configuration, shown in Fig. 3.4.
The differences are the inductor La and the resistor Ra of the augmenting inducPulse Forming Units
R

L1

R1
ir

S1
C1

Cable

Launcher

LC RC
R0 x
L0 x

D

La

M 0x

Ra
Figure 4.11: Electric diagram of an augmented electromagnetic launcher system
tor and the mutual inductance M 0 x, coupling the inductance of the launcher and
the inductance of the augmenting coil. The additional inductance in the system
influences the amplitude and shape of the electric current pulse. The trigger event
closes the switch S1 and initiates the discharge of the capacitor C1 into the total
inductance of the system. The total inductance is the sum of the inductances of the
pulse forming unit L1 , the cable LC , the launcher L0 x, the augmentation coil La
and the mutual inductance M 0 x. When the current pulse reaches its maximum, the
crowbar diode D activates in order to prevent a recharging of the capacitor with a
negative voltage.

4.6 Energy Efficiency and Transfer in Augmented
Electromagnetic Launcher Systems
In an augmented electromagnetic launcher, the augmentation coils and the launcher
are inductively coupled to each other. This magnetic coupling results in an increased
effective inductance gradient of the launcher system. According to equation 3.1, a
larger inductance gradient leads to a higher efficiency of the system. However, a
larger system resistance decreases the energy efficiency. An increased inductance
generally results in an increased resistance. Thus, the increase of the effective inductance gradient should be larger than the increase of the resistance. The coupling
between the conductors of the electromagnetic launcher and the augmenting conductors can be expressed with the coupling coefficient k. The coupling coefficient
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can vary between 0 (no coupling between the inductors) and 1 (perfect coupling
between the inductors) and can be expressed with [87]
M12
k=√
,
L1 L2

(4.5)

where M12 is the mutual inductance between the inductors L1 and L2 . In case of
the augmented electromagnetic launcher, the magnetic coupling occurs between the
augmenting inductor and the variable inductor of the launcher L0 x. Hence, we can
express the mutual inductance between the augmentation inductor and the launcher
as
s
La
0
x L0 x ,
(4.6)
M =Mx≈k
l
where x is the position of the projectile during the launch, l is the total length of the
launcher and k is the corresponding magnetic coupling between the augmentation
coil and the launcher. L0 is the inductance gradient of the launcher and La is the
inductance of the augmenting inductor.
The total inductance of two magnetically coupled inductors connected in series to
each other can be expressed with
L = L1 + L2 + M 12 + M 21 = L1 + L2 + 2 M 12 ,

(4.7)

in the case of equal mutual inductance M12 = M 21 [88].
The effective inductance gradient of an augmented electromagnetic launcher can be
expressed as
L0ef f = L0 + 2M 0 .
(4.8)
Using the effective inductance gradient and equation 3.1, we can approximate the
energy efficiency of an augmented electromagnetic launcher with
η=

Ekin
=
Ein

1
4R
L0ef f vmuzzle

+1

.

(4.9)

The effective inductance gradient L0ef f has to be as large as possible in order to
achieve a large energy efficiency of the augmented launching process. For that, the
magnetic coupling of the augmenting inductor and the launcher inductor have to be
as good as possible. Furthermore, the resistance of the system has to be kept as low
as possible to reduce resistive losses.
The energy transfer in an augmented electromagnetic launcher is carried out similar
to the energy transfer in a non-augmented electromagnetic launcher. The most
significant difference is, that an inductive energy storage system is magnetically
coupled to the inductance of the launcher. This increases the induction ratio [53]
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β=

Lsec
,
Lpri

(4.10)

with Lpri = L1 + LC and Lsec = L0ef f x. Therefore, the energy transfer of the
coupled inductor can occur with a larger efficiency than in the not coupled inductors.
Consequently, the inductor in the system, that is used to shape the current pulse
should be coupled with the inductance of the launcher. Furthermore, the inductor
should have a resistance that is as low as possible.

4.7 Augmentation Technique under Investigation in
this Study
The large number of different augmentation techniques show the possibilities of magnetic field augmentation. However, the use of augmented electromagnetic launchers
is not often applied to new research launchers. Even though augmented launchers
have shown their capabilities to improve the launching process in various experiments. One reason for this might be, that an augmented electromagnetic launcher
requires a more complex mechanical setup than a simple electromagnetic launcher.
Furthermore, the additional magnetic field in an augmented electromagnetic launcher
does not only increase the force on the armature, but also the repelling force of the
rails and the augmenting conductors.
The most promising configuration for an improved launching process is the coil
augmented launcher. The coils allow the generation of a magnetic field that can
be twice as larger as the magnetic field produced by the electric current in the
rails to support the acceleration process (see section 5.2.3). Multiple coils along the
launcher enable a magnetic field augmentation in the area, at which the armature is
present. The combination of multiple stages and energy efficient augmented launcher
techniques allow an energy efficient launching process for a medium velocity range
(v < 800 m/s).
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Electromagnetic launchers have to withstand mechanical, electrical and thermal
stresses during the acceleration of a projectile. The components used for an experimental setup are made out of materials, which resist the harsh conditions during
the experiments. Most components are individual pieces, which require individual
processing and special tools to be machined. Thus, many parts of an experimental
launcher are rather expensive and require a time-consuming manufacturing process.
To ensure the proper operation of the setup, it is necessary to simulate the performance and to predict the behavior of the experimental setup. The main parameters
for a performance evaluation are the electric current, the resulting magnetic field
and the thermal and mechanical load during the experiments.

5.1 Conceptual Design of the Experimental Setup
The experimental setup is required to allow various experiments with different magnetic field augmentation coil configurations. Thus, it is necessary to realize a modular setup of the augmentation coils. Additionally, the exchange of the rails should
be possible without large effort. Further requirements are:
1. A distributed energy supply configuration of the electromagnetic launcher, in
order to reduce the resistive losses in the launcher (see section 3.2.2).
2. The use of copper brush fiber armatures, which have shown good results in
numerous experiments at ISL [89].
Before the calculations are performed, the necessary boundary conditions and requirements for the experimental setup are defined. The size of the launcher and the
mass of the projectile are partly orientated on previous experimental setups at ISL.
Furthermore, the experimental facilities and the resources of the electromagnetic
launcher group (power supply units and data acquisition devices) are considered for
the experimental setup. An experimental setup with reduced size might reduce the
effort of the investigations. However, it is not guaranteed that the results of such
an experimental setup can be scaled up to larger facilities, especially in terms of
mechanical properties, current carrying capabilities and projectile velocities. With
respect to these aspects, the following boundary conditions for the experimental
setup are established and are shown in Table 5.1.
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Table 5.1: Boundary conditions of the experimental augmented electromagnetic
launcher
Projectile mass
Muzzle velocity
Caliber
Augmenting stages
Barrel length

70 g - 100 g
600 m/s - 1000 m/s
1.5 - 3 cm
2-4
1500mm - 2500 mm

As a first approach, the launcher consists of two stages with individual power supply
connectors. Each stage contains two augmentation coils, which can be connected
in parallel or in series to each other. The augmenting coils are placed as close as
possible to the rails of the launcher to maximize the magnetic field augmentation in
between the rails and to ensure proper electric insulation to prevent breakthroughs
(2 mm thick GRP plate between the rails and the augmenting coils).
The first approach is to place the augmenting coils, consecutively next to both sides
of the rails, as it is shown in Fig. 5.1a. However, this arrangement results in a magnetic coupling between the augmentation coils (≈ 5 %). This causes an induced
voltage in the previous and the following augmentation coils, if one coil is energized
with an electric current pulse with a high amplitude. To protect the pulsed power
supply from negative voltages, which might cause damages at the crowbar diodes, a
high induced voltage at the inactive coils must be avoided. If the crowbar diode is in
the conducting state at the moment of the power supply triggering, the entire energy
of the primary energy storage unit is discharging through the diode. This can damage the diodes. In order to avoid the magnetic coupling between the consecutively
arranged augmentation coils, the electromagnetic launcher is divided into independent segments. Each segment can be energized by an individual power supply unit
for the launcher and the augmentation coils. Furthermore, each segment is rotated
by 90° with respect to the previous stage as it can be seen in Fig. 5.1b. In this
90°

Rails
Aug .

Aug .
coil 1
Aug .

coil 1
Aug .
coil 2

coil 2
Aug .
co

il 3

(a) Augmented launcher with
consecutively arranged augmentation coils

Rails

Aug .
co

il 3

(b) Augmented launcher segments rotated with 90° to the
previous segment

Figure 5.1: Schematic of the rail and coil configuration in the augmented launcher
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configuration the augmenting coils are not magnetically coupled to each other, since
the magnetic field lines of the first coil do not penetrate the coil of the second coil
[90]. Furthermore, this arrangement implements a segmented launcher scheme. The
experimental setup is called Modular Augmented Staged Electromagnetic Launcher
(MASEL).

5.2 Simulations
In order to predict the performance of the launcher setup and to enable the design
of the mechanical setup, the forces on the armature and the launcher containment
are calculated. These forces are a direct consequence of the electric current in the
conductors. Thus, it is necessary to calculate the electric current profile in the
augmented electromagnetic launcher. The current is calculated by solving the differential equations for the electric circuit of the experimental setup (see equation 5.1
and 5.3). For the existing power supply units of the ISL, the electric parameters,
such as the resistance and inductance, are known. For the MASEL setup, some
parameters such as the inductance and the mutual inductance of the augmentation
coil modules are calculated using textbook formulas [41, 90]. With these results,
the electric currents and the resulting launch performance are calculated (see section 5.2.1). With the electric current profile, the current density in the cross section
of the conductors and the magnetic flux density distribution are simulated, using
FEM tools, (described in section 5.2.3). These simulations also include the temperature increase as a result of the electric current flow in the conductors. The
mechanical load on the experimental setup is evaluated in the appendix, section 9.4.

5.2.1 Launcher Performance Simulation
The launcher system is operated in different configurations. The electrical diagram
depends on the configuration of the experimental setup. The differential equations
of the corresponding electrical diagram are solved for each experimental setup to
evaluate the electric current profile in the system (cf. [91]). The accelerating force
on the armature is proportional to the square of the electric current in the electromagnetic launcher system. Thus, the acceleration and the resulting velocity are
calculated. As an example, the calculation of the expected velocity in an augmented
electromagnetic launcher with parallel connected magnetic field augmentation coils
is presented in the following. The electrical diagram of this configuration can be
seen in Fig. 5.2.
The configuration with two augmenting coils (La1 and La2 ) in parallel consists of
two individual electric circuits. The augmentation inductances La1 and La2 are each
coupled to the rail inductance L0 x by the mutual inductance gradient M 0 x. The
upper electrical diagram in Fig. 5.2 is the electric circuit of the simple electromagnetic launcher with a parallel connected breech shunt (RB ). The lower electrical
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Figure 5.2: Electrical diagram of an parallel augmented electromagnetic launcher
configuration using two parallel augmentation coils
diagram represents the circuit of the augmentation modules. The circuits are supplied with energy by the capacitors C1 and C2 , respectively. Both capacitor banks
are charged to the same voltage U0 = UC1 = UC2 . The switches S1 and S2 are closed
simultaneously and release the stored energy of the capacitor banks into the circuits.
The crowbar diodes D1 and D2 prevent a reversal of the voltage across the capacitors. L1 and L2 represent the inductances of the pulse forming coils, including the
parasitic inductances of the capacitor banks. R1 and R2 represent the resistance of
the corresponding resistors. The components LC and RC represent the inductance
and the resistance of the cables, connecting the capacitor bank with the launcher,
respectively. The resistance of the switches is accounted for by R01 and R02 .
The behavior of the diodes is implemented into the differential equation for the
electrical diagram. The diodes change to the conducting stage when the capacitors
are fully discharged and the electric current in the circuit reaches a negative time
derivative di/dt. To simulate this event, the crowbar diodes are short-circuited and
the switches S1 and S2 are opened to suppress a current flow into the capacitors.
The resulting differential equation of the electrical diagram shown in Fig. 5.2, can
be expressed by
(L1 + LC )
2 M0 x

dir
+ (R01 + R1 + RC ) ir + RB ib = UC1 ,
dt

dia
dirg
+ L0 x
+ R0 x irg + Uelmo = RB ib
dt
dt

(5.1)
(5.2)

and
M0 x

dirg
dia
+ (L2 + LC + La12 )
+ (R02 + R2 + RC + Ra12 ) ia + M 0 v irg = UC2 , (5.3)
dt
dt

where Uelmo is the electromotive voltage, which is induced due to the movement of
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the conducting armature in the magnetic field (see appendix, section 9.7) and can
be expressed by
Uelmo = (L0 irg + M 0 ia ) v(t) .
(5.4)
The voltages are implemented by
dUC1
1
dUC2
1
= − ir and
= − ia .
dt
C1
dt
C2

(5.5)

The electric current in the in the system ir is the sum of the electric current in the
launcher irg and in the breech shunt ib . The parallel inductances La1 and La2 are
combined to the inductance La12 under consideration of the mutual inductance Ma
using [87]
La1 La2 − Ma2
La12 =
.
(5.6)
La1 + La2 − 2 Ma
The resulting acceleration of the projectile can be calculated using the total mass
of the projectile m and the force Fx , acting on the armature (equation 4.4). The
friction of the armature is taken into account by a constant friction force Ff ric . The
acceleration a is calculated with
a=

Fx − Ff ric
dv
=
.
dt
m

(5.7)

The initial conditions of the distance x and the velocity v of the projectile are set
as follow
dx
= v(0) = 0 m/s .
(5.8)
x(0) = 0 m ;
dt
The same applies for the initial conditions of the electric currents ir , irg , ib and ia .
ir (0) = irg (0) = ib (0) = ia (0) = 0 A

(5.9)

The values used for the calculation of the acceleration process with a parallel augmented electromagnetic launcher, with a total length of 0.745 m, are summarized
in table 5.2. The values of the components in the pulse forming unit are known
from previous investigations [75]. The values for the self inductance La1 and La2
and mutual inductance gradient M 0 of the augmentation coils are estimated using
[90, 92]. A constant friction force of 150 N is assumed to take an initial contact
force of the armature to the rails with 1500 N and a friction coefficient of 0.1 into
account [7]. The resistance gradient R0 and the resistance of the augmentation coils
Ra1 and Ra2 are approximated using the specific resistance of copper [93], neglecting
the influence of the skin effect.
By solving the differential equations, the profiles of the electric current in the components of the electrical diagram as well as the resulting velocity of the projectile
are calculated.
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Table 5.2: Values for the parameters of the components as used in the calculation
of the electric current and the acceleration
Name

Value

Unit

Description

C1 , C2

3,1

mF

Capacity PFU

R01 , R02

8,5

mΩ

Switch resistance

L1 + LC , L2 + LC

5,0

µH

Inductance PFU + cable

R1 + RC , R2 + RC

1,4

mΩ

Resistance PFU + cable

L

0,45

µH/m

Inductance gradient rail

R0

0,1

mΩ/m

Resistance gradient rail

RB

8

mΩ

Resistance breech shunt

La12

1,2

µH

Inductance parallel aug. coils

Ra1 , Ra2

1,0

mΩ

Resistance aug. coil

0,4

µH/m

Mutual inductance gradient

m

71,0

g

Mass of the projectile

Ff ric

150

N

Friction force

U0

9

kV

Initial charging voltage

0

M

0

The simulated results for the electric current profiles in the launcher and augmentation circuit in a parallel augmented electromagnetic launcher are shown in Fig. 5.3,
together with the velocity profile of the projectile. The electric current in the
launcher circuit reaches a peak value of îr = 186 kA at about 180 µs and îa = 168 kA
at about 200 µs in the augmentation circuit. The different peak values are the result
of the about 20 % larger total inductance in the augmentation circuit, due to the
additional inductance of the two augmentation coils. The electric current in each
augmentation coil is half the total current. At a time of about 2.9 ms, the armature
leaves the launcher, which stops the acceleration of the armature. At this time, the
projectile has a velocity of 380 m/s. After the armature leaves the launcher, the
resistance R0 , shown in Fig. 5.2, suddenly increases due to the forming muzzle arc
and the electric current ib in the resistance of the breech shunt RB increases. This
decreases the time constant of the launcher circuit, which causes a faster decay of the
remaining current of 80 kA in the launcher circuit within 3 ms. Due to the magnetic
coupling of the launcher circuit and the augmentation circuit, the decreasing electric
current in the launcher circuit induces an additional increasing electric current in
the augmentation circuit. A significant part of the remaining electric current in the
launcher dissipates through the breech resistance RB (îb = 45 kA).
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Figure 5.3: Electric current profile and projectile velocity in the parallel augmented
electromagnetic launcher calculated with parameters from table 5.2

5.2.2 Augmentation Coil Geometry Design
The geometry of the augmenting coils and their placement in the vicinity of the rails
effect the magnetic field distribution in an augmented electromagnetic launcher [94].
The total inductance of the system influences the current amplitude. The inductance of the augmentation coils should be in the range of the inductance of the
pulse forming unit in order to replace them, without increasing the current amplitude. The first stage of the MASEL has a length of 0.745 m. The inductance of the
augmentation coils along the launcher is estimated using [90] and mainly depends
on the number of windings and the total length of the coil. With the constraint
that the total inductance of the augmentation coils should not be larger than the
pulse forming network inductance, the number of windings is limited to four windings per coil. This results in an inductance of about 7 µH for an 0.7 m long coil
with four windings each. The parallel connection of two augmentation coils (one
augmentation coil on each side of the launcher) results in a total inductance of the
augmentation coils of about 3.5 µH, when the magnetic coupling of the augmentation coils is not taken into account. The consideration of the mutual inductance
increases this value (equation 5.6). These estimations are used for the design of the
augmentation coils. The actual inductances and mutual inductances are measured
after the manufacturing of the augmentation coils.
With the different possibilities to arrange the four windings, the geometry of the
inductors in the augmentation modules is designed. Important parameters for the
design are the manufacturing process, the electrical, thermal and structural stresses
of the augmentation module components. The use of available conductor cross-
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sections (“off the shelf”) enables a fast and flexible production of the experimental
components within several weeks. The integration of the augmenting coil modules
into the structure should10be feasible with common production technologies. Several
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try, which produces a strong magnetic field augmentation
in the launcher and causes
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of an augmentation coil20with four windings
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5.2 Simulations

5.2.3 Magnetic Flux Density Distribution
The magnetic field distributions for the three different geometries are simulated using
the finite element method program (FEM) COMSOL Multiphysics® . The different
augmentation coil geometry configurations as shown in Fig. 5.4 are implemented
into the FEM program as a two dimensional model. The electric current in the
rails and the augmentation coil inductance are set to the values, as calculated in
section 5.2.1. Additionally, the temperature increase of the conducting material is
calculated simultaneously with the current and magnetic flux density distribution.
The 2D magnetic flux density distribution for geometry 1, 2 and 3 can be seen in
Fig. 5.5, Fig. 5.6a and Fig. 5.6b, respectively.
13.23
12
10
8
6
4
2
2 cm
0

Figure 5.5: Magnetic flux density distribution in the launcher at 200 µs (geometry 1)

The magnetic flux density distribution at the horizontal symmetry line of the different geometries is shown in Fig. 5.7. The distributions for two different times,
0.2 ms (at current maximum) and 1.5 ms (current amplitude 65 % of maximum), are
shown. The light green area represents the region of the launcher barrel, in which
the armature is moving. At t = 0.2 ms, the magnetic flux density of the geometry 3
shows a slightly higher peak value of 12.9 T in the barrel of the launcher compared
to the peak value of 12.6 T, in geometry 2. With about 7.7 T at 1.5 ms, the magnetic flux density distribution shows almost no difference for geometries 2 and 3.
The magnetic flux density of geometry 1 is always below the values of geometries
2 and 3 in the green area and reaches values of about 11.2 T at 0.2 ms and about
7.0 T at 1.5 ms. Beside the small advantage of geometry 3, the production effort
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Figure 5.6: Magnetic flux density distribution in the launcher at 200 µs
of augmentation coils with such geometry is disproportional to their advantage, so
that geometry 2 is used for the experimental setup.

5.3 Mechanical Design
The mechanical design is realized as a modular setup. This allows a simple exchange
of the rails and the augmentation coils. The launcher consists of three different modules. The main module is the launcher module, which contains the conducting rails.
The two augmentation modules are placed in the vicinity of the rails and contain
the augmentation coils. The launcher can also be operated in the simple electromagnetic launcher configuration, in which no augmenting magnetic field supports the
launching process. For this, the augmentation modules are replaced by glass-fiber
reinforced plastic (GRP) bodies, in which no augmentation conductors are mounted.
A photograph of the first stage of the MASEL setup is shown in Fig. 5.8.
The temperature development of the conductors in the augmented launcher is evaluated using a FEM simulation and is described in the appendix, section 9.3. The
temperature change in the augmentation coil conductors is larger compared to the
temperature change in the rails, due to the smaller cross section of the augmenting
coil conductors compared to the rails of the launcher. The maximum temperature
in the augmentation coil conductors reaches a value of 402 K in coil geometry 3. The
temperature in the rails increases from 293 K to about 340 K. These temperature
changes in the conductor can be tolerated if the launcher is operated in the single
shot mode. In a multiple shot mode the temperature increase is similar for each shot,
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Figure 5.7: Magnetic flux density distribution along the horizontal symmetry line
for the three augmentation coil configurations
so that the temperature of the system reaches a critical value after a few successive
shots (>10 shots). Therefore, a cooling system would have to be implemented into
the system to maintain a feasible temperature.

5.3.1 Housing
The housing of the launcher contains the rail module and the augmentation modules and ensures the mechanical stability of these components. The cross section of
the modular setup is shown in Fig. 5.9. The structure is put under pressure with
hardened M18 steel screw rods. The bolts are tightened with a torque of 120 Nm.
The inner parts of the launcher structure are made of GRP to ensure the electrical
insulation between the conducting materials (up to 9 kV). Furthermore, the non
conducting GRP avoids eddy currents as a result of the transient magnetic fields in
the vicinity of the conductors. To increase the mechanical stiffness of the launchers
housing, aluminum bars are used on the top and bottom of the launcher. The material selection with sufficient mechanical properties and their positioning along the
launcher is guided by using FEM simulations. The mechanical simulation and the
optimization process of the mechanical structure are documented in the appendix,
section 9.4.
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Connectors
Aluminum bars

Figure 5.8: Photograph of the first stage of the MASEL setup (l = 0.75 m)
Screws
Augmetation modules

Augmentation Coils

Rails

Aluminum bars

GRP
5 cm

Figure 5.9: Modular setup of the augmented electromagnetic launcher

5.3.2 Augmenting Modules
The augmentation modules contain the augmentation coils and are made of electrically insulating GRP. They have cavities, in which the coils are embedded. The
electrical insulation in between the augmenting coils and the rails is maintained by
two, 2 mm thick boards of GRP. These boards are placed on top of the conductors of
the augmenting coils. The assembled augmentation module with an integrated coil
with two windings and the two GRP boards is shown in Fig. 5.10. The connection
of the coil can be realized in parallel or in series to the second augmentation coil and
to the launcher. For the first stage of the MASEL, 2 augmentation coil pairs are
build. The coils with two and four windings have a measured inductance of 1.9 µH
and 7.4 µH at 1 kHz, respectively. Additionally, the mutual inductance between the
augmentation coils is measured resulting in 0.45 µH and 1.85 µH for the augmentation coils with two and four windings, respectively. The mutual inductance gradient
M 0 is determined to about 0.4 µH/m and 0.8 µH/m for the augmentation coils with
two and four windings, respectively. These values are used for the simulation of
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10 cm

Figure 5.10: Augmentation module with integrated coil with two windings
the electric current profiles and the resulting projectile velocity. The frequency of
the inductance measurement is 1 kHz, which represents approximately the rising frequency of the current pulse (a rising time of 250 µs results in an equivalent frequency
of 1 kHz). The value of the inductance reduces slightly, when the measurement is
performed at a higher frequency (≈ 1.85 µH at 1.5 kHz).

5.3.3 Rails
The rails of the MASEL consist of copper bars with a cross section of 10 mm×20 mm.
The rails are fixed with three screws to the housing to enable a simple exchange. This
minimized the number of holes in the housing material. The holes in the housing
material can influence the mechanical capabilities of the components. Two screws
per rail are necessary to hold the rails in position at the breech of the launcher and
to establish a good electrical contact in between the rails and the cable connectors.
An additional third screw is placed close to the muzzle of the launcher. These three
mounting points are sufficient to keep each rail in position. During the launching
process, the rails are repelled from each other and are pressed towards the housing
material. Therefore, no additional attachment of the rails is required. The rails can
be exchanged without disassembling the launcher.

5.3.4 Breech Shunt
The calculation of the launching performance in section 5.2.1 indicates a remaining
electric current after the shot-out of the projectile of about 75 kA. This remaining
electric current at the shot-out of the projectile results in the development of a
muzzle arc, dissipating the remaining electrical energy. The light emission of a
muzzle arc can influence the optical velocity measurement system. Furthermore,
the electromagnetic emissions can disturb the triggering of a multiple stage system.
Therefore, the muzzle arc must be reduced. A resistor connected in parallel to the
breech of the launcher can reduce the electric current in the launcher and hence,
the intensity of the muzzle arc. The breech shunt causes additional energy losses in
the pulsed power system. To reduce the energy loss during the launching process,
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the resistance of the breech shunt has to be significantly larger than the resistance
of the armature. If the armature leaves the launcher, the electric current passes
partly through the breech shunt, which reduces the muzzle arc development. The
breech shunt in the experimental setup is realized by a stainless steel stripe with an
electrical resistance of 15 mΩ.
A shunt at the muzzle of the launcher as in [95, 96], where an inductance of 200 nH
has been connected to the muzzle of the launcher, is not practical. Due to the
magnetic coupling of the augmentation coils to the rails, the muzzle voltage reaches
values up of 1 kV. The induced voltage causes energy losses in the shunt.

5.4 Experimental Setup
The experimental setup can be divided into several components. The main component is the modular augmented staged electromagnetic launcher (MASEL) and its
augmentation modules, which support the acceleration process. Other important
components are the power supply modules, which store and provide the electrical
energy for the electromagnetic launching process, the cables and the data acquisition
system. The data acquisition system is recording the important data during the electromagnetic launching process. These data enable the analysis of each experiment.
The components of the experimental setup are described in the following.

5.4.1 Power Supply Modules
The power supply units that are used for the experiments with the MASEL in this
study, are capacitor based pulsed power modules. One power supply unit consists
of 8 capacitors connected in parallel (Fig. 5.11). A stack of several capacitors with a
switching element and a crowbar diode is called a capacitor bank. Each capacitor has
a capacity of 0.385 µF and a maximum charging voltage of 10.5 kV. One capacitor
can store an energy of 21 kJ. The total energy that can be stored in the capacitor
bank is 169 kJ. The capacitors are connected with stainless steel stripes with a
resistance of about 15 mΩ each, to the main bus-bar, which is connected to the
switch. The steel strip acts as a fuse in case of a malfunction at the main bus-bar.
The spark gap switch (S1 ) can be triggered individually in each capacitor bank. The
switch is only active during the time period, in which the capacitors are discharged
into the pulse forming inductors and the launcher circuit.
The crowbar diode (D) prevents a negative charging of the capacitors. The negative
voltage at the inductors of the system occurs after the peak of the electric current
pulse is reached. The decaying electric current results in an negative time derivative
of the electric current di/dt, which leads to an negative voltage at the coil L1 . Each
crowbar diode used in the capacitor banks is capable to withstand a maximum
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Figure 5.11: Electrical diagram of one power supply unit
applied voltage of 2 kV and a maximum current of about 50 kA for a time period of
2 ms. This corresponds to a maximum action integral for each diode of 4.8 · 106 A2 s.
The expected maximum electric current peak reaches a value of about 200 kA. The
maximum expected electric current makes it necessary to connect four diode stacks
in parallel to each other. The maximum charging voltage of the used capacitors
require the use of six diodes in each stack, which are connected in series to each
other. In this way, the electrical specifications of the diodes are exceeded during the
experiments.
The pulse forming inductor of the pulsed power unit influences the shape of the
current pulse. It limits the peak value of the electric current. The pulse forming
inductor in the power supply unit used in this study consists of two inductors,
which are connected in series to each other. Each inductor has an inductance of
about 2 µH. The inductors can be removed from the power supply unit in order
to adjust the inductance of the system and hence, the amplitude of the electric
current pulse. In this way, three different pulse forming inductance configurations
can be realized. These configurations are shown in Fig. 5.12. To not exceed the
limits of the components of the pulse forming network, the electric current has to be
limited. Therefore, the total inductance of the system, including the pulse forming
inductance and the inductance of the load and the cables, should not be lower than
the initial inductance value of about 4 µH.
59 cm

59 cm

(a) Two inductors in the
PFN (L1 ≈ 4 µH)

(b) One inductor in the PFN
(L1 ≈ 2 µH)

59 cm

(c) No inductors in the PFN
(L1 ≈ 0 µH)

Figure 5.12: Pulse forming inductor configurations
The energy of the pulsed power supply needs to be transferred to the electromagnetic
launcher setup. For this, coaxial cables with a conductor cross-section surface of
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50 mm2 for the main wire and the shielding wire are used. The characterization of
the used cables can be found in the appendix, section 9.5. The amount of cables
influences the resistance of the system, so that four parallel cables are used to connect
the electromagnetic launcher to the power supply units.

5.4.2 Data Acquisition
The acceleration of projectiles in augmented electromagnetic launchers takes place
in a fraction of a second. To evaluate the performance of the launching process,
the values of interest are recorded using a suitable data acquisition system. In the
following, the measurement techniques for the values of interests, such as electric
currents, voltages and projectile velocity, are described. Furthermore, the accuracy
of the data recording is presented.
5.4.2.1 Voltage and Current Measurement
The charging voltage of the capacitors is measured using high voltage measurement
probes with a voltage range of 20 kV1 . The voltage measurement devices are calibrated before the experimental investigation.
The electric current pulse is an important value for the electrical, mechanical and
thermal load of the pulsed power system. The magnetic field around a current
carrying conductor is proportional to the electric current and can be detected with
a coil in the vicinity of the conductor. The induced voltage in a coil, which is placed
around a current carrying material allows the calculation of the electric current.
Such a coil is called a Rogowski coil. The geometry of the coil (area of magnetic flux
penetration) and the amount of windings influence the mutual inductance between
the current carrying wire and the Rogowski coil [97]. The induced voltage in the
coil is proportional to the time derivative of the electric current. In order to achieve
the electric current from the induced voltage signal at the coil, the signal needs to
be integrated.
The current measurement probes2 , used in the experiments are based on the Rogowski coil principle. The probes have an integrated electronic for the processing of
the voltage at the coil. They provide an output voltage, which is proportional to
the measured current. The error of the current measurement is ±0.2 %, when the
conductor is placed in the center of the coil. If the conductor is not placed in the
center of the coil, the error can show a variation with the position of the conductor and can reach up to ±1 %. The strong electromagnetic emission of the spark
gap switch has influenced the current measurement in several experiments. This
has caused a disturbance in some current profile measurements and has caused the
1
2

TEKTRONIX P6015A
Power Electronic Measurement Ltd. CWT1500
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appearance of a double peak. The distance in between the spark gap and the signal
processing device has been increased to about 1.5 m, to eliminate the influence of
the electromagnetic field to the measurement system.
5.4.2.2 Velocity Measurement
The velocity of the projectile is the main parameter of the performance of an electromagnetic launcher. Together with the mass of the projectile, the kinetic energy of
the projectile can be calculated. This allows the evaluation of the energy efficiency
of the launching process (see equation 3.1).
Two independent pairs of laser light barriers are used to detect the passage of the
projectile. The laser beams are pointed onto photo diodes in such a way that the
laser beams pass the trajectory of the projectile. The passing time of the projectile is
determined, by analyzing the recorded photo diode signal as it is shown in Fig. 5.13
(Laser 1 & Laser 2). The first slope of the laser signal appears when the projectile
interrupts the laser. When the projectile leaves the laser beam, the laser signal
rises again. With these signals, the velocity of the projectile is calculated with the
distance of the laser barriers. Additionally, the velocity is determined with the time
difference of the slope and rising of the laser signal and the length of the projectile.
The muzzle arc of the launcher can cause disturbances in the optical velocity measurements. Therefore, an additional non optical velocity measurement technique is
used for the experimental investigations. Two graphite pencil leads are placed into
the trajectory of the projectile and connected to an electronic circuit. The destruction of the pencil lead causes a voltage increase in the electronic circuit. The voltage
increase is detected by the recording system as it is shown in Fig. 5.13 (Breaking
pen 1 & Breaking pen 2). The velocity of the projectile is calculated with the time
difference of the signals of two graphite leads placed at a certain distance to each
other.
Breaking pen 1

Laser 2

s ig n a l

Laser 1

tim e

Breaking pen 2

Figure 5.13: Example of the signal from the velocity measurement systems
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5.5 Projectiles
The conducting armature in between the rails is essential for an electromagnetic
launcher operation. Three different types of armatures can be used to establish an
electrical contact in between the rails. Depending on the launching requirements,
such as mass and muzzle velocity of the projectile or caliber of the launchers, an
adequate armature has to be chosen. The different types are plasma armature and
solid armature. The solid armatures can be divided into full material armatures
(C-shaped armatures as shown in Fig. 5.14) and fiber brush armatures. The plasma
Contact surface

Figure 5.14: C-shape armature
armature uses a plasma (ionized gas) as a conducting medium in between the rails.
The projectiles that are used for the experiments in this study are equipped with
fiber brush armatures due to the experience with this kind of armatures at the ISL
[98]. The fiber brush armature, its configuration for the experiments and its limits,
are described in the following. Additionally, the plasma armature and the solid
armature are briefly presented and their advantages and disadvantages are pointed
out.

5.5.1 Plasma and Solid Armature
Plasma armatures have been accelerated to velocities above 10 km/s [99]. Due to
the higher resistance of plasma armatures (mΩ range) compared to fiber brush or
solid armatures (µΩ range) [100], the energy dissipation in plasma armatures is
larger. This results in high temperatures (up to 20000 K), which cause damages and
ablation on the rails [101].
Solid armatures, such as C-shaped armatures are commonly used in electromagnetic rail launch experiments [102, 103]. The armature is usually made out of an
aluminum alloy, as it has a good resistance to density ratio, compared to other
metallic materials. The magnetic field diffusion effects, described in section 2.4.1,
cause a current density concentration in the conducting material. This can cause
local melting of the armature material. Selective melting of the armature material
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can cause a transition of the solid metal contact to a plasma contact. An initial
contact pressure is required at the beginning of the launching process to maintain
a good electrical contact, before the armature is pressed to the rails by the electromagnetic force [7]. A good overview of solid armature capabilities and its limits is
given in [104].

5.5.2 Fiber Brush Armatures
The single fibers in a brush armature can maintain a good initial contact and are
able to compensate small deviations of the surface structure. Brush armatures
require a sabot, in which the fibers are positioned. The sabot in the experiments
in this study is made out of GRP with cavities for the fiber brush armatures. The
armatures are either pressed with screws or glued to the sabot to stay in position
during the launching process.

2 cm

(a) Projectile for the first stage

2 cm

(b) Projectile used for two and more stages

Figure 5.15: Photographs of the projectiles, used in the experiments (m ≈ 72 g)

The brush armatures used for the experiments have an over length of 2 mm on each
side of the projectile. When the projectile is inserted into the launcher, the major
part of the fiber brushes is pressed into the rear cavities of the sabot. However, the
cavity does not allow the inclusion of the entire fiber over length. This ensures a
sufficiently high contact pressure at the beginning of the launching process [105].
The experiments with two stages require a second set of copper brush armatures
with an angle of 90° with respect to the first set of copper brush armatures due to
the rotation of the second stage (see section 5.1). The photographs of the projectiles
for the experiments with the first stage and for the experiments with two stages are
shown in Fig. 5.15a and Fig. 5.15b, respectively. The different colors of the sabot
material occurs due to the different GRP materials (woven and chopped fiberglass
mats) and do not influence the sabot performance.
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5.5.3 Contact Transition
The electrical contact between the rails and the armature needs to be maintained
throughout the entire acceleration in order to reduce damages on the rails and
to achieve an efficient launching process. However, during the launching of the
projectile, thermal and mechanical loads act on the rail/armature interface. This
causes abrasive wear at the armature and the rail material and disturbs the solid
electrical contact in between the rails and the armature. If the abrasive wear on the
armature is too large to enable a good electrical contact to the rails, a transition
from a solid to solid contact to a plasma contact occurs. The larger resistance of the
plasma contact (≈ factor 1000) results in an increased energy dissipation compared
to the solid to solid contact. This accelerates the degradation of the rail surface and
the armature. The larger resistance of the plasma contact (mΩ range) results in a
larger voltage drop between the rails, which can be measured at the muzzle of the
launcher (up to several 100 V)[105].
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6 Experiments with the First Stage
of the MASEL
The first experiments are performed without the presence of an augmenting magnetic field. After performing these experiments, the augmentation coil modules are
installed into the launcher. The setup allows the performance of several sets of experiments with different configurations such as a parallel or a series connection of
the augmentation coils to the launcher. One set of experiments consists of several
launching processes using one experimental setup. The energy in each set of experiments is increased, in order to evaluate the launching performance at different
energy levels. Furthermore, the mechanical and electrical limits of the experimental setup are approached step by step. The electrical limit is given by the current
carrying capabilities of the pulsed power system (îmax ≈ 200 kA, see section 5.4.1).
The mechanical limit is given by the maximum tolerated electric current in the augmentation coils and the rails and the resulting magnetic flux density in the launcher
(B̂max ≈ 14 T see appendix, section 9.4). The experimental configurations of the
first stage, the performance of the experiments and their results, are described in
this chapter.

6.1 Non-Augmented Launcher Configuration
The non-augmented, or simple electromagnetic launcher configuration is the most
common configuration of electromagnetic launchers. This experimental setup allows
an evaluation of the pulsed power system and the electromagnetic launcher setup as
well as an investigation of the data acquisition performance. Additionally it enables a
comparison of the results from the experiments with the augmented electromagnetic
launcher setup to the results from the experiments with the simple launcher setup.

6.1.1 Experimental Setup and Performance
In the non-augmented electromagnetic launcher configuration, no augmentation coils
are installed into the launcher. The capacitor bank is connected to the launcher with
four parallel coaxial cables with a length of 4.5 m each. The electrical diagram of
the non-augmented configuration is shown in Fig. 6.1. The initial charging voltage
of the capacitor bank for the first set of experiments is increased from 5.5 kV up to
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Figure 6.1: Electrical diagram of the non-augmented configuration
9 kV. The projectiles, used in the experiments, include two copper brush armatures
with a diameter of 6 mm each, as described in section 5.5.2. The projectiles have a
total mass of about 72 g ± 2 g.
Table 6.1: Non-augmented configuration
L1 + LC
µH

R1 + RC
mΩ

Ltotal
µH

5.0

1.35

5.0

6.1.2 Results
The electric current profile of the experiments with an initial charging voltage U0 of
5.5 kV and 9 kV are shown in Fig. 6.2. The launcher current reaches a peak value of
114 kA and 185 kA at 5.5 kV and 9 kV, respectively. In the low energy experiment
with U0 = 5.5 kV, the projectile leaves the launcher with a velocity of 43 m/s at
about 14.8 ms. At this time, the entire electric current in the launcher is dissipated
in the resistance of the system. The increased initial energy in the experiment with
a charging voltage of U0 = 9 kV results in an exit velocity of the projectile of 181 m/s
with a shot-out at about 5.1 ms. The simulated and measured velocities are shown
in Fig. 6.5.
The energy efficiencies of the experiments for the simple launcher configuration are
shown in table 9.3, appendix section 9.10. The maximum energy efficiency reaches
a value of 0.9 % in the experiment with an initial charging voltage of U0 = 9 kV.

6.2 Augmented Launcher Configuration
A magnetic field augmentation for the first stage is realized by using several different configurations of the augmentation modules. The augmentation coils are
connected in parallel or in series to the launcher. The series augmented launcher
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Figure 6.2: Experimental current profiles for the non-augmented launcher configuration with U0 = 5.5 kV and 9 kV
configuration is realized with different setups and augmentation coils. In the parallel augmented launcher configuration, the augmentation modules are energized by
using an individual power supply unit. In the series augmentation configuration,
the augmentation coils are connected in series to the rails of the launcher. The series augmented configuration is realized using augmentation coils with two and four
windings. To compensate for the increased inductance of the different augmentation
configurations, the pulse forming inductance is adjusted to control the peak value
of the current pulse. Additionally, the launcher is operated in a configuration to
realize a current multiplication using the XRAM principle.

6.3 Parallel Augmented Launcher Configuration
The parallel augmented configuration consists of two electrical circuits, which are
inductively coupled. The coupling of the circuits is described by the mutual inductance gradient M 0 . The augmentation coils and the launcher are connected to
separate power supply units. This configuration allows an independent operation of
the augmentation modules. The augmentation circuit and the launcher circuit can
be operated at different energy levels. With this configuration it is possible to operate the armature of the launcher at its current carrying limits, while simultaneously
increasing the energy in the augmentation modules. This results in an increase of
the velocity of the projectile.
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6.3.1 Experimental Setup and Performance
In the first experiments with an active magnetic field augmentation, the augmentation modules contain coils with two windings each. Both coils are connected in
parallel to each other. These parallel augmentation coils are connected by four parallel coaxial cables to one power supply unit. The electrical diagram of the parallel
augmented electromagnetic launcher configuration is shown in Fig. 6.3.
Pulse Forming Units
R01
S1

L1

R1

Cables

MASEL

LC RC

irg

ir

ib
RB

D

C1

L0 x
R0 x
M 0x

R01

L2

R2

LC RC

ia

S2

La1

D

C2

Ma

Ra1

La2
Ra2

Figure 6.3: Electric diagram of the parallel augmented configuration
The mutual inductance gradient between the augmentation coils and the electromagnetic launcher is considered in the electrical diagram by M 0 x. Ma indicates the
mutual inductance between the augmentation coils. Both power supply units are
charged to the same initial voltage U0 = U01 = U02 , ranging from 5.5 kV to 9 kV.
The same projectile design as in the previous set of experiments is used.
Table 6.2: Series augmentation configurations
Aug. Coil
windings

L1,2 + LC
µH

R1,2 + RC
mΩ

La1,2
µH

Ra1,2
mΩ

Ma
µH

M0
µH/m

2

5.0

1.35

1.9

1.7

0.45

0.4

6.3.2 Results
The profiles of the electric currents in the launcher circuit ir , the augmentation
circuit ia and the breech shunt ib for the experiments with an initial charging voltage
of U0 = U01 = U02 = 5.5 kV and U0 = U01 = U02 = 9 kV are shown in Fig. 6.4. The
peak value of the electric current in the launcher circuit is slightly higher compared
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to the electric current in the augmentation circuit. At U0 = 9 kV, the electric current
reaches a peak value of 186 kA and 172 kA in the launcher and the augmentation
circuit, respectively. The parallel connected augmentation modules result in a total
inductance of about 1 µH and increase the total inductance of the augmentation
circuit. The larger inductance of the augmentation circuit results in a decreased
rise time and a lower peak value of the electric current in the augmentation circuit.
The shot-out times of the projectiles are detected (see Fig. 6.4) at the time of the
current drop at 5.7 ms and 2.8 ms for the experiments with initial charging voltage
of 5.5 kV and 9 kV, respectively. The breech shunt does not take over the entire
remaining current in the launcher as can be seen in the breech shunt current profiles
ib . The remaining launcher current at the shot-out time in the experiment with
U0 = 5.5 kV is about 21 kA. From this current, about 13 kA are taken over by the
breech shunt. In the experiment with U0 = 9 kV, the remaining current at the shotout is about 80 kA and the breech shunt current reaches a peak value of about 24 kA.
The difference between the remaining electric current and the breech shunt current
dissipate in the muzzle arc.
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Figure 6.4: Electric current profile for the parallel augmented launcher configuration at U0 = 5.5 kV and 9 kV
The measured muzzle velocities of the projectiles in the experiments is about 160 m/s
and 380 m/s for U0 = 5.5 kV and U0 = 9 kV, respectively. No contact transition occurred during the experiments. An overview of the measured projectile velocity
for the experiments with the non-augmented and the parallel augmented launcher
configuration is shown in Fig. 6.5, together with the simulated values for these configurations. The error bars represent the standard deviation of the velocities of three
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Figure 6.5: Projectile velocity in the non-augmented and parallel augmented
launcher experiments (dots: experimental velocity, lines: simulated velocity (section 5.2.1))
experiments for each initial charging voltage.
In the case of the parallel augmented launcher, two power supply units are used to
energize the launcher and the augmentation circuit. Under consideration of the two
power supply units, the maximum energy efficiency of the launching process reaches
a value of about 2 % in the experiments with an initial charging voltage of 9 kV. This
means an energy efficiency improvement of more than two, compared to the simple
electromagnetic launcher configuration. The energy efficiencies of the experiments
with the parallel augmented launcher configuration are shown in table 9.3, appendix
section 9.10.

6.4 Series Augmented Launcher Configuration
In the parallel augmented launcher configuration, an additional power supply unit is
necessary to energize the augmentation coils. It is possible to integrate the augmentation coils into the launcher circuit, by connecting them in series to the launcher.
This increases the total inductance of the system and changes the electric current
pulse. This configuration does not allow an energy supply of the augmentation coils
at different energy level than the launcher. However, an additional power supply
unit is not necessary for the augmentation of the magnetic field in the launcher.
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6.4.1 Experimental Setups and Performances
The augmentation coils with two windings each are connected in parallel to each
other. These parallel connected augmentation coils are then connected in series to
the launcher and its parallel connected breech shunt. The electrical diagram of this
configuration is shown in Fig. 6.6. With this configuration, one set of experiments
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Figure 6.6: Series augmented configuration and breech shunt (Conf. 1, 2 & 3)
is performed with initial charging voltages ranging from 5.5 kV to 10 kV (configuration 1). The increased total inductance of the pulsed power system (configuration 1)
results in a decreased electric current peak, compared to the current peak îr in the
parallel augmented configuration. To have a similar peak value of the electric current in the different configurations, the total inductance is adjusted. This is realized
by removing one of the two pulse forming inductors (see section 5.4.1). With this
configuration, one set of experiments is performed (configuration 2). The increased
resistance of the system caused by the series connection of the augmentation coils,
decreases the maximum action integral of the current pulse. Therefore, the electrical load on the components of the pulsed power system is reduced. This allows an
increased maximum initial energy, compared to the previous configurations.
In order to increase the mutual inductance between the augmentation coils and the
launcher, the augmentation coils with two windings each, are replaced by augmentation coils with four windings each. One set of experiments is performed with two
augmentation coils with four windings each (one experiment for each initial charging
voltage). These augmentation coils are connected in parallel to each other and in
series to the launcher (configuration 3). An overview of the electrical parameters
used for the simulation of the different configurations is shown in table 6.3. Note,
that the inductance L1 and the resistance R1 include the values for the parasitic
inductance and resistance of the pulse forming unit, respectively. The total initial
inductance Ltotal is the sum of the pulse forming inductance and the cable L1 + LC
and the total inductance of the parallel connected augmentation coils La12 calculated
with equation 5.6.
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Table 6.3: Series augmentation configurations

Conf.

Aug. Coil
windings

L1 + LC
µH

R1 + RC
mΩ

La1,2
µH

Ra1,2
mΩ

Ma
µH

M0
µH/m

Ltotal
µH

1

2

5.0

1.35

1.9

1.7

0.45

0.4

6.17

2

2

3.0

1.0

1.9

1.7

0.45

0.4

4.17

3

4

3.0

1.0

7.4

3.5

1.85

0.8

7.62

Since a part of the energy is stored in the augmentation coils, the series connection
of the augmentation coils to the launcher results in a coupled energy transfer system.

6.4.2 Electric Current in the Augmentation
Configurations 1, 2 and 3
The current profiles for the experiments with the different configurations and an
initial charging voltage of 9 kV are shown in Fig. 6.7. Configuration 1 shows a peak
value of the electric current of about 169 kA and results in a projectile velocity of
about 302 m/s. The projectile velocities and energy efficiencies of these experiments
at all initial charging voltages are given in table 9.3, appendix section 9.10.
The reduction of the total inductance of the system in configuration 2 results in
an increased peak current of 203 kA for the experiment with an initial charging
voltage of 9 kV. The current profile shows a faster decrease of the electric current
compared to the current profile in the experiment with configuration 1 at the same
initial energy. This can be explained by the smaller time constant τ = L/R of the
inductive-resistive system. However, due to the larger current amplitude in the beginning of the launching process, the projectile reaches a slightly larger velocity of
331 m/s, compared to the experiments with configuration 1. The total inductance of
configuration 3 is larger than in the previous augmentation configurations 1 and 2.
The current profile for the experiment with an initial charging voltage of 9 kV is
shown in Fig. 6.7, together with the current profiles of the experiments with configurations 1 and 2, at the same initial energy. The electric current reaches a peak
value of about 157 kA and shows a similar decrease in time as the current profile of
the experiment with the augmentation configuration 1. Despite the lower electric
current, the velocity the projectile reaches a value of about 381 m/s.

6.4.3 Projectile Velocities and Efficiencies in the Augmentation
Configurations 1, 2 and 3
The measured and simulated projectile velocities of the series augmented configurations 1, 2 and 3 (see table 6.3), are shown in Fig. 6.8. These values are compared
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Figure 6.7: Electric current profile comparison of the series augmented configurations for the experiments with an initial charging voltage of 9 kV
to the results of the simple launcher configuration. The measurement points represent the average values of the different velocity measurement techniques for each
experiment with the series augmentation configurations 1, 2 and 3. The error bars
represent the standard deviation of the measured velocities from the different velocity measurement systems (see section 5.4.2.2) for each experiment.
The velocity of the projectile in the experiments with configuration 1 are significantly
higher than the projectile velocities in the non-augmented configuration at the same
initial energy. Note, that the electric current through the armature is about 10 kA
less in the augmentation configuration 1, compared to the non-augmented configuration for the experiments with an initial charging voltage of 9 kV . The energy
efficiency at this energy level reaches a value of 2.6 % in the augmented launcher
configuration 1. This means an energy efficiency increase of nearly 3, compared to
the simple launcher configuration, which reaches a value of 0.9 %.
For configurations 2 and 3, one inductor of the pulse forming network is removed.
This allows a larger current amplitude compared to the previous configuration, while
the augmentation configuration of the launcher remains unchanged. The larger
current leads to a slightly larger velocity at each energy level and hence, to a larger
energy efficiency. The energy efficiency reaches a value of 3.1 % in the experiment
with the augmentation configuration 2 and an initial charging voltage of 9 kV. The
amplitudes of the electric current profiles reaches larger values compared to the
experiments with the simple launcher configuration.
The velocity profile of the experiments with the augmented launcher configuration 3
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Figure 6.8: Projectile velocity of the series augmented launcher experiments (dots)
and the velocity profiles from the simulations (lines) (section 5.2.1)
shows the advantages of an increased coupling between the augmentation coils and
the launcher. The achieved projectile velocities are similar to the velocities in the
parallel augmented launcher configuration at the same initial charging voltages. The
fact that only one power supply unit is used in the experiments with the series augmented launcher configurations results in a larger energy efficiency compared to the
simple launcher configuration and the parallel augmented launcher configuration. At
a charging voltage of 9 kV, the augmentation configuration 3 enables the acceleration
of the projectile with an energy efficiency of 4.3 %.

6.5 Energy Storage Augmentation Configuration
The energy transfer in an electromagnetic launcher is explained in section 3.4.
Briefly after the trigger event, the stored energy in the capacitors is transferred
to the pulse forming inductance in the pulse forming unit. The energy in the inductors is stored as magnetic energy. If the pulse forming inductance is integrated into
the launcher, the magnetic field produced by the pulse forming inductors, supports
the acceleration of the projectile.
In the experiments with the series augmented launcher configurations, the pulse
forming inductor in the pulse forming unit is reduced to adjust the total inductance
of the system. This ensures a similar amplitude of the electric current pulse in the
experiments. In the configuration with a reduced pulse forming inductance in the
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power supply unit, the inductive storage is partly integrated into the electromagnetic
launcher system.
The entire integration of the inductive energy storage unit into an electromagnetic
launcher system leads to the energy storage augmentation configuration. In such
a setup, the entire energy is stored in the augmented launcher and allows to place
the crowbar diode at the breech of the launcher, which can significantly reduce the
resistive losses in the cables.

6.5.1 Experimental Setup and Performance
The parallel connected augmentation coils with four windings have a sufficiently
large total inductance for an inductive energy storage to obtain a reasonable electric
current amplitude (< 180 kA). This allows the removal of the pulse forming inductors
from the pulse forming unit. The pulse forming inductors in the pulse forming
unit are replaced by a copper bar short-circuit, as described in section 5.4.1. The
integration of the pulse forming inductance into the MASEL is indicated in the
electrical diagram of the energy storage augmentation configuration, as shown in
Fig. 6.9. Note, that the inductance and the resistance of the pulse forming unit does
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Figure 6.9: Electrical diagram of the energy storage augmented launcher configuration
not decrease to zero by removing the pulse forming inductors from it. With this
augmentation configuration, one set of experiments with an initial charging voltage
of the capacitor bank in the range of 5.5 kV to 9 kV is performed.
The values of the electrical components in the energy storage augmentation configuration can be seen in table 6.4. Note, that the inductance LC and the resistance
RC include the parasitic values of the pulse forming network.

71

Chapter 6

Experiments with the First Stage of the MASEL
Table 6.4: Energy storage augmentation configurations
Configuration

LC
µH

RC
mΩ

La1,2
µH

Ra1,2
mΩ

Ma
µH

M0
µH/m

Ltotal
µH

Energy storage

1.5

0.85

7.4

3.5

1.85

0.8

6.12

6.5.2 Results
The total inductance of the energy storage augmentation configuration has a slightly
smaller value (Ltotal ≈ 6.1 µH) as the total inductance in the series augmentation
configuration 1 (Ltotal ≈ 6.2 µH). The current profile of the experiment with an
initial charging voltage of 8 kV is shown in Fig. 6.10. To enable a comparison, the

3 5

c u rre n t (k A )

1 2 0
1 0 0

2 0

i2 ( 1 0

ir, Conf. 1

2 5

1 5



1 4 0

3 0

3

k A

2

s )

1 6 0

5

1 0

0
0

1

2

3

4

5

6

tim e ( m s )

8 0
6 0

ir, Conf. 3
ir, Energy Storage Conf.

4 0

Shot-out (319 m/s)
Shot-out (317 m/s)
Shot-out (255 m/s)

2 0
0
0

1

2

3

4

tim e ( m s )

Figure 6.10: Current profile comparison of the energy storage augmented configurations and series augmented configuration 1 & 3, for the experiments with an
initial charging voltage of 8 kV
current profiles of the experiments with the series augmented launcher configuration
1 and 3 at the same energy level are shown as well. The peak current at this
energy level reaches a value of about 157 kA in the energy storage augmentation
configuration. This is similar to the electric current peak of 152 kA in the series
augmentation configuration 1. In comparison to the electric current profiles of the
energy storage augmentation and the series augmented launcher configuration 3,
one can see that the peak current in configuration 3 is smaller (139 kA) than the
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current in the energy storage augmentation configuration. At a charging voltage of
8 kV, the energy storage augmentation configuration enables the acceleration of the
projectile with an energy efficiency of about 4.3 %.
The simulated velocity profile and the experimentally achieved velocities with the
energy storage augmentation configuration are shown in Fig. 6.11. The simulated
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Figure 6.11: Projectile velocity of the energy storage augmented launcher experiments and the velocity profiles from the simulations
velocity profiles and experimental data points from the series augmented launcher
configuration 1 and 3 and the simple launcher configuration are shown in the graph,
too. The error bars represent the standard deviation of the measured velocities from
the different velocity measurement systems for each experiment (see section 5.4.2.2).
The simulated projectile velocities suggest a slightly larger velocity in the energy
storage configuration compared to the series augmented launcher configuration 3.
However, the measured projectile velocity of the energy storage augmented configuration is in between the simulated velocity of the energy storage augmentation and
the series augmented launcher configuration 3. The faster decrease of the electric
current in the energy storage augmentation configuration leads to a similar action
integral of the current pulses (see Fig. 6.10). Thus, the projectiles reach similar
velocities in both configurations.
The experiments with the energy storage augmentation configuration does not significantly increase the velocity of the projectile (4vmuzzle = +8 m/s at 9 kV ). However,
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the feasibility of the integration of the pulse forming inductance into the launcher
is verified by these experiments. The magnetic field, produced by the inductive energy storage unit of the launcher system is used simultaneously for the current pulse
forming and the augmentation of the magnetic field in the launcher. Furthermore,
the total energy is stored in the launcher setup after the discharge of the capacitors
(neglecting the inductively stored energy in the cables). In section 3.4, the fraction
of the stored energy in the the inductance of the system is estimated to about 70 %,
at the moment of the activation of the crowbar diode. The crowbar diode is placed
close to the power supply unit. Therefore, the total current of the launcher system
flows through the cables for the entire launching process. If the crowbar diode is
placed at the breech of the MASEL, the electric current flows through the cables
only until the activation of the crowbar diode. This decreases the resistance of the
launcher system (≈ 0.7 mΩ) and leads to a decreased energy loss and a slower decay
of the electric current pulse. Hence, the action integral of the current pulse and the
projectile velocity increase.

6.6 XRAM Configuration of the MASEL
An inductive energy storage system has several advantages compared to other energy
storage systems such as high energy densities and high current delivery capabilities.
The XRAM configuration is a current multiplication technique, using inductive energy storage units [106]. Its name is derived from the MARX generator, which uses
capacitors in order to obtain a voltage multiplication by switching them from a parallel to a series connection. Using inductive energy storage units and changing their
connection from a series to a parallel connection leads to the XRAM generator concept. In order to improve the launching process of the augmented electromagnetic
launcher, the augmentation coils are used to integrate an XRAM generator into
the MASEL. The integration process of the XRAM generator into the augmented
launcher and the experiments with this configuration are described in the following.

6.6.1 XRAM Principle
An XRAM generator uses two or more inductive energy storage units, in order to
obtain an electric current multiplication. Inductive energy storage units can reach
significantly higher energy densities compared to capacitor based energy storage
units [107]. The electric current pulse multiplication is realized by changing the
electrical connection of the energy storage coil from a series to a parallel connection.
A simplified electrical diagram of an XRAM generator with two energy storage
inductors L1 and L2 is shown in Fig. 6.12a. At the starting time t0 of the charging
of the energy storage inductors, the switch S1 is closed and the switches S2 and S3
are opened.
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Figure 6.12: Electric diagram and current profile for a two stage XRAM generator
The current profile of an XRAM generator with two stages is illustrated in Fig. 6.12b.
At the time t1 the electric current in the series connected inductors reaches its maximum value. At this time the switch S1 opens the connection to the power supply.
At the same time, the switches S2 and S3 are closed simultaneously, which changes
the circuit configuration of the inductance to each other from a series connection to
a parallel connection. In this way the inductors L1 and L2 discharge simultaneous
through the load Rload , resulting in an electric current amplitude corresponding to
the sum of the amount in both coils (red current profile in Fig. 6.12b).
The resistive losses in inductive energy storage units limit their capabilities to store
energy for long time periods and reduce their efficiency. In order to minimize the
resistive losses, superconducting coils can be used as inductive energy storage units,
as it has been demonstrated in [108].

6.6.2 Implementation of an XRAM Generator into the Launcher
The implementation of an XRAM generator with magnetically coupled coils into a
launcher is originally proposed and investigated by [71] and [53]. The modular augmented staged electromagnetic launcher uses two augmentation coils in the vicinity
of the launcher to support the launching process. These augmentation coils are used
as inductive energy storage units as it is demonstrated in section 6.5. Therefore,
the MASEL can be used to set up an XRAM generator with two stages, integrated
into the launcher. For the experimental setup, the first stage of the MASEL is used,
since two pairs of augmentation coils with two and four windings each are available.
An XRAM generator with two stages can be realized with two diodes, which change
the arrangement of the inductive energy storage units from a series to a parallel
connection. The electrical diagram for the implementation of an XRAM generator
into the MASEL is shown in Fig. 6.13. In this electric diagram Ra1 , Ra2 and La1 , La2
represent the resistance and the inductance of the augmentation coils, respectively.
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Figure 6.13: Electrical diagram of the XRAM implementation into the MASEL
The change of the arrangement of the inductors La1 and La2 occurs when the diodes
D1 and D2 switch to the conducting state as a result of a negative voltage at the
inductors. This is the case briefly after the electric current pulse passes its peak
value. The augmentation configuration of the first stage of the MASEL is changed
according to the electrical diagram, shown in Fig. 6.13. For this, the augmentation
modules are connected in series to each other and to the launcher. The limited
action integral of the used diodes1 makes it necessary to use two diodes in parallel
to each other. The connectors for the parallel connection of the diode stacks are
mounted directly to the breech of the launcher.

6.6.3 Experiments with Series Connected Augmentation Coils
Experimental Setup
For the first experiment, the augmentation coils with two windings each, are mounted
into the first stage of the MASEL and connected in series to each other. No pulse
forming inductor is installed in the power supply unit. The parallel diodes for the
XRAM configuration are not installed, but the crowbar diode at the power supply
unit remains in the system. The electrical diagram of this experimental launcher
setup is shown in Fig. 6.14. This configuration allows the experimental investigation
of the augmentation coils and launcher connected in series to each other. One set of
experiments is performed with different initial charging voltages ranging from 5.5 kV
to 9 kV.
1

ABB 5SDD50N5500
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Figure 6.14: Augmentation configuration with augmentation coils connected in
series to each other and to the launcher
Results
The electric current profile of the experiment with series connected augmentation
coils with two windings each is shown in Fig. 6.15. Additionally, the electric current profile of the augmented launcher configuration 1, as described in section 6.4,
is shown. The total inductance of the system is approximately the same (Ltotal =
6.2 µH) compared to the augmented launcher configuration 1 (Ltotal = 6.17 µH),
resulting in a similar peak value of the electric current. The larger resistance of
the series connected augmentation coils increases the total resistance of the system
from 2.2 mΩ in configuration 1 to 4.25 mΩ. This results in a faster decrease of the
electric current (τ ≈ 1.4 ms), compared to the current decrease in the experiment
with the augmentation configuration with two parallel connected augmentation coils
(configuration 1, τ ≈ 2.8 ms). The magnetic field augmentation is larger in the configuration with the series connected augmentation coils, because the total current
is passing through both augmentation coils. When the augmentation coils are connected in parallel to each other (configuration 1), the electric current is divided by
a factor of two in each coil, resulting in a smaller magnetic field.
The projectile velocities of the experiments are shown in Fig. 6.16. To enable a
comparison, the simulated velocity profiles for the simple launcher configuration
and the configuration 1 are shown in the graph, too. The larger peak current in
the augmentation coils does not result in an increased velocity of the projectile,
compared to the parallel connected augmentation coil configuration. The increase
of the resistance has a stronger influence on the resulting projectile velocity than
the larger magnetic field augmentation. The action integral of the current pulse
is significantly decreased compared to the action integral of the current pulse of
configuration 1 (15.5 kA2s →9 kA2 s). The fast decay of the electric current results
in a strong decrease of the accelerating force towards the end of the launching

77

Chapter 6

Experiments with the First Stage of the MASEL

1 1 0
1 0 0
9 0

c u rre n t (k A )

8 0
7 0

Augmentation coils in parallel
Ltotal = 6.17 µH; I 2 t = 15.5 kA2 s

6 0
5 0
4 0
3 0
2 0
1 0
0

Augmentation coils in series
Ltotal = 6.2 µH; I 2 t = 9 kA2 s

0

1

2

3

4

5

6

7

tim e ( m s )

Figure 6.15: Current profile comparison of the series and parallel connected augmentation coil configuration experiments at a charging voltage of 5.5 kV
process. The projectile does not exit the launcher in the experiment with an initial
charging voltage of 5.5 kV. The maximum projectile velocity is achieved at an initial
charging voltage of 9 kV and reaches a value of 269 m/s. The maximum energy
efficiency reaches a value of about 2.1 %. The results for all experiments with this
configuration are listed in table 9.4, appendix section 9.10.

6.6.4 Experiments with an implemented XRAM Generator
The mounting of the diodes to the launcher according to the electric diagram shown
in Fig. 6.13, changes the setup into an XRAM generator. One experiment with an
initial charging voltage of the capacitor bank of 5.5 kV is carried out.
Results
The electric current pulse of the experiment is shown in Fig. 6.17. The current and
voltage profile of the capacitor bank are shown in the graph, too. The electric current
of the capacitor bank reaches a peak value of 104 kA at about 250 µs. The diodes
at the breech of the launcher switch to the conducting stage at about 280 µs so that
both inductors are connected in parallel to the launcher. This causes a summation
of the electric current in each augmentation coils and results in a further increase of
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Figure 6.16: Projectile velocity of the experiments with augmentation coils connected in series to each other and the launcher

the launcher current to a peak value of 205 kA at about 500 µs. Due to the missing
crowbar diode at the energy storage unit, the electrical energy that is stored in
the inductance of the cables is able to be transferred to the capacitor bank. This
results in an oscillating electric current between the inductance of the cables and the
capacitor bank. This oscillating current influences the electric current in the launcher
and causes a negative voltage at the capacitor bank of about −2 kV. In general,
negative charging of high energy capacitors influences their lifetime and must be
avoided. The exact maximum acceptable negative voltage of the capacitors used in
these experiments is not known. A limit for a negative charging of the capacitors
of 10 % of the maximum charging voltage of 10.5 kV is acceptable and should not
decrease the live time of the capacitors. According to [109], a reversal voltage of
20 % does not decrease the expected life time of high-energy-density capacitors. An
increase of the initial energy of the capacitor bank increases the negative voltage at
the capacitors during the experiment. Therefore, an experimental investigation of
the integrated XRAM launcher with larger initial energy is not carried out.
In the experiment with the integrated XRAM generator, the projectile reaches a
velocity of 188 m/s. This represents the largest projectile velocity of all experiments
with one stage of the MASEL with an initial charging voltage of 5.5 kV. The energy efficiency of this experiment reaches a value of about 2.8 %. This is a larger
energy efficiency than in the experiments with the energy storage augmentation
configuration at this initial charging voltage, which reaches a value of 2 %.
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Figure 6.17: Current profile of the experiments using the XRAM configuration,
augmentation coils with two windings each, charging voltage of 5.5 kV

6.6.5 Power Supply Protection Techniques
The emerging problem of the reverse charging of the capacitors can be overcome
by changes to the electrical circuit. The inductance of the cables from the pulsed
power supply to the launcher setup causes a negative voltage due to the negative time
derivative of the electric current. A negative charging of the capacitors is usually
avoided by the crowbar diode at the power supply unit. To avoid the oscillation of
the electric current from the cable inductance to the capacitor bank, its inductance
has to be decreased significantly. In a SPICE simulation of the XRAM configuration
(electrical diagram shown in Fig. 6.13) with and without an inductance of the cables
LC , the load current and capacitor voltage profiles are calculated and are shown
in Fig. 6.18. The simulation shows that the elimination of the inductance of the
cables results in a current profile without oscillation and in a significantly decrease
of the negative voltage at the capacitors. In the experimental setup, a decrease
of the cables inductance can be realized by reducing the length of the cables and
placing the pulsed power supply unit as close as possible to the launcher setup.
This means a major change of the experimental setup and is not practical for the
experimental investigations in the scope of this study, but should be considered for
future experimental studies.
Another possible way to avoid the oscillating current and hence, the unacceptable
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Figure 6.18: Simulated current and voltage profile of the XRAM configuration
with and without inductive cables and a charging voltage of 5.5 kV
reverse charging of the capacitor bank, is the implementation of an attenuator into
the system. This can be realized with a resistance in series to the cables. Depending
of the value of the resistance, the oscillation of the electric current is damped so that
a critical reverse charging of the capacitor bank can be reduced. A circuit analysis
using a SPICE simulation program results in a resistor with a value in the order of
about 15 to 20 mΩ to obtain a sufficient damping of the oscillating electric current.
However, an increased resistance of the system causes increased ohmic losses during
the energy transfer from the capacitor bank into the inductive energy storage coils
in the launcher setup. The focus of this study is not the prevention of an reverse
charging of the capacitors, so that this approach is not elaborated. The placement
of the XRAM diodes to the pulsed power supply module overcomes the reversed
voltage at the capacitors as well. For this, more cables are required. This major
change of the energy supply unit increases the resistance of the system significantly,
so that this approach is not followed as well.

6.6.6 XRAM Generator and Crowbar Diode
The most simple method to avoid the reversed voltage at the capacitors is the
integration of the crowbar diode into the power supply module. This configuration
does not result in a summation of the electric current of both augmentation modules.
However, parts of the electric currents run through the additional diodes at the
breech of the launcher. If a resistance is connected in series to the crowbar diode,
the amount of additional current in the augmentation coils is increased. The electric
diagram of an integrated XRAM generator with an additional crowbar diode at
the capacitor bank is shown in Fig. 6.19. This configuration is realized with two
configurations. One configuration, in which no resistance is connected in series to
the crowbar diode Dcb and one configuration, in which a resistance Rcb of about
1 mΩ is connected in series to the crowbar diode. Each configuration is tested with
an initial capacitor charging voltage ranging from 5.5 kV to 8 kV.
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Figure 6.19: XRAM implementation with crowbar diode
Results
The electric current profiles of the experiments at 5.5 kV, with an integrated XRAM
generator and an additional crowbar diode at the capacitor bank with and without
resistance in series to it, are shown in Fig. 6.20. The electric current profiles for the
augmentation configuration 1, described in section 6.4 and the series augmentation
configuration (described in section 6.6.3) are shown too. All four current profiles
show a similar peak value of about 105 kA. However, a significant difference in the
decay of the electric current can be observed. The electric current profile in the
experiments with the crowbar diode in the pulse forming network and the diodes
at the breech of the launcher has with 11.4 kA2s a larger action integral than the
current profile in the experiment with the augmentation coils connected in series
to each other (9.1 kA2s). The electric current profile of the experiment with an
additional resistance in series to the crowbar diode shows an apparent increase at
about 300 µs, at which the current increases again to about 100 kA. The velocity
of the experiments with the XRAM diodes at the breech of the launcher and the
crowbar diode at the power supply unit is shown in Fig. 6.22. The projectile velocities
from several different augmented launcher configurations of the MASEL are included
in the graph as well. In the experiments with a crowbar diode included into the
pulsed power unit, the projectile reaches a slightly larger velocity, compared to the
experiments with the augmented launcher configuration with two augmentation coils
connected in series to each other and to the launcher. This can be explained with
the larger action integral of the electric current pulse. At a charging voltage of
5.5 kV the projectile is accelerated to 125 m/s, which results to an energy efficiency
of 1.2 %. The implementation of a resistance connected in series to the crowbar diode
increases the amount of electric current that runs through the XRAM diodes into
the launcher. Hence, the action integral of the current pulse increases from 11.4 kA2 s
to 15.4 kA2 s, resulting in a larger projectile velocity. This configuration enabled the
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Figure 6.20: Current profiles of experiments with different augmentation configurations and initial charging voltage of 5.5 kV
acceleration of the projectile to a velocity of about 134 m/s, with an energy efficiency
of 1.4 %, at a charging voltage of 5.5 kV. The results for all experiments with this
configuration can be seen in table 9.4, appendix section 9.10.
The increased resistance results in a larger negative charging of the capacitors, compared to the configuration without a resistance connected in series to the crowbar
diode. A further increase of the resistance approaches the configuration, without
crowbar diode in the power supply unit. This leads to an unacceptable reverse
charging of the capacitors. However, the integration of the crowbar diode and the
additional resistance connected in series to it, shows the feasibility of the current
pulse optimization in an augmented electromagnetic launcher. The augmentation
coils enable the inductive energy storage inside the launcher itself. The diodes at the
breech of the launcher increase the electric current inside of the launcher, resulting
in an improved acceleration process and increased projectile velocity.

6.6.7 Increased Augmentation Coil Inductance
The series connected augmentation coils with two windings each enable the integration of an XRAM generator into the launcher. With the resistor in series to
the crowbar diode at the capacitor bank, the action integral of the current pulse is
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increased from 11.4 kA2s to 15.4 kA2s, resulting in an increased projectile velocity.
However, the relatively low magnetic coupling of the augmentation coils with two
windings does not enable a faster acceleration of the projectile as in the augmented
launcher configuration with integrated augmentation coils with four windings. In
order to increase the magnetic coupling from the augmentation coils to the launcher,
the augmentation coils with four windings are installed to the launcher. Additionally,
the XRAM diodes at the breech of the launcher and the crowbar diode Dcb at the
power supply unit with and without a resistance Rcb in series to it, are integrated
into the system. The electrical diagram of this setup is shown in Fig. 6.19. One
experiment with each setup and an initial charging voltage of 5.5 kV is performed.
Results
The electric current profiles of the two experiments with the augmentation coils with
four windings, the XRAM diodes and the crowbar diode are shown in Fig. 6.21. The
graph shows the current profiles of the experiments with and without a resistance in
series to the crowbar diode. Due to the large inductance value of the augmentation
coils with four windings connected in series, the electric current reaches a peak value
of 60 kA at about 330 µs, before the activation of the diodes. In the experiment
with no resistance in series to the crowbar diode, the electric current does not
immediately decrease after the peak value. Parts of the electric current in the
augmentation coils are conducted through the XRAM diodes to the launcher and
cause the electric current to be larger than 55 kA for about 1 ms. The current decayes
slower and decreases with a smaller time constant than the electric current in the
experiments with the augmentation coils with two windings. The implementation
of the resistance in series to the crowbar diode increases the amount of electric
current that is running through the XRAM diodes. This causes an increase of the
electric current from about 60 kA at the first current peak at about 330 µs, to a
second current peak value of about 67 kA at around 1 ms. The increased current
peak value represents a significant increase of the action integral from 9 kA2s to
11.8 kA2s, compared to the current pulse in the experiment without a resistance in
series to the crowbar diode.
The difference of the electric current pulse in the two configurations can be observed in the projectile velocity of the experiments (shown in Fig. 6.22). The larger
magnetic coupling of the augmentation coils with four windings enables a larger
acceleration compared to the experiments with the augmentation coils with two
windings. According to equation 4.4, this allows an acceleration force of 3.6 kN on
the armature with a paek value of the electric current of 60 kA. In the experiment
without a resistance in series to the crowbar diode, the projectile reaches a velocity of about 158 m/s, with an initial charging voltage of 5.5 kV. This results in an
energy efficiency of about 1.9 %. The increased electric current in the experiment
with the resistor in series to the crowbar diode results in larger acceleration force
(≈5 kN). Hence, the projectile reaches a velocity of about 185 m/s, with the same
initial charging voltage of 5.5 kV. This results in an energy efficiency of 2.6 %.
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Figure 6.21: Current profiles of the experiments with increased augmentation inductance and initial charging voltage of 5.5 kV

6.7 Conclusions of the Experiments with the First
Stage of the MASEL

The experiments with the first stage of the modular augmented staged electromagnetic launcher enables the investigation of different augmentation configurations.
The experimental investigation of a magnetic field augmentation using external coils
demonstrates the potential for an increased velocity of the projectile. The magnetic
coupling between the launcher and the augmentation coils has a large influence on
the accelerating force. It can be influenced by the amount of augmentation coils
and their geometrical setup. These parameters also influence the total inductance
of the augmentation coils, which affects the shape of the electric current pulse. The
resulting total inductance of the system has to be considered for the desired current
pulse shape and the current carrying limits of the launcher setup. In the best case,
the total inductance of the augmentation coil is sufficiently large to achieve the desired amplitude and duration of the current pulse. The electric current amplitude
should be as high as possible for the entire launching process. However, the remaining electric current at the shot-out of the projectile should be as low as possible to
reduce an energy dissipation through the muzzle arc.
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Figure 6.22: Velocity measurement points of the experiments with different XRAM
configurations

6.7.1 Conclusions of the Experiments with Parallel Connected
Augmentation Coils
The parallel augmented launcher configuration enables a separated supply of power
to the launcher and the augmentation coils. This configuration shows a large increase
of the velocity without an increase of electric current through the armature. This
configuration is operated with the augmentation coils with two windings, connected
in parallel to each other. In this configuration, the velocity increases from 181 m/s
in the simple launcher, to 376 m/s, without increasing the electric current through
the armature. The energy efficiency increases from 0.9 % to 2.0 %.
The series augmented launcher configurations enable the use of the electric current
in the launcher, to energize the augmentation coils. In this way, one power supply
unit is necessary for the acceleration process. With this configuration, the total
energy efficiency of the acceleration increases from 0.9 % in the simple launcher configuration, to 2.6 % for the series augmented launcher configuration 1. An increased
electric current in the system caused by a reduction of the pulse forming inductance
in the augmented launcher configuration 2, enables an increase of the velocity and
the energy efficiency to 331 m/s and 3.2 %, respectively.
With the series augmented launcher configuration 3, the augmentation modules
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with four windings are implemented into the MASEL. This configuration enables a
projectile acceleration to a velocity of 381 m/s with an energy efficiency of 4.3 %, in
the experiment with an initial charging voltage of 9 kV.
In the energy storage configuration, the entire energy is stored in the augmented
launcher setup after the discharge of the capacitor bank is completed. This configuration allows to accelerate the projectile to 389 m/s with an energy efficiency of
4.4 %, at an initial charging voltage of 9 kV.
The use of augmentation coils with more than two windings leads to a larger inductance of the system and a stronger magnetic coupling between the launcher and the
augmentation coils. The use of augmentation coils with four windings increases the
acceleration force on the armature and the muzzle velocity of the projectile.
The experiments with the first stage of MASEL show the capabilities of the magnetic
field augmentation using coils with multiple windings. The modular setup enables
the investigation of different augmentation configurations. In all experiments using
the augmentation coils, the acceleration efficiency is significantly increased.
The experimental results from the experiments with the first stage and an initial
charging voltage of the power supply units of 9 kV are summarized in table 6.5.
Table 6.5: Velocities and energy efficiencies of the experiments with the first stage
of the MASEL at 9 kV initial charging voltage
Augmentation
configuration

M0
µH/m

E0
kJ

îr , îa 1
kA

vmuzzle
m/s

η
%

No

0.0

125

185

181

0.9

Parallel

0.4

250

186 , 172

376

2.0

Series (conf. 1)

0.4

125

169

302

2.6

Series (conf. 2)

0.4

125

203

331

3.2

Series (conf. 3)

0.8

125

157

381

4.3

Energy storage

0.8

125

176

389

4.4

6.7.2 Conclusions of the Experiments with an Integrated XRAM
Generator
The projectile velocities and energy efficiencies of the different configurations using
the XRAM diodes are shown in table 6.6 for an initial charging voltage of 5.5 kV.
The results for all experiments using the augmentation coils connected in series are
summarized in table 9.4, appendix section 9.10. The feasibility of the integration
1

In the simple launcher and series augmented launcher configuration is îr = îa .
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Table 6.6: Velocities and energy efficiencies of the experiments with an integrated
XRAM generator and 5.5 kV initial charging voltage (configurations according to
the electrical diagram shown in Fig. 6.19)
Configuration
, M20

îrg

vmuzzle

η

kA

m/s

%

No.

Capacitor bank

Launcher

La1,2

1

with Dcb

no D1−2

1.9 µH

0.4 µH/m

105

n/a

0

2

no Dcb

with D1−2

1.9 µH

0.4 µH/m

205

188

2.8

3

with Dcb

with D1−2

1.9 µH

0.4 µH/m
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1.2

4

with Dcb & Rcb

with D1−2

1.9 µH

0.4 µH/m
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1.4

5
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with D1−2

7.4 µH

0.8 µH/m

60

158

1.9

6

with Dcb & Rcb

with D1−2

7.4 µH

0.8 µH/m

67

185

2.6

M10

of an XRAM generator into an electromagnetic launcher using the magnetic field
augmentation coils as inductive energy storage unites is successfully demonstrated.
The reverse charging constrain of the used capacitors does not allow an investigation
of this configuration at larger energy levels. The integrated XRAM generator in a
magnetic field augmented launcher demonstrates a superior performance in terms
of projectile velocity and energy efficiency. However, the peak value of the electric
current in the launcher is significantly larger during the launching process, using the
integrated XRAM generator.
The reverse charging of the capacitors can be reduced by decreasing the inductance
of the cables. This can be realized by connecting more power supply cables in
parallel to each other, or by reducing the length of the cables from the power supply
unit to the launcher setup. Another approach is the use of capacitors, which tolerate
a negative voltage. The implementation of the crowbar diode into the power supply
unit preventes a reverse charging of the capacitors. It also disables a multiplication
of the launcher current. Only a small fraction of the electric current is directed
through the XRAM diodes at the breech of the launcher. This increases the action
integral of the current pulse by 26 % compared to the current in the experiment
without XRAM diodes.
The installation of the augmentation coils with four windings into the XRAM circuit
and the additional crowbar diode at the power supply unit reduces the peak current
significantly. The relatively large magnetic coupling between the augmentation coils
and the launcher inductance ensures a larger acceleration force on the armature than
in the experiments with the augmentation coils with two windings. The inductance
of the augmentation coils with four windings is almost 10 times larger than the total
inductance of the cables. Therefore, the fraction of the electric current through the
XRAM diodes is significantly larger than it is the case in the same configuration
with the augmentation coils with two windings. This leads to a more uniform
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electric current pulse. A uniform current pulse is desired in order to achieve a
uniform acceleration of the projectile throughout the entire length of the launcher
(see appendix, section 9.6).
The integration of the resistance in series to the crowbar diode increases the fraction
of the electric current that runs through the XRAM diodes. The total electric current through the launcher is increased by that. This allows the acceleration of the
projectile to a velocity of 185 m/s and is similar to the velocity in the experiments
with the XRAM configuration (188 m/s), but with a significantly lower electric current.
In order to increase the projectile velocity and the energy efficiency of the launching
process, a further study with the latter described configuration should be conducted.
Furthermore, the integration of more than two XRAM stages into an augmented
electromagnetic launcher can increase the magnetic field augmentation and the energy efficiency. In terms of a compact energy storage system, the integration of an
XRAM generator can improve a launcher system. For this, active switching elements are required to connect the augmentation stages from a series connection to
a parallel connection.
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The experiments with the first stage of the modular augmented staged electromagnetic launcher show a good improvement of the launching process using coils for a
magnetic field augmentation. However, the relatively short length of the first stage
limits the muzzle velocity of the projectile. In order to increase the projectile velocity, a second stage is used to further accelerate the projectile after it exits the first
stage. In this chapter the setup and the experimental investigation are presented.

7.1 Experimental Setup
To investigate the acceleration of the projectile with larger velocities (up to 700 m/s)
in an augmented electromagnetic launcher, a second stage of the augmented launcher
is designed. The second stage is placed behind the first stage, as it is shown in
Fig. 7.1. This results in a launching process in the second stage with an initial
velocity v0 , where v0 is the exit velocity of the projectile from the first stage.
Stage 1 (745 mm)

Stage 2 (1250 mm)

20 cm

Figure 7.1: CAD model of the first and the second stage (rotated by 90 °)
The remaining electric current in the first stage at the shot-out of the projectile
causes the development of a muzzle arc. In the case of two successive stages, the
muzzle arc of the first stage can damage the breech of the second stage and influence
the electric contact of the armature to the rails. In order to minimize the muzzle
arc, a suppression device is developed and placed at the muzzle of the first stage.
To trigger the pulsed power supply unit of the second stage, the starting position of
the armature inside the second stage is detected.
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The length of the second stage is determined with the condition that the remaining
electric current does not exceed a certain value after the projectile left the launcher
(≈ 70 kA). A short barrel length (745 mm) causes an exiting of the projectile at
an early time of the current pulse, leading to unused energy in form of remaining
electric current at the projectile shot-out time. To adjust the current profile and the
acceleration duration of the projectile in the second stage to values comparable to
the values in the first stage, the length of the second stage is determined to 1.25 m.
With this launcher length, the duration of the projectile passing through the second
stage is similar to the time period of the projectile in the first stage. The current
pulse shape in the first and second stage is similar.
The augmentation modules are described below, as well as the experimental setups
and the launching performance with different configurations. The trigger management is described in the appendix, section 9.9.

7.1.1 Muzzle Arc Suppression
The remaining electric current at the end the launching process produces an arc at
the muzzle of the launcher. This muzzle arc can influence the launching process and
the triggering of the successive stage and should be minimized as good as possible.
For this, the muzzle arc suppression devices is developed. Detailed information
about the muzzle arc and the setup of the muzzle arc suppression device can be
found in the appendix, section 9.8.
The working mechanism of the muzzle arc suppression device is illustrated in Fig. 7.2.
In the first moment of the contact loss in between the rails and the armature,
arcs develop on both sides of the armature, as a result of the remaining electric
current (see Fig. 7.2a). The arcs follow the armature movement, which increases
their propagation. This continues, until the armature is passing the conducting plate
that is placed in front of the launcher. At this point, the arcs establish an electrical
contact to the conducting plate, since the distance in between the conducting bars
mounted to the rails and the conducting plate is equal to the distance in between
the bars and the armature. This represents a smaller arc-resistance compared to the
resistance of the successively increasing arc-length from the rails to the armature.
The electrical contact to the bars is illustrated in Fig. 7.2b. The Lorentz force
causes an acceleration of the plasma arcs to the sides of the launcher, where the
remaining electrical energy dissipates (see Fig. 7.2c). In order to increase the length
of the plasma arcs and hence, the energy dissipation in them, the conducting plate
is realized with a small angle. This increases the arc length towards the sides of
the launcher. The increased arc length causes a faster extinguishing of the arcs.
Results of experiments with the muzzle arc suppression device can be found in the
appendix, section 9.8.
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Figure 7.2: Muzzle arc development in an electromagnetic launcher with muzzle
arc suppression

7.1.2 Augmentation Modules
The augmentation coils for the second stage of the MASEL have to cover the total
length of 1.25 m. The augmentation conductor configuration is the same as for
the augmentation coils of the first stage, described in section 5.2.2. The electric
current in the second stage should not be larger than in the first stage due to the
electrical and mechanical limits of the system. Therefore, the inductance of the
augmentation coils have to be similar to the inductance of the augmentation coils
with four windings used in the first stage. The inductance L of the augmentation
coils depends on the number of windings and on the length of the coils. Due to
the increased length of the augmentation coils in the second stage, three windings
are sufficient for an augmentation coil with a similar inductance. The induction
of the augmentation coils is measured to be 6.8 µH, using the coil configuration 2,
described in section 5.2.2 and three winding each.

7.1.3 Second Stage Launcher Values
Before the operation of two successive stages, the projectile injection and the trigger management operation are tested. For these tests, several experiments with
and without magnetic field augmentation are conducted. The second stage of the
MASEL shows similar behavior of the launching performance as the first stage.
However, the increased length of the second stage influences the muzzle velocity
of the projectile. The muzzle velocity decreases, as a result of the increased duration, in which the armature is decelerated by the friction. The inductance La1 ,
La2 , the mutual inductance Ma of the augmentation coils of the second stage of
the MASEL and the mutual inductance gradient are measured with a RLC-meter
(Fluke PM6306). For this, the inductance of the augmented launcher is measured
when no armature is placed in the launcher and again, when the armature is placed
at the muzzle of the launcher. Together with the inductance values of the coils,
the values of the mutual inductance and the mutual inductance gradient can be
calculated. All values are listed in table 7.1. The total inductance of the system is
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calculated using equation 5.6 for parallel connected and magnetically coupled coils
and the inductance of the cables. The values of the first stage can be found in
table 6.3, section 6.4.
Table 7.1: Electrical values of the augmentation coils of the second stage
Aug. coils

LC
µH

RC
mΩ

La1,2
µH

Ra1,2
mΩ

Ma
µH

M0
µH/m

Ltotal
µH

Three windings

1.5

0.85

6.8

4

1.75

0.7

5.7

7.2 Parallel Augmented Configuration of the Second
Stage
In the experiments using the first stage, the energy storage augmentation configuration of the electromagnetic launcher result in the largest velocity using the first
stage. However, the parallel augmented launcher configuration requires a less complicated energy connection configuration at the breech of the launcher than the series
augmented launcher setup. Therefore, the first experiments with the second stage
are conducted in the parallel augmented configuration.

7.2.1 Experimental Setup and Performance
The first experiments with two active, augmented launchers stages are conducted
with the first stage operated in the energy storage augmentation configuration, as
described in section 6.5. The second stage is operated in the parallel augmented
configuration. In this configuration, the augmentation modules of the second stage
are connected in parallel to each other and are energized by an independent power
supply unit. The launcher of the second stage is supplied by a second independent
power supply unit. This configuration requires three power supply units in total.
One for the operation of the first stage and two for the operation of the second
stage. All three power supply units are charged to the same initial charging voltage,
ranging from 5.5 kV to 9 kV, resulting in a total initial energy of 139 kJ and 374 kJ,
respectively. Before each experiment, the breaking wire is installed into the second
stage and the time window is set to be activated several milliseconds after the
triggering.

7.2.2 Results
The electric current profile of the experiment with the launcher configuration with
two stages as described above and an initial charging voltage of 9 kV is shown in
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Fig. 7.3. The time window signal and the breaking wire signal of the trigger management system are included in this graph. The acceleration of the projectile in
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Figure 7.3: Current profile of the experiment using two stages at an initial charging
voltage of 9 kV
the first stage of the MASEL performs as in the previous conducted experiments
with this stage and accelerates the projectile to a velocity of 389 m/s. (see Fig. 6.11,
section 6.5.) The armature of the projectile leaves the first stage about 2.6 ms after
the triggering of the first stage. The remaining electric current in the first stage is
about 41 kA. The breaking wire in the second stage indicate the correct position
of the armature at a time of about 2.9 ms and triggers the energy supply for the
second stage. The electric current in the launcher of the second stage reaches a peak
value of 185 kA and 143 kA in the augmentation circuit. This results in an electric
current in each augmentation coil of 71.5 kA. The projectile exits the second stage
after about 5 ms with a velocity of 713 m/s. The remaining currents are about 61 kA
and 71 kA in the launcher circuit and the augmentation circuit, respectively. The
analysis of the data indicates a good electrical contact in between the rails and the
armatures. The total energy efficiency of the launching process using two stages
reaches 4.8 %.
The velocities of the projectiles in the experiments with two stages are shown in
Fig. 7.5, together with the calculated velocity values. The velocity increases from
389 m/s to 713 m/s in the second stage. This means a velocity increase of 324 m/s.

95

Chapter 7

Experiments with Two Stages

The kinetic energy of the projectile increases by a factor of 3.35, resulting in a better
energy efficiency of the second stage (5 %) and both stages (4.8 %) compared to the
single stage experiments (4.4 %) (see table 7.3).

7.3 Energy Storage Augmentation Configuration
The energy storage augmentation configuration shows good results in the experiments with the first stage of the MASEL. The integration of the pulse forming
inductors into the launcher is a promising technique to further increase the energy
efficiency. Therefore, the energy storage augmentation configuration is realized in
the second stage of the MASEL and is described in the following.

7.3.1 Experimental Setup and Performance
The augmentation coils of the second stage are connected in parallel to each other
and in series to the launcher. The configuration of the first stage remains unchanged.
The electrical diagram of the energy storage augmentation of the first stage is shown
in Fig. 6.9. The two power supply units that are used for this set of experiments
are charged to the same initial voltage. In order to minimize the muzzle arc at the
second stage, a muzzle arc suppression device (see appendix, section 9.8) is placed
at the muzzle of the second stage. The initial charging voltage of the two power
supply units is varied between 5.5 kV and 9 kV, resulting in a total initial energy of
93 kJ and 249 kJ, respectively.

7.3.2 Results
The electric current profiles in the two stages, operated in the energy storage augmentation configuration at an initial charging voltage of 9 kV is shown in Fig. 7.4.
The time window signal and the breaking wire signal, indicating the correct position of the armature inside the second stage, are shown as well. The electric current
in the first stage is similar to the current in the first stage of the previous experiment with two stages. The same applies for the shot-out time of the projectile from
the first stage and the triggering time of the second stage, so that a similar initial
projectile velocity in the second stage can be assumed. The series connection of
the augmentation coils results in a slightly larger total inductance of the electrical
circuit of the second stage. This results in a lower peak current value than in the
experiments with the parallel augmented launcher configuration of the second stage.
The electric current reaches a peak value of about 171 kA. The projectile exits the
second stage, similar to the previous experiments, about 5 ms after the triggering of
the first stage. However, the lower electric current in the armature and augmentation coils results in a lower velocity of about 614 m/s with a total energy efficiency
of about 5.3 %.
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Figure 7.4: Current profile of the experiment using two stages in the energy storage
augmentation configuration at an initial charging voltage of 9 kV
The velocities of the projectile for the different initial charging voltages are shown
in Fig. 7.5, together with the simulated values. For the calculation of the projectile
velocities, the calculation as described in section 5.2.1 is extended with a second
stage and the determined values of the launcher are used. To enable an evaluation
of the velocity increase of the second stage, the calculated projectile velocities for
the experiments with the first stage in the non-augmented configuration and the
energy storage configuration are shown as well. The calculated velocities show a
fairly good agreement with the experimentally obtained velocity values. The low
velocities show a larger deviation to the calculated values. The reason for this might
be the inaccuracy in the production of the armature brushes, which are produced in
a simplified mechanical process. The comparison of the velocities of the experiments
with the first stage and the experiments with two stages, show a significant velocity
gain in an augmented electromagnetic launcher with multiple stages.
The velocity increase of the projectile with the use of two augmented launcher stages
in the energy storage augmentation configuration, is about 225 m/s. This is a smaller
increase than in the previous described configuration with two augmented stages.
However, the kinetic energy of the projectile is increased by a factor of about 2.4.
This leads with 5.3 % to a larger energy efficiency compared to the efficiency of 4.8 %
with the previous configuration with two stages. Furthermore, the integration of the
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Figure 7.5: Projectile velocity of the simulations (lines) and experiments (dots)
with two stages of the MASEL
pulse forming inductors into the launcher system results in an energy storage inside
the launcher. This configuration can be used to implement a crowbar diode at the
breech of the launcher to reduce the resistive losses in the cables.

7.4 Conclusions of the Experiments with Two Stages
The muzzle arc at the first stage is successfully reduced to an acceptable level. This
allows a safe injection of the projectile from the first stage into the second stage.
The breaking wire reliably detects the correct position of the projectile in the second
stage. The implementation of a time window into the trigger management system
prevents an early triggering of the second stage. The breaking wire has to be exchanged after each experiment. This can be avoided by the implementation of an
optical projectile detection system into the launcher for future experiments.
The experiments with the two stages of the modular augmented staged electromagnetic launcher enables a significant velocity increase to 713 m/s. The prolonged
length of the second stage requires the implementation of augmentation coils with
corresponding length. With the condition of similar electric peak current values
in the first and the second stage, the number of windings is set to three windings
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for each augmentation coil in the second stage. The augmentation coils with three
windings have a lower inductive coupling to the launcher and consequently produce
a lower augmentation field in the launcher than the augmentation coils with four
windings as used in the first stage of the MASEL.
The projectile velocity increase of the second stage, operated in the parallel augmented configuration, is 324 m/s. The projectile reaches a final velocity of 713 m/s
in the experiment with an initial charging voltage of 9 kV. The total energy efficiency increases from 4.8 % to 5.3 %, using the second stage operated in the parallel
augmented configuration and the energy storage augmentation configuration, respectively. The lower energy efficiency of the second stage operated in the parallel
augmented configuration can be explained with the remaining pulse forming inductance in the launcher circuit and the resulting increase of the resistance. The
projectile velocities and energy efficiencies of the experiments with two stages and
different initial energy levels are summarized in table 7.2.

Ein
kJ
139.8
158.2
259.9
295.7
374.2

vmuzzle
m/s
315.2
415.6
523.3
609.8
713.4

Ekin
kJ
3.45
5.99
9.65
13.04
18.0

η
%
2.5
3.8
3.7
4.4
4.8

augmentation

U0
kV
5.5
6.5
7.5
8.0
9.0

Energy storage

Parallel aug.

Table 7.2: Muzzle velocities and energy efficiencies of the experiments with two
stages of the MASEL at different energy levels
U0
kV
5.5
6.5
7.5
8.0
9.0

Ein
kJ
93.2
130.1
173.3
197.1
249.4

vmuzzle
m/s
200.0
315.9
435.3
511.6
614.3

Ekin
kJ
1.40
3.51
6.68
9.24
13.32

η
%
1.5
2.7
3.9
4.7
5.3

Even though the augmentation coils of the second stage have a lower mutual inductance gradient M 0 compared to the augmentation coils of the first stage, the
acceleration of the projectile is more efficient in the second stage of the MASEL.
The reason for that can be found in the electromotive voltage of an augmented
electromagnetic launcher, which is described in section 5.2.1. For an augmented
electromagnetic launcher with series connected augmentation coils, the equation 5.4
can be simplified to Uelmo = (L0 + M 0 ) v ir . The term (L0 + M 0 ) v can be seen as an
electromotive resistance of an electromagnetic launcher. The higher the electromotive resistance is compared to the total resistance of the launcher system, the higher
is the efficiency of the launcher, since less energy is dissipating into the resistance
of the system. In an augmented launcher, the electromotive resistance is increased
by the introduction of the mutual inductance gradient M 0 , resulting in a larger efficiency. However, the velocity of the armature increases the electromotive resistance
significantly, resulting in a larger energy efficiency for fast projectiles. This can be
observed in the velocity increase of the projectile in the second stage of the MASEL,
shown in table 7.3. The energy efficiencies of the second stage, operated in the
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parallel augmented configuration and in the energy storage augmentation are 5 %
and 6.2 %, respectively.
Table 7.3: Velocities and energy efficiencies of the experiments with two stages of
the MASEL at 9 kV initial charging voltage
Stage 1

Stage 2
1

Augmentation
conf. stage 1

v0
m/s

v9 kV
m/s

η
%

Augmentation
conf. stage 2

v0 1
m/s

v9 kV
m/s

η
%

η total
%

Energy storage

0

389

4.4

Parallel aug.

389

713

5

4.8

Energy storage

0

389

4.4

Energy storage

389

614

6.2

5.3

To increase the efficiency of the two stage configuration, the remaining electric current of the first stage can be used for the acceleration of the projectile in the second
stage. For this, the muzzle of the first stage has to be connected to the second stage
as soon as the correct position of the projectile in the second stage is detected by the
trigger management. Furthermore, the energy storage augmentation configuration
can be extended, by means of the implementation of a crowbar diode close to the
breech of the launcher to reduce the resistive losses of the cables, after the capacitor
bank discharged entirely.
In order to increase the velocity of the projectile, additional stages can be used in the
non-augmented or augmented launcher configuration. The additional stages should
be longer than the second stage, so that the duration of the current pulse roughly
corresponds to the duration of the armature inside the launcher. Another possibility
is the adjustment of the current pulse by changing the capacity and/or inductance
of the pulse power system and the initial charging voltage.

1

Projectile velocity in the experiment with the first stage, operated in the energy storage augmentation configuration.
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8 Summary
Augmented electromagnetic launchers use an external magnetic field to increase the
magnetic field strength inside electromagnetic launchers. This allows a larger acceleration force on the projectile, without an increased electrical current through the
armature. Several techniques to apply an external magnetic field to an electromagnetic launcher are documented in the literature. The use of augmentation coils with
multiple turns along the launcher is the most promising augmentation technique,
since the coils can provide a large external magnetic field. Only a few studies have
been conducted with a magnetic field augmentation using coils along the launcher.
In the scope of this study a new multistage augmented electromagnetic launcher
with coils is experimentally investigated.
The electrical and mechanical loads during the launching process in a simple electromagnetic launcher are exceptionally high. The use of coils for a magnetic field
augmentation in the launcher increases the load on the launcher and requires a
more complex mechanical setup. In order to withstand the large mechanical forces
in the augmented electromagnetic launcher, a reinforced and electrically insulating
housing is developed. The modular approach of the launcher system enables an
easy exchange of the rails and coils. The mechanical load on the structure and
its resulting deformation are estimated using numerical simulation tools. In other
simulations the electrical and thermal loads are calculated. These results are used
to improve the mechanical design as well as the augmentation coil geometry. After the design period, the components of the first stage of the modular augmented
staged electromagnetic launcher (MASEL) are manufactured and the launcher is
assembled.
In the experiments with the first stage of the MASEL several different, but comparable configurations are used. The energy level in the experiments is varied for each
setup within the capabilities of the system. The configurations of the first stage are
listed below.
• Simple electromagnetic launcher without magnetic field augmentation.
• Parallel augmented electromagnetic launcher with augmenting coils connected
to an independent power supply unit.
• Series augmented electromagnetic launcher with different configurations of the
pulse forming inductance.
• Augmented electromagnetic launcher with an integrated XRAM generator.

101

Chapter 8

Summary

An overview of the theoretical energy efficiency (calculated using equation 3.1) and
the experimentally achieved energy efficiency can be found in Fig. 8.1. The theoretical energy efficiency is calculated using equation 3.1, with the effective inductance
gradient of the experimental setup, the muzzle velocity of the experiments and the
initial resistance of the setup. The experimental energy efficiency is always below
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Figure 8.1: Theoretical and experimental energy efficiency of the experiments with
the first stage
the theoretical energy efficiency (blue line). The graph shows the correspondence
between the energy efficiency and the configuration of the experimental setup.
In the parallel augmented configuration the augmentation coils are energized by
an independent power supply unit and allows the acceleration of the projectile to
significantly larger velocities compared to experiments with the simple launcher
configuration. The experiments with the maximum initial energy achieve a projectile
velocity of 181 m/s in the simple launcher configuration and 376 m/s in the parallel
augmented launcher configuration. This represents an increase in energy efficiency
from 0.9 % to 2 %.
The series connection of the augmentation coils to the launcher increases the total
inductance of the system and allows a reduction of the pulse forming inductance at
the power supply unit. With this, the augmentation modules are used as inductive
energy storage units. At the same time, the magnetic field of the coils is used to
augment the magnetic field in the launcher. In the energy storage augmentation
configuration the pulse forming inductors are replaced entirely by the augmentation
coils. This configuration enables an acceleration of the projectile to a velocity of
389 m/s with an energy efficiency of 4.4 %.
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The integration of an XRAM generator results in a current multiplication (by a
factor of about 2) in the launcher and enables the acceleration of the armature to
a velocity of 188 m/s. This represents the largest projectile velocity at an initial
charging voltage of 5.5 kV using the first stage of the MASEL. However, in this
configuration the capacitors of the power supply unit are charged to an unacceptable reverse voltage. The XRAM configuration with an additional crowbar diode
at the power supply unit reduces the electrical current drastically and limits the
reverse charging of the capacitors. The use of the augmentation coils with a larger
magnetic coupling results in a larger projectile velocity at a lower electric current
compared to the previously described setup. The low peak current value of the electric current (67 kA instead of 105 kA) and its slow reduction in time results in a more
uniform acceleration compared to the previous experiments. This is advantageous
in consideration of acceleration peak values for fragile or sensitive payloads.
The second stage is used in the following configurations, while the first stage is
operated in the energy storage configuration.
• Parallel augmented electromagnetic launcher with augmenting coils connected
to an independent power supply unit.
• Energy storage augmentation configuration.
The experiments with two stages of the MASEL demonstrate the feasibility of a
staged augmented launcher system. The projectile is accelerated to about 614 m/s
with a total energy efficiency of 5.3 %, using two stages. The energy efficiency in
the first and second stage are 4.4 % and 6.2 %, respectively.
The experimental investigation demonstrates the importance of the consideration of
all elements in an electromagnetic launcher system. The successive integration of
the inductive energy storage units (pulse forming inductors) results in an increased
energy efficiency. The resistance of the system should be as small as possible to
increase the efficiency (see equation 3.1). Possibly, this can be realized with an
optimized energy transfer from the power supply units to the launcher and with a
resistance optimized augmentation coil design.

8.1 General Conclusions
The experiments with the new design of a magnetic field augmentation using coils
shows a significant improvement of the launching velocity, by a factor of more than
two, compared to the simple launcher configuration. The multiple stage setup with
rotated orientation of the successive stages allows a further acceleration of the projectile. For this, a novel muzzle arc suppression technique is developed and reduces the
muzzle arc significantly. The use of a parallel augmentation configuration requires
two pulsed power supply units and allows an independent adjustment of the current
profile in the launcher and the augmentation coil circuit. The series augmented
launcher configuration allows the use of a single power supply unit.
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The parallel augmented configuration shows better results in terms of muzzle velocity
(376 m/s) compared to the series augmented configuration (302 m/s). However, the
energy efficiency suffers from the fact that two power supply units are used in the
experiments with the parallel augmented configuration (η = 2.0 %). In the series
augmented launcher configuration the augmentation coils are connected in series to
the launcher and are energized by the same electrical current that runs through the
launcher (η = 2.6 %). The use of augmentation coils with a larger magnetic coupling
to the launcher increases the effective inductance gradient of the system, resulting in
a larger muzzle velocity of the projectile. With this configuration, the augmentation
coils are used as inductive energy storage devices and replace the pulse forming
inductance of the power supply units. The energy efficiency of the series augmented
launcher configuration is with 4.4 % significantly larger compared to the parallel
augmented configuration with 2 %.
The operation of the augmented launcher with two stages shows the influence of
the initial projectile velocity to the energy efficiency of the launching process in the
second stage. Even though the magnetic coupling between the augmentation coils
and the launcher in the second stage is smaller, the second stage obtains an energy
efficiency of 5.3 %, while the first stage is operated with an energy efficiency of 4.4 %,
due to the lower projectile velocity in the first stage.
The implementation of diodes in parallel to the augmentation coils at the breech of
the launcher and the resistance in series to the crowbar diode at the power supply
unit enable a modification of the current pulse. With this, a relatively steady current
pulse with a low amplitude of 67 kA is realized. Together with the magnetic field
augmentation, the projectile is accelerated to a velocity of 185 m/s (see Fig. 8.2).
Fig. 8.2 shows the current profiles of two experiments with different launcher configurations and initial energy levels. Even though the muzzle velocities of the projectiles
are similar in the different experiments, the current profiles differ significantly. An
initial charging voltage of 9 kV is necessary to accelerate the projectile to a velocity
of 180 m/s, using the simple launcher configuration. The electric current reaches a
peak value of 180 kA. In series connected augmentation coils and the use of diodes
in parallel to the augmentation coils at the breech of the launcher with a resistance
in series to the crowbar diode at the power supply unit allows an acceleration of the
projectile to a velocity of 185 m/s with a peak value of the electric current of 67 kA.
For this, an initial charging voltage of the capacitors of 5.5 kV is necessary.
The magnetic field augmentation is a useful technique to reduce the electric current
in the armature without reducing the accelerating force on it. The new design
of the modular magnetic field augmentation using coils shows the possibility to
accelerate a projectile to similar velocities with a significantly smaller action integral
compared to a simple electromagnetic launcher. A reduced action integral through
the armature extends the life time of the armature and rails. Especially at the start
of the launching process, when the velocity of the projectile is rather small, the
magnetic field augmentation increases the acceleration of the projectile. This can
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Figure 8.2: Rail launcher current profiles for experiments with similar projectile
muzzle velocities
help to reduce the wear of the rails, since less electric current is necessary to launch
the projectile. The faster the projectile is, the less effective is the magnetic field
augmentation because the electromotive resistance increases with rising velocity.
Therefore, the magnetic field augmentation is a very good solution to improve the
launching process for launchers with moderate projectile velocities. It furthermore
can be used in the beginning of the launching process in launchers for high projectile
velocities.

8.2 Limits of Magnetic Field Augmentation
The magnetic field augmentation is limited by two physical phenomena that restrict
an arbitrary increase of the magnetic field produced by the augmentation coils. One
restriction is given by the limits of the electrical components of the system. The
second restriction is given by the mechanical stresses that occur in the launcher and
the augmentation coils, when a strong magnetic field is generated.
An increased inductance of the augmentation circuit requires a higher initial charging
voltage of the power supply modules to get a similar rise time of the electric current
pulse. A higher voltage on the augmentation coils increases the risk of an electrical
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breakthrough in the insulating material. The insulation of the electrical components
suffers in the harsh conditions of an electromagnetic launcher. The mechanical and
thermal load during the launching process can reduce the dielectric strength. The
influence on the insulating material has to be considered for the design of a launcher.
The velocity of the projectile strongly influences the electromotive voltage in the
launcher system. Therefore, a larger velocity of the projectile requires a larger
supply voltage. This is typically provided by the inductive energy storage units, but
has to be considered for the dielectric strength of the insulating materials.
Beside the electrical restrictions, a higher electrical current in the augmentation
coils increases the mechanical load on the housing. A higher electric current can be
realized by supplying the augmented launcher with multiple energy storage units or
by reducing the inductance of the system. The repelling force on the rails causes a
displacement of the rails and increase the caliber of the launcher. A displacement of
the rails of 0.44 mm each, is calculated for the augmented electromagnetic launcher
investigated in this study. Using a stronger magnetic field augmentation, this displacement of the rails can cause a loss of the electrical contact of the armature. It
furthermore can deform the structure beyond the elastic limits and cause a fracture
of the material.

8.3 Outlook
The augmentation coils used in this study are optimized in terms of manufacturing
effort. Enameled copper wires are used and obtain good results in the experimental
investigation. In order to reduce the resistance of the augmentation coils and to
increase the magnetic coupling to the launcher, the geometry of the augmentation
coils can be further improved. The augmentation coil geometry 3 (see Fig. 5.4 in
section 5.2.2) shows a slightly larger magnetic field augmentation in the simulations
compared to the simulations with geometry 2. The production of the augmentation
coils with geometry 3 require complex manufacturing techniques.
A simple technique to reduce the electrical resistance of the augmentation coils is to
decrease the temperature of the conductors. This can be realized with liquid nitrogen
filled into cavities in the augmentation modules. However, a decreased temperature
influences the mechanical properties of the materials. The use of augmentation coils
made of superconducting materials can drastically reduce the resistive losses in the
launcher and should be considered for future investigations.
In order to reduce the resistive losses in the cables, the crowbar diode can be placed
close to the breech of the launcher. The system resistance can be reduced for the
period of the current pulse, when the crowbar diode is active. This setup might
significantly improve the launcher performance, by means of a larger action integral
of the current pulse and an increased projectile velocity.
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The parallel augmented launcher configuration is operated at the same energy level
for the launcher and the augmentation circuit. In order to increase the magnetic
field augmentation, the augmentation circuit can be energized with a power supply
unit at a higher initial energy level or with multiple power supply units connected
in parallel. This increases the electric current in the augmentation coils and the
magnetic field augmentation. The increasing displacement of the rails has to be
taken into account to maintain a solid contact between the rails and the armature.
The muzzle arc suppression device at the muzzle of the first stage reduces the muzzle
arc to an acceptable level for the operation of multiple stages. The design of the
muzzle arc suppression can be improved to further reduce the muzzle arc development. The arc guidance to the side of the launcher can be modified to increase the
energy dissipation of the muzzle arc. Another possibility is the connection of the
first stage to the second stage, so that the remaining current of the first stage is
used in the second stage.
For the design of an electromagnetic launcher, the whole system has to be taken
into account. This includes the power supply unit, the energy transmission and the
launcher itself. The augmentation coils in an augmented electromagnetic launcher
can be used as inductive energy storage units to optimize the energy management
of the pulsed power system.
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9 Appendix
9.1 Temperature Increase in the Armature
The current carrying armature that maintains the electrical contact between the rails
in electromagnetic launchers is an important factor for the acceleration process. The
temperature increase of the armature caused by resistive heating can cause damages
at the rails and the armature and limits its performance capabilities. The power
dissipation in the armature can be calculated with
P = i2 Rarmature ,

(9.1)

where Rarmature is the resistance of the armature.
To evaluate the temperature increase of the armature material, it is necessary to
calculate the resistance of it. For the experiments described in this study, two pair
of copper brush armatures with a diameter of 6 mm each are used.
The resistance can be calculated with
Rarmature = ρR (T )

dcal
Aarmature

,

(9.2)

where ρR (T ) is the resistivity of the armature material, which is a function of the
temperature. The value dcal is the caliber of the launcher and Aarmature is the crosssection area of the armature. The temperature depending resistivity for copper can
be calculated with [110]
ρR (T ) = 17.86 · 10−9 [1 + 0.0039 (T − T0 )] Ω m ,

(9.3)

where T0 is a fixed initial temperature.
The resistance of a copper brush armature at room temperature with a diameter of
6 mm and fill factor of 80 % copper in the total area, in a 20 mm caliber electromagnetic launcher is with ρR (293 K) = 17.86 · 10−9 Ω m [110],
Rarmature = 3.94 µ Ω.
With the current profile that is calculated in section 5.2.1, the temperature increase
of the armature can be calculated with and without a temperature depending resistivity. In the short time period of the current pulse it can be assumed that the
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temperature increase in the armature is an adiabatic process so that no heat transfer
occurs to the outside. This can be assumed since the thermal conductivity of copper
is much higher than the thermal conductivity of the sabot material (usually GRP).
With this assumptions, all the energy dissipated in the armature is converted into
heat and causes an increased temperature of the brushes. With the specific heat
capacity and the amount of dissipated energy [111], the temperature increase in the
armature can be calculated using
Q = carmature marmature ∆T ,

(9.4)

Eres = Q .

(9.5)

The specific heat capacity is assumed to be constant (carmature = 0.382 kgkJK at 20°C).
The mass of the armature with a density of copper of 8960 mkg3 and the geometry
described above is about 4.1 g. The temperature increase in the copper brush armature can be calculated and results in 100.8 K in case of a constant resistivity and
124.6 K in case of a temperature depending resistivity.
The temperature change profile during the described current pulse is shown in
Fig. 9.1 with and without temperature depending resistivity. This plot shows that
the temperature dependance of the resistivity has to be considered for large temperature changes as they occur during the operation of pulsed power systems.

2 0 0
1 2 0

ρR (T )

1 8 0
1 6 0

1 0 0

8 0

ρR (T = 293, 15K)

1 2 0
1 0 0

6 0

8 0
4 0

6 0

current

4 0

2 0
2 0
0

0
0

1

2

3

4

tim e ( m s )

Figure 9.1: Armature temperature change
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9.2 Force on the Armature in an Augmented
Electromagnetic Launcher

For the calculation of the accelerating force on the armature in an augmented electromagnetic launcher, two different augmentation configurations are considered. These
configurations are the magnetic field augmentation using permanent magnets and
the magnetic field augmentation using current carrying conductors in the vicinity
of the main rails of the launcher.
In the permanent magnet magnetic field augmentation, the force on the armature
is the sum of the force caused by the simple launcher setup as expressed by equation 1.2 and the force component caused by the interaction of the magnetic field
of the permanent magnet and the electric current in the armature as described in
equation 2.5 and results in
1
F = L0 i2 + i Bmag dcal .
2

(9.6)

The force on the armature in an augmented electromagnetic launcher can be derived
similarly to the force in a conventional, non-augmented launcher. The energy in the
magnetic field can be expressed with [87]
1
1
1
Emag = φi = Lr i2r + La i2a + Mr−a ir ia
2
2
2

(9.7)

where Lr is the inductance of the launcher, La is the inductance of the augmenting conductor loop and Mr−a is the mutual inductance between the launcher loop
and the augmenting conductor loop. With the derivation of the magnetic energy
Emag , the force on the armature in an augmented electromagnetic launcher can be
expressed with
F =

1 ∂Lr 2 1 ∂La 2 ∂Mr−a
∂Emag
=
i +
i +
ir ia .
∂x
2 ∂x r 2 ∂x a
∂x

(9.8)

Since the inductance of the augmenting coil La does not depend on the position of
the projectile x, the force on the armature can be calculated with
1
0
F = L0 i2r + Mr−a
ir ia ,
2

(9.9)

0
where Mr−a
is the spatial mutual inductance gradient between Lr and La .
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9.3 Thermal Evaluation
The thermal analysis of the conducting material allows an evaluation of the transient temperature increase, caused by the electric current. In the following thermal
analysis, no heat exchange between the conducting material and the surrounding
structure, in form of thermal conduction or thermal radiation, is considered. For a
relatively fast changing temperature field as a result of the applied current pulse in
the range of several milliseconds, the thermal conduction into the metal is the dominant heat exchange mechanism. The reason for this is the high thermal conductivity
of the metal compared to the thermal conductivity of the surrounding, electrically
and thermally insulating material (≈ factor 1000). The initial temperature of the
material is set to 293 K. The electric current in the rails and the augmentation coil
inductance are set to the values, as calculated in section 5.2.1.
The simulated temperature distribution of geometry 1, 2 and 3 at 0.4 ms (time of
maximum temperature) is shown in Fig. 9.2, Fig. 9.3a and Fig. 9.3b, respectively.
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Figure 9.2: Temperature in the conductors at 400 µs in geometry 1

The temperature development at the center of the rails (Point 2) and at the lower
corner of the outer augmenting conductor (Point 1) is shown in Fig. 9.4 for the three
different geometry configurations. The position for the thermal evaluation in the
augmenting coils (Point 2) represents the position with the maximum temperature
in the conductor, due to the large current density concentration.
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Figure 9.3: Temperature in the conductors at 400 µs
The temperature of the conductors reaches a maximum value of 402 K in geometry 3,
378 K in geometry 2 and 363 K in geometry 1 at the outer corner of the augmentation
conductor (Point 2). The temperature in the center of the rails (Point 1) increases
significantly slower compared to the temperature at Point 2, and reaches a value of
about 340 K. Due to the magnetic field diffusion effects, the electric current density
is concentrated at the surfaces of the conductors and causes a faster temperature
increase at the surfaces of the conducting material. After the peak of the current
pulse, the maximum temperature does not further increase due to temperature diffusion as a result of the temperature gradient in between the surface and the inside
of the conductor.
The thermal analysis enables an assessment of the temperature increase in the conductors of the augmented electromagnetic launcher. It shows that the temperature
increase is not critical for the single shot operation mode. However, the thermal management of the electrical conductors has to be reconsidered, if the experimental setup
is operated in the multiple shot mode. The temperature of the conductors increases
during each acceleration in the multiple shot mode. The increased temperature of
the conductors raises the resistance and increases the heating in each acceleration
process. Depending on the repetition rate of the acceleration, the conductors can
reach a critical temperature after several consecutive accelerations. Therefore, the
repetition rate has to be low enough to enable a cooling of the conductors or an
active cooling system has to be implemented into the launcher.
The comparison of the three different geometries shows the influence of the augmentation coil geometry on the magnetic flux density distribution inside the electromag-
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Figure 9.4: Maximum temperature and rail center temperature in the three augmentation coil configurations
netic launcher. The augmentation coil geometry 1 shows the smallest magnetic field
augmentation and is therefore not considered for this study. The magnetic flux
density in the barrel of the launcher is the highest, if geometry 3 is used for the
magnetic field augmentation. The production efforts for the manufacturing of the
augmentation modules using geometry 3 is higher compared to the manufacturing
effort necessary to produce augmentation modules with inductors according to geometry 2. This can be explained with the two layers of conducting material in
geometry 3 and the limited bending radius of the conductors in the upright position. Geometry 2 allows the use of enameled copper wire “of the shelf” and can
be produced at ISL. Due to the relatively low effort for the production and the
small difference in the resulting magnetic field, the augmentation coil modules with
a conductor configuration according to geometry 2 is selected for the experimental
setup. To adjust the inductance of the augmentation coils, the number of parallel
conductors in the augmentation modules is varied.

9.4 Simulation of the Mechanical Structure
Two parallel wires with opposite current flow directions cause a repelling force on
the wires. This is the same case in the rails of an electromagnetic launcher. The
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accelerating force on the armature and the repelling force on the rails is proportional
to the square of the electric current in the launcher. The distance in between the
conductors, or the caliber of the electromagnetic launcher influences the magnitude
of the repelling force.
The force on two parallel, current carrying conductors with negligible thickness
compared to the length, can be calculated using [112]
Frail =

µ0 i1 i2 l
,
2πr

(9.10)

where i1 and i2 are the electric currents in the parallel wires, l is the length of the
launcher and r is the distance in between the wires. The direction of the electric
currents in the two parallel wires determines, whether the wires repel or attract each
other.
Using equation 9.10 the repelling force in an electromagnetic launcher can be estimated. Assuming an electric current with an amplitude of 200 kA, a launcher length
of 1 m and a rail distance of 2 cm, the repelling force acting on the rails results in
F̂rail =

Vs
4 π 10−7 Am
2002 kA2 1 m
µ0 î1 î2 l
=
= 400 kN .
2πr
2 π 2 cm

(9.11)

This calculation shows the large mechanical load during an electromagnetic launching process. The magnetic field produced by the electric current in the armature
increases the repelling force on the rails. This additional force contribution is not
considered in equation 9.10, so that an even larger repelling force can be expected
in the electromagnetic launcher.
In magnetic field augmented electromagnetic launchers, the additional magnetic field
does not only increase the accelerating force on the projectile. It also increases the
repelling force acting on the parallel conductors of the augmentation coils and on
the rails of the launcher. The repelling force can be estimated using the equation
for the magnetic pressure (see equation 2.11) inside the launcher. For this, the magnetic field inside the augmented electromagnetic launcher has to be known. It can
be approximately calculated by using equation 2.2. In such an approximation, the
electric conductors in the augmented electromagnetic launcher are represented by
concentrated conductors. Hence, the magnetic field diffusion processes as described
in section 2.4, are not considered in the estimation of the magnetic field distribution. Another way to calculate the magnetic field in the augmented electromagnetic
launcher is the use of a finite element method program. With the support of such
a simulation program, the magnetic field in the launcher can be calculated, including the diffusion of the magnetic field into the conductors and the resulting current
density distribution in them.
The FEM-program (COMSOL Multiphysicsr ) used for the simulations is capable
to couple several physics modules such as the “electromagnetic module” with the
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“thermal module” and the “structural mechanics model”. This allows the simulation of several important values of the experimental setup. For the MASEL, the
electric current and the resulting magnetic field and current density distribution are
calculated. These simulations are coupled with the thermal module of the FEMprogram to calculate the temperature increase of the current carrying components
(see section 9.3). Furthermore, the simulated electric currents and magnetic fields
are used to calculate the mechanical deformation of the system, by coupling it with
the structural mechanics module of the program. In this way, the mechanical behavior of the setup has been evaluated and improved. An important value for the
evaluation of the mechanical capabilities is the displacement of the rails as a cause
of the repelling force. This displacement causes an enlargement of the caliber. To
maintain the electrical contact between the rails during the experiments with the
MASEL, copper brushes are used as armatures. Detailed information about the
armatures can be found in section 5.5.2. The copper brushes in the armature allow
a limited displacement of the rails before losing the solid to solid contact during
the launching process. The over length of the brushes in armatures, used in electromagnetic launcher with a caliber of 2 cm, is typically about 2 mm on each side
of the armature. Considering an abrasive wear of the brush armatures during the
launching process, the total maximum displacement of the rails should be less than
1 mm.
The simulation of the mechanical displacement of the rails, during the launching
process, requires a transient simulation. However, the dynamic simulation of the
acceleration of the armature and the coupling of several physical phenomena (e.g.
electric, magnetic and mechanical interactions) represents a complicated task [113].
To simplify the calculation of the mechanical displacement, the simulations are performed using the static and the time harmonic solvers. Furthermore, no movement
of the armature is taken into account during the simulations.
Steel screws

Aluminum bars

Augmenting rails
2 cm

y
stan

ch di

Rail

B r ee

ce, x

Armature

Figure 9.5: FEM model of the upper left quater of the initial structural design
The geometrical model of the initial structural design for an augmented electro-
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magnetic launcher with two augmentation coils with two windings each, is shown in
Fig. 9.5. The armature is represented by a cuboid with a cross section of 10 mm × 20 mm
in between the rails, at a distance of 10 cm from the breech of the augmented electromagnetic launcher. To minimize the size of the 3D FEM model, only the first
20 cm of the structure is implemented into the model. Due to the symmetry of the
geometry, the simulation of one quarter of the geometry is sufficient.
In the static simulation, a DC current with the magnitude of the peak electric
current of 171 kA and 186 kA is applied to the augmenting conductors and the rails,
respectively (see section 5.2.1). In the time harmonic simulation, the electric current
is applied to the conductors as an AC current with a frequency of 1 kHz.
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Figure 9.6: Magnetic flux densities in the augmented electromagnetic launcher for
different current configurations
The absolute magnetic flux density at the symmetry line of the FEM model (red line
in Fig. 9.5), for the time harmonic simulation and a frequency of 1 kHz, is shown
in Fig. 9.6 for three different cases. In the first case, only the electric current ir
in the rail is active, in the second case only the electric current ia is active in the
augmentation conductors. In the third case, the electric currents ir and ia are active
in the rail conductors and the augmentation conductors, respectively. If the electric
current is only active in the rails of the launcher, the magnetic flux density is about
4.3 T for the first 5 cm from the breech. Towards the rear boundary of the armature,
the absolute magnetic flux density rises to a maximum value of about 5.9 T. Inside
the conducting volume of the armature, the absolute magnetic flux density drops
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down and increases again towards the surface boundary of the conducting armature.
At this point, the absolute magnetic flux density has a value of 1.1 T and decreases
to 0 T towards the muzzle of the launcher. In the case when the electric current is
only active in the augmenting rails, the absolute magnetic flux density is about 7.4 T
at the breech and the muzzle of the FEM model. In the vicinity of the conducting
armature, the absolute magnetic flux density increases to about 8.5 T on both sides
of the armature as a result of the induced electric current inside the armature. If both
electric currents are active, the absolute magnetic flux densities are superimposed,
resulting in a value of about 11.7 T for the first 5 cm from the breech and rising
to a maximum value of about 14.4 T towards the rear boundary of the armature
volume. In front of the armature, the absolute magnetic flux density is smaller than
in the case, in which only the augmentation current is active. This is the result of
the influence of the magnetic field in front of the armature. It is orientated in the
opposite direction to the magnetic flied that is produced by the augmentation coils
and reduces the absolute magnetic flux density. The absolute magnetic flux density
in the conducting material, that represents the armature of the launcher, drops to a
similar value as in the cases, where the electric current is active in the augmentation
conductors.
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Figure 9.7: Static rail displacements in the augmented electromagnetic launcher
For the simulation of the mechanical displacement of the rails, the steel screws are
fixed at the surface of the horizontal symmetry plane. At the surfaces, which are
cut by the vertical symmetry plane (GRP housing, rails, armature and aluminum
bars), the perpendicular movement with respect to the surfaces is restricted. The
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mechanical displacement of the repulsing rails is shown in Fig. 9.7 for the cases, in
which a static electric current is applied only to the rails of the launcher and when
it is applied to the rails and the augmenting rails simultaneously. It shows that the
displacement of the rails is significantly higher in the augmented launcher configuration compared to the displacement in the non-augmented launcher configuration.
At the position of the armature, the displacement of one rail is calculated to be
about 0.95 mm and 0.05 mm in the augmented launcher configuration and in the
non-augmented launcher configuration, respectively. Considering that the rail displacement occurs on both rails, the copper brush armature is not able to maintain
a proper solid to solid contact to the rails for the augmented launcher configuration. In order to limit the mechanical displacement of the rails, the initial structural
design has been improved.
To improve the mechanical properties of the launcher and to limit the mechanical
displacement of the rails, the diameter of the screw rods has been increased from
M12 to M18. Additionally, the number of aluminum bars of the housing has been
increased from 10 to 13 for the first stage of the MASEL. The improved geometry
is described in detail in section 5.3. These changes of the mechanical setup reduce
the theoretical displacement of the rails from initially 0.95 mm to 0.44 mm for the
magnetic field augmented operation of the launcher. The simulated rail displacement
for the non-augmented launcher configuration is about 0.03 mm with the improved
structural design. The results of the static rail displacement are summarized in
table 9.1. The CAD models of the initial and the improved geometrical structures
are shown in Fig. 9.8a and Fig. 9.8b, respectively. The calculated eigenfrequency of
the improved structural design is 2145 Hz.
Table 9.1: Maximum displacement of the rails in y-direction for the different configurations
Configuration
îr
îa
(kA) (kA)

Force on
conductors
(kN/m)

Rail displ.
initial geom.
(mm)

Rail displ.
improved geom.
(mm)

Max. magnetic
flux density
(T)

186

0

211.7

0.05

0.03

5.9

186

171

2812.8

0.95

0.44

14.4

The 3D simulation of the experimental setup allows an evaluation of the magnetic
flux density distribution and the mechanical displacement of the rails. Furthermore, it enables the evaluation of an improved geometry, in order to limit the caliber enlargement in the magnetic field augmented configuration during the launch.
However, the static and time harmonic solutions and the approximated geometry of
the FEM model do not consider the complete transient mechanical behavior of the
experimental setup, but provide a good estimation for its mechanical capabilities.
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Figure 9.8: CAD model of structural design
Additionally, the time harmonic simulation allows an evaluation of the mechanical
eigenfrequency of the setup. The repetitive operation of the experimental setup with
a frequency similar to the eigenfrequency has to be avoided, in order to prevent a
resonant oscillation of the structure, especially if the electromagnetic launcher is
operated in multiple shot mode.

9.5 Energy Transmission Cables
The coaxial copper cables1 with a diameter of 25 mm, have a balanced force distribution and can withstand high voltages up to 54 kV [114]. The cables are used in
numerous previous experiments with electromagnetic launchers. In order to ensure
a low resistance of the cables, their length is as short as possible. To reduce the
resistance of the cables and to reduce the thermal and mechanical load on the them,
four cables are connected in parallel to each other. The inductance and resistance
of the cables influence the electrical behavior of the pulsed power system and need
to be considered in the calculation of the electric current. According to the data
sheet[114], the resistance of one cable for a DC current is 0.393 mΩ/m.
In order to obtain the values for the inductance and resistance of the cables with a
length of 5.5 m during a pulsed power discharge, a series of short-circuit experiments
is performed. In these experiments, the electric current of the shorted cables are
recorded and compared to the equivalent calculations according of the electrical diagram as shown in Fig. 9.9. In the first measurement, one coaxial cable is connected
to the energy supply unit. The other side of the cable is shorted. Then, the same
measurement is performed with 2, 3 and 4 parallel connected, shorted coaxial cables.
1

Coaxial cable, TENAX-TRAIN-Plus, (N)TMCWOEU 26/45 kV, 1 x 50/16
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Figure 9.9: Electrical diagram of the short-circuit setup with four cables
The comparison of the measured and calculated current profiles for 1, 2, 3 and 4
parallel shorted cables is shown in Fig. 9.10. The comparison of the current profiles
visualizes the effect of the different amount of parallel connected cables and the
resulting change of the total inductance and resistance. In the experiment with one
cable, the electric current reaches a maximum value of 111 kA and decays with a
time constant τ = L/R of 1.2 ms. In the experiment with two parallel cables, the
total inductance is decreased and the current reaches with 120 kA a larger maximum
value compared to the one cable configuration. Due to the reduced resistance of the
two parallel cables, the electric current decays slower with a time constant τ of
1.7 ms. The same effect can be observed for the three and four cable configuration,
where the electric current reaches a peak value of 124 kA and 126 kA with a time
constant τ of 2.5 ms and 2.9 ms, respectively.
The value of the resistance and the inductance of the coaxial cables are determined,
assuming constant values for the electrical components R, R1 and L1 in the electric
diagram shown in Fig. 9.9. The empirical values of the inductance and resistance of
the cables are listed in table 9.2.
Table 9.2: Values for the electrical components of the circuit
Symbol

Empirical value (5.5 m)

Value per meter

DC value (data-sheet)

Lcn

1.5 µH

0.273 µH/m

n/a

Rcn

3 mΩ

0.545 mΩ/m

0.393 mΩ/m

The limiting action integral, or the I 2 t rating, is an important value for the electrical
load on the components in a pulse forming system [115]. It is defined as the integral
of the square of the electric current and represents a value for the energy content of
an electric current pulse that is applied to a certain load.
2

ˆt

I t =

i2 (τ ) dτ

(9.12)

0

In the pulse power modules, used for the experimental investigation of the mag-
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Figure 9.10: Measured and calculated current profiles for 1, 2, 3 and 4 shorted
parallel cables at U0 = 6 kV
netic field augmented electromagnetic launcher, the diodes are the most sensitive
components. The maximum allowed action integral of the diodes and of the other
components can not be exceeded. Therefore, the action integral values for several
initial charging voltages and number of cables are calculated. Two types of diodes
are used in the pulse forming networks. In some capacitor banks, ABB1 diodes
are installed and require a stacking of the diode as described before. These diodes
have a limiting action integral of 4.81 kA2s. The diodes from EUPEC2 used in the
remaining capacitor banks have a limiting action integral of 3.78 kA2s.
Fig. 9.11 shows the simulated action integral profiles for different cable configurations
and charging voltages. Additionally, the limit of 90 % of the action integral of the
diodes are shown in the graphs. These calculations show, that the action integrals
of the current pulse exceeds the 90 % limits of the capabilities of the diodes, if three
or four cables are used. The 90 % limits are used to have a safety factor for the
dimensioning of the diode stacks. For 9 kV initial charging voltage and four cables
connected in parallel to each other, only the capacitor banks equipped with the ABB
diodes can be used. The 90 % limit of the EUPEC diode with an limiting action
integral of 3.78 kA2s is exceeded. Therefore, the current carrying capabilities of the
diodes limit the experimental investigation to a maximum charging voltage of 9 kV.
1
2

ABB Avalanche Diode 5SDA 27F2002
EUPEC Power Rectifier Diodes D 1809 N
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Figure 9.11: Action integral profiles for different charging voltages

9.6 Simulated Launcher Operation with a DC
Current Pulse
The power supply units used for the experiments in this study contain capacitors
as primary energy storage units. These capacitors are charged to a certain voltage
that defines the initial amount of energy for the planned experiment. The shape
of the current pulse is adjusted by setting the inductance of the system that stores
the electrical energy after the discharge of the capacitors. This characteristic of
the power supply units results in a relatively large current peak at the beginning
of the pulse that is decreasing according to the inductive discharge equations. In
electromagnetic launchers such a pulse shape is not desired since it causes a large
electrical and mechanical load on the launchers and the projectile in the beginning of
the launching process. At the end of the launching process, the electric current can
have decreased below the minimum value that is necessary to overcome the friction
force of the projectile and the rails. An electric current that is above this threshold
value at the end of the launching process results in an unused amount of energy that
is dissipated in the muzzle arc. The ideal current pulse is a DC current pulse that is
active for the time of the acceleration of the projectile. The maximum amplitude of
this current pulse is limited by the electrical and mechanical constrains of the system.
Fig. 9.12a shows a comparison of an experimental current profile and a calculated
DC current pulse that are necessary to achieve an equivalent muzzle velocity of the
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projectile. The corresponding calculated velocity profiles of the two current pulses
are shown in Fig. 9.12b. The velocity of the projectile increases fast in the beginning

Experimental current pulse
DC current pulse

1 0 0
5 0
0

4 0 0

v e lo c ity ( m /s )

c u rre n t (k A )

1 5 0

3 0 0
2 0 0
1 0 0
0

0

1

2

3

tim e ( m s )
(a) Current profile

4

5

0

1

2

3

4

5

tim e ( m s )
(b) Velocity profile

Figure 9.12: Current and velocity profiles of the experimental current pulse and a
DC current pulse used in an electromagnetic launcher
of the launching process when the experimental current pulse shape is used. When
the launcher is operated with a DC pulse, the velocity of the projectile increases
steady towards the end of the launching process. The profiles of the accelerating
force on the projectile resulting from the shown current pulses are visualized in
Fig. 9.13. The peak value of the force on the projectile and hence, the mechanical
load on the launcher is significantly larger when the launcher is operated with the
experimental current pulse. An operation of the launcher with a DC pulse results in
a significantly reduced peak value of the force on the projectile (see Fig. 9.13). This
means a reduced mechanical load on the structure of the launcher. Therefore, an
electromagnetic launcher can be operated with a significantly reduces current peak
value when it is operated with a DC or a DC-like current pulse. A DC-like current
pulse is a DC current pulse approximation that is realized by multiple superimposing
small current pulses.

9.7 Electromotive Voltage in an Augmented
Electromagnetic Launcher
The movement of a conducting material in an magnetic field causes an induced
electric field due to charge separation. This is also the case in an electromagnetic
launcher, where the conducting armature is moving with a relatively high velocity in
a magnetic field that is produced by the rails and armature loop. In an augmented
electromagnetic launcher the magnetic field in between the rails can be significantly
larger compared to the magnetic field in a non-augmented electromagnetic launcher.
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Figure 9.13: Accelerating force profile for an experimental current pulse and a DC
current pulse used in an electromagnetic launcher
The electromotive voltage needs to be considered during the evaluation of the electrical characteristics of an electromagnetic launching process and is briefly explained
in the following. The magnetic force, which is causing the charge separation in the
conducing material, can be expressed with [41]
~ = qE
~i ⇒ E
~ i = (~v × B),
~
F~mag = q (~v × B)

(9.13)

where q is the point charge, ~v is the vector of the velocity of the moving conductor
~ i is the vector of the induced electric field strength. The voltage across the
and E
conducting material can be expressed as the line integral along the induced electric
field with
ˆ 2
ˆ 2
~ ds .
~
(~v × B)
(9.14)
Ui =
Ei =
1

1

Fig. 9.14 shows a moving conductor along two parallel rails in a magnetic field.
The distance between the rails will further on be expressed with d, which together
with the position of the conducting material x, form the surface A. This surface is
penetrated by the magnetic flux density B.
With the defined geometry in Fig. 9.14, equation 9.14 can be simplified to
ˆ 2
~ ds = v B d.
Ui =
(~v × B)
1

(9.15)
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Figure 9.14: Schematic of the induced electromotive voltage configuration
With the definition of the magnetic flux density B and the magnetic flux φ we can
write
φ
Li
B= =
,
(9.16)
A
xd
where L is the inductance of the conductor configuration and i is the current in
them. Equation 9.15 in equation 9.16 and replacing the inductance L by L0 x , leads
to the equation of the electromotive voltage in an electromagnetic launcher
Uelmo = v L0 i .

(9.17)

The electromotive voltage, induced in an augmented electromagnetic launcher can
be calculated similar to the induced voltage in a non-augmented electromagnetic
launcher. The additional magnetic flux in an augmented electromagnetic launcher
can be added to equation 9.16 and leads to
B=

φ
L ir + M ia
=
,
A
xd

(9.18)

where ir is the electric current in the launcher, ia is the electric current in the
augmenting inductor and M is the mutual inductance between the launcher and
the augmentation inductor. With this, the electromotive voltage in an augmented
electromagnetic launcher can be calculated with
Uelmo = v (L0 ir + M 0 ia ) .

(9.19)

9.8 Muzzle Arc Suppression
An ideal power supply unit for the operation of an electromagnetic launcher should
deliver a DC current pulse, which decreases immediately to zero at the time of
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the projectile exiting (see section 9.6). However, the electric current in a launcher
system usually does not immediately decrease to zero at the end of the launching
process. A certain amount of electric current is necessary to counteract the friction
force of the sliding electric contact. A lower current during the launching process
causes a deceleration of the projectile. This indicates that the projectile should exit
the launcher before the current drops below this threshold and makes a remaining
current at the end of the launching process inevitable. The solid electrical contact
in between the armature and the rails is interrupted when the armature exits the
barrel. After that, the electric current flow is maintained by a plasma in between
the rails and the armature. This behavior is illustrated in Fig. 9.15a. The movement
of the projectile increases the distance in between the armature and the rails and
hence, the arc in between them (see Fig. 9.15b). The increased distance causes an
increased resistance of the arc and an increased voltage drop across the arc-length.
At a certain point, the voltage drop in between the rails is large enough, that the
arc can develop directly in between the rails, as it is illustrated in Fig. 9.15c. The
projectile

E
rails

E

(a)

E
v
E
(b)

E
(c)

Figure 9.15: Muzzle arc development in an electromagnetic launcher without muzzle arc suppression
Lorenz force and the moving air in the barrel, accelerated by the moving projectile,
result in an acceleration of the muzzle arc in the direction of flight of the projectile.
The muzzle arc is active until the remaining electrical energy of the current pulse is
dissipated. The accelerated plasma cloud at the muzzle of the launcher is usually
visible for a short time period after the entire energy of the current pulse dissipated
(several milliseconds).
Several techniques are known to reduce the muzzle arc of an electromagnetic launching process such as breech and muzzle shunts [95]. In the experiments with the
MASEL, a breech shunt of 15 mΩ is used, as described in section 5.3.4. The breech
shunt does not take over the entire electric current, due to the low resistance of
the muzzle arc at the beginning of its formation. Therefore, a significant part of
the electric current dissipates through the muzzle arc. The muzzle arc suppression
device is able to reduce the intensity and the location of the spark that is caused by
the remaining electric current at the end of the acceleration process. It consists of
a conducting plate with a slot, which is slightly larger than the projectile, as shown
in Fig. 9.16. The conducting plate does not represent a mechanical barrier for the
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Rails

P rojectile
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Figure 9.16: Muzzle arc suppression plate configuration in a non-augmented
launcher
projectile or the armature. Additionally to the conducting plate, two conducting
bars in front of the muzzle are mounted to the rails of the launcher. These conducting bars are orientated towards the sides of the launcher with an angle of 90° with
respect to the rails. The conducting plate in front of the muzzle of the launcher is
electrically insulated from the conducting bars. The gap in between the bars and the
conducting plate can be adjusted. It has to be large enough to avoid an electrical
discharge during the launching process (e.g. caused by high electrical voltages at
the muzzle). The breakdown distance for a given voltage can be estimated with the
Paschen’s law [116]. At normal temperature (20°C) and normal pressure (1013 hPa)
in an air gab, the breakdown distance results in 1.2 mm and 2.6 mm for a voltage of
5.5 kV and 10 kV, respectively.
The working mechanism of the muzzle arc suppression device is illustrated in Fig. 9.17.
In the first moment of the contact loss in between the rails and the armature, arcs
develop on both sides of the armature, as a result of the remaining electric current (see Fig. 9.17a). The arcs follow the armature movement, which increases their
propagation. This continues, until the armature is passing the conducting plate. At
this point, the arcs establish an electrical contact to the conducting plate, since the
distance in between the conducting bars and the conducting plate is equal to the distance in between the bars and the armature. This represents a smaller arc-resistance
compared to the resistance of the successively increasing arc-length from the rails
to the armature. The electrical contact to the bars is illustrated in Fig. 9.17b. The
Lorentz force causes an acceleration of the plasma arcs to the sides of the launcher,
where the remaining electrical energy dissipates (see Fig. 9.17c). In order to increase
the length of the plasma arcs and hence, the energy dissipation in them, the conducting plate is realized with a small angle (≈ 5°). This increases the arc length towards
the sides of the launcher. The increased arc length causes a faster extinguishing of
the arcs.
The muzzle arc suppression device is tested in several experiments. The profiles of
the remaining electric currents from two experiments with and without the use of
the muzzle arc suppression device are shown in Fig. 9.18. The remaining electric
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Figure 9.17: Muzzle arc development in an electromagnetic launcher with muzzle
arc suppression
current in both experiments is about 22 kA. In the experiment without muzzle arc
suppression, the breech shunt current is rising to a maximum value of about 14 kA.
The breech shunt current of the experiment with muzzle arc suppression reaches a
maximum value of about 8 kA. The difference between the total current and the
breech shunt current results in the electric current that dissipates through the resistance of the muzzle arc. The remaining electric current in the experiment without
muzzle arc suppression device shows a faster decay compared to the remaining current in the experiment with muzzle arc suppression device. This indicates a larger
resistance of the parallel breech shunt and plasma arc resistance in the experiment
without muzzle arc suppression. The lower resistance of the plasma arc in the experiments with the muzzle arc suppression can be explained by the smaller arc-length.
The division of the muzzle are into two arcs and the guidance of these arcs to the
side of the launcher decreases the intensity of the muzzle arc that is directed into
the projectile flight direction.
The guidance of the muzzle arc to the sides of the launcher results in a more steady
energy dissipation compared to the muzzle arc without the muzzle arc suppression
device. The muzzle arcs in both experiments are observed using a high speed camera.
The high speed camera images of the muzzle arc for the times from 3.8 ms to 5.8 ms,
with a time difference of 0.2 ms per image are shown for the experiments without
and with muzzle arc suppression in Fig. 9.20, section 9.11. When comparing the
high speed images, the influence of the muzzle arc suppression device on the muzzle
arc can be seen. The muzzle arc in the experiment without muzzle arc suppression
(shown in Fig. 9.20a) has more light emissions compared to the experiment with
muzzle arc suppression (shown in Fig. 9.20b).
The light emission of the muzzle arc and the resulting accelerated hot gas to the front
of the launcher are significantly reduced with the use of the muzzle arc suppression
device. The remaining muzzle arc is acceptable for the use of two successive stages
of the MASEL.
The muzzle arc can cause disturbances in optical velocity measurement techniques,
which are placed close to the muzzle of the launcher. Therefore, the muzzle arc suppression device is not only advantageous for electromagnetic launchers with multiple
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Figure 9.18: Current profile comparison of the experiments with and without muzzle arc suppression
stages, but also for single stage launchers.

9.9 Trigger Management of the Second Stage
The injection of the projectile into the second stage with an initial velocity requires
a trigger management system for the triggering of the second stage. To trigger
the energy supply of the second stage, the time at which the projectile reaches the
correct position in the second stage has to be detected. The position detection is
realized with a breaking wire inside the second stage. When the projectile reaches
the correct initial position in the second stage, the breaking wire in the launcher is
torn up. The breaking of the wire is detected by an electronic device and a trigger
signal is transmitted optically to the power supply of the second stage. A CAD
model of the breaking wire position in the second stage of the MASEL is shown in
Fig. 9.19a. The electromagnetic radiation of the spark gap switches of the first stage
causes an induced voltage in the breaking wire and the corresponding electronics.
This causes a simultaneous triggering of the first and second stage. In order to avoid
a simultaneous triggering of both stages, a time window in which the second stage
can be triggered, is implemented into the experimental setup. With this, the energy
supply of the second stage is only triggered when the time window signal and the
projectile position signal are active simultaneously. The profiles of the trigger signal,
the time window signal and the breaking wire signal for the operation of two stages
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Figure 9.19: Trigger management of the second stage of the MASEL
are shown in Fig. 9.19b.
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9.10 Experimental Results of the Experiments with
the First Stage

η
%
0.13
0.40
0.62
0.73
0.93

Aug. conf. 1

5.5
6.5
7.5
8.0
9.0
10

46.6
65.1
86.6
98.6
124.7
154.0

78.6
173.8
224.3
255.6
302.6
366.6

224.2
1072.2
1806.6
2314.1
3321.6
4812.7

0.48
1.64
2.1
2.3
2.6
3.2

5.5
6.5
7.5
8.0
9.0
10

46.6
65.1
86.6
98.6
124.7
154.0

155.1
235.8
305.0
317.5
381.2
465.0

849.5
1960.5
3353.4
3678.4
5387.8
7934.5

1.8
3.0
3.9
3.7
4.3
5.1

1

Parallel aug.

Ekin
J
64
265
542
728
1164

Aug. conf. 2

vmuzzle 1
m/s
42.6
86.5
123.4
142.3
180.9

Energy storage

Ein
kJ
46.6
65.1
86.6
98.6
124.7

non-aug. conf.

U0
kV
5.5
6.5
7.5
8.0
9.0

Aug. conf. 3

Table 9.3: Energy efficiency of the experiments with the first stage of the MASEL
U0
kV
5.5
6.5
7.5
8.0
9.0

Ein
kJ
93.2
130.1
173.3
197.1
249.4

vmuzzle 1
m/s
160.0
212.2
276.7
306.5
376.9

Ekin
J
920
1647.7
2758.3
3423.9
5052.1

η
%
0.98
1.27
1.59
1.74
2.03

5.5
6.5
7.5
8.0
9.0
10

46.6
65.1
86.6
98.6
124.7
154.0

129.3
177.3
235.0
263.6
331.4
401.1

601.8
1130.5
1992.2
2508.9
3978.6
5768.9

1.2
1.7
2.3
2.5
3.2
3.7

5.5
6.5
7.5
8.0
9.0

46.6
65.1
86.6
98.6
124.7

161.3
221.5
284.8
319.3
389.5
n/a

950.4
1787.4
3008.7
3923.1
5498.0

2.0
2.7
3.5
3.8
4.4

Average value of the projectile velocity, if multiple experiments are performed.
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Table 9.4: Energy efficiencies and projectile velocities of the experiments with
XRAM configuration
Configuration
No.

Capacitor bank

U0

Ein

vmuzzle

Ekin

η

Launcher

kV

kJ

m/s

kJ

%

46.6
65.1
86.6
98.6
124.7

n/a
144.1
189.5
208.8
269.8

0
0.72
1.3
1.58
2.68

0
1.1
1.5
1.6
2.1

1

with Dcb

no D1−2

5.5
6.5
7.5
8.0
9.0

2

no Dcb

with D1−2

5.5

46.6

188

1.3

2.8

with D1−2

5.5
6.5
7.5
8.0

46.6
65.1
86.6
98.6

126
163.6
213.7
234.1

0.56
0.95
1.63
1.98

1.2
1.5
1.9
2.0

46.6
65.1
98.6

134.7
197.3
275.9

0.65
1.43
2.79

1.4
2.2
2.8

3

with Dcb

4

with Dcb & Rcb

with D1−2

5.5
6.5
8.0

5

with Dcb

with D1−2

5.5

46.6

158.1

0.90

1.9

6

with Dcb & Rcb

with D1−2

5.5

46.6

185.1

1.23

2.6
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9.11 High Speed Video Images of the Muzzle Arc
Suppression
The high speed video camera allows the observation of the launchers performance.
In this particular case, the focus is on the development of the muzzle arc and the
influence of the muzzle arc suppression device.
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(a) No muzzle arc sup.

(b) With muzzle arc sup.

Figure 9.20: Comparison of the high speed video images for experiments with and
without muzzle arc suppression
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Distance

CAD

Computer-aided design

DES

Distributed energy supply

EMC

Electromagnetic compatibility

FEM

Finite element method
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Nomenclature
GRP

Glass-fiber reinforced plastic

ISL

French-German Research Institute of Saint-Louis, France

LEO

Low Earth Orbit

MASEL

Modular augmented staged electromagnetic launcher

PA

Polyamid

SAM

Specific action integral to melt

SPICE

Simulated Program with Integrated Circuit Emphasis
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