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Patrik Appelgren

Abstract
This thesis presents work performed on explosively driven magnetic flux
compression generators. This kind of devices converts the chemically stored
energy in a high explosive into electromagnetic energy in the form of a
powerful current pulse. The high energy density of the high explosives makes
flux compression generators attractive as compact power sources. In order to
study these devices a generator was designed at FOI in the mid-90ies. Two
generators remained unused and became available for this licentiate work.
The thesis reports experiments with, and simulations of, the operation of the
two remaining generators. The aim was to fully understand the performance of
the generator design and be able to accurately simulate its behaviour. The
generators were improved and fitted with various types of diagnostics to
monitor the generator operation.
Two experiments were performed of which the first generator was operated
well below its current capability limits while the second was stressed far above
its limits. Since the generator generates a rapidly increasing current, a current
measurement is the most important diagnostic revealing the current
amplification of the generator and its overall performance. Further it is
important to measure the timing of various events in the generator. With a
common time reference it is possible to combine data from different probes
and extract interesting information which cannot be directly obtained with a
single measurement.

vi
Two types of numerical simulations have been performed: Hydrodynamic
simulations of the high explosive interaction with the armature were used to
verify the measured armature dynamics. A zero-dimensional code was used to
perform circuit simulations of the generator. The model takes into account the
inductance reduction due to the compression of the generator as well as the
change in conductivity due to heating of the conductors in the generators.
Descriptors
Magnetic Flux Compression, Explosives, Pulsed Power, Circuit Simulations,
Hydrodynamic simulations
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Preface
In December 1999 I was offered the position as research engineer at the
Swedish Defence Research Agency, FOI, in Grindsjön 40 km south of
Stockholm. At Grindsjön test site research is conducted in the areas of
energetic materials, launch and propulsion, underwater technology, ballistic
protection, warhead and pulsed power technology. My first task was to conduct
studies of an electrical pulse conditioning system intended to power a
microwave radiation source. The pulse conditioning system converted a
powerful electric current pulse into an even more powerful high voltage pulse.
This pulse conditioning system was, in turn, intended to be powered by an
explosive device referred to as an explosive magnetic flux compression
generator. Such a generator is capable of generating current pulses of hundreds
of kiloamperes. However, in the laboratory experiments the generator was
replaced by a capacitor bank that delivered the current pulse. An explosive
magnetic flux compression generator had been designed at FOI, at that time
called FOA, in the mid 1990ies, and two generators remained unused. I was
about to begin my Ph.D. part time studies at KTH and had to find a suitable
task and since both powerful electromagnetic pulses and high explosives are
intriguing, it was a perfect task to blow the two remaining generators. It was
also important to transfer the know-how in this research field since my
colleague Gert Bjarnholt, the designer of the generator, was about to retire. The
two generators were successfully exploded in 2005 followed by data analysis
and modelling in 2006-2007.

viii

ix

Acknowledgements
First of all I would like to thank Gert Bjarnholt. He was the designer of this
explosive flux compression generator and was managing the FOA project in
this research area. Fortunately, for me, only one of the three generators
manufactured was exploded. Two generators remained unused and during the
last year before his retirement Gert and I fired the two generators, covered with
various measurement devices, very successfully.
I would like to thank Prof. Nils Brenning and Prof. Anders Larsson, my
supervisors at KTH and FOI for their encouragement, support and help in
analysing results and writing the papers.
A special thanks to you Bucur Novac, Loughborough University, UK, for your
help with the modelling, the analysis of the experiments, and interpretation of
the results.
Thank you, Dr. Andreas Helte for setting up and perform the hydrodynamic
simulations of the explosion with GRALE, and you, Sten Andreasson for your
help in Matlab-Simulink modelling. Other colleagues at FOI that has been very
supportive and contributed to this work in different ways are Dr Tomas Hurtig,
Dr Mose Akyuz, Mattias Elfsberg, Cecilia Möller and Sten Nyholm.
My gratitude to the workshop and construction service at FOI Grindsjön for
their assistance and help in manufacturing all the necessary auxiliary equipment
required when performing these experiments.
Finally I would like to thank my friends and family for their support.

x

To my son Linus

xii

1

List of papers
This thesis is based on the work presented in the following three journal and
conference papers.
I. P. Appelgren, G. Bjarnholt, N. Brenning, M. Elfsberg, T. Hurtig, A.
Larsson, B. M. Novac, and S. E. Nyholm, “Small Helical Magnetic
Flux Compression Generators: Experiments and Analysis”, accepted
for publication in Transactions on Plasma Science, Special Issue on
Pulsed Power, 10-2008
II. P. Appelgren, N. Brenning, T. Hurtig, A. Larsson, B. M. Novac, and
S. E. Nyholm. ”Modeling of a Small Helical Magnetic Flux
Compression Generator”, accepted for publication in Transactions on
Plasma Science, Special Issue on Pulsed Power, 10- 2008
III. P. Appelgren, A. Larsson and S. E. Nyholm, “Numerical Simulations
of Flux Compression Generator Systems”, proceedings of the 20th IET
Pulsed Power Symposium 17-19 September 2007, Oxfordshire, UK
pp. 123-127, 2007
The work was also presented at four conferences (shorted versions of the
journal papers)
IV. P. Appelgren, G. Bjarnholt, M. Elfsberg, T. Hurtig, A. Larsson, and S.
E. Nyholm, “Small helical magnetic flux compression generators:
experiment and analysis”, Proceedings of 2007 IEEE Pulsed Power
and Plasma Science Conference, Albuquerque, USA, 2007
V. P. Appelgren, S. Andreasson, T. Hurtig, A. Larsson, S. E. Nyholm,
“Modelling of a small helical magnetic flux compression generator”,
Proceedings of 2007 IEEE Pulsed Power and Plasma Science
Conference, Albuquerque, USA, 2007

2

VI. P. Appelgren, G. Bjarnholt, N. Brenning, M. Elfsberg, T. Hurtig,
A. Larsson, and S. E. Nyholm, “Design of and experiments with small
helical magnetic flux compression generators”, Proceedings of
Megagauss XI, pp 141-145, London, UK, 2006
VII. P. Appelgren, G. Bjarnholt, N. Brenning, M. Elfsberg, T. Hurtig,
A. Larsson, and S. E. Nyholm, “Analysis of experiments with small
helical magnetic flux compression generators”, to be published in
Proceedings of Megagauss XI, pp 477-481, London, UK, 2006
Journal Papers not included in the thesis
VIII. P. Appelgren, M. Akyuz, M. Elfsberg, T. Hurtig, A. Larsson,
S. E. Nyholm and C. Nylander, “Study of a compact HPM-system with
a reflex triode and a Marx generator”, IEEE Transactions on Plasma
Science, Vol. 34, No. 5, October 2006, pp. 1796-1805.
IX. B.M. Novac, M. Istenič, J. Luo, I.R. Smith, J. Brown, M. Hubbard, P.
Appelgren, M. Elfsberg, T. Hurtig, C. Nylander, A. Larsson and S.E.
Nyholm, “A 10 GW Pulsed Power Supply for HPM Sources”, IEEE
Transactions on Plasma Science, Vol. 34, No. 5, October 2006, pp.
1814 - 1821.
X. A. Lindblom, P. Appelgren, A. Larsson, S. E. Nyholm, J. Isberg, H.
Bernhoff, “Pulsed power transmission line transformer based on
modern cable technology”, IEEE Transactions on plasma science, Vol.
31, No. 6, 2003, pp. 1337-1343
Conference Papers not included in the thesis
XI. P. Appelgren, L. Westerling, M. Skoglund, P. Lundberg, T. Hurtig, A.
Larsson, “Radial Jet Dispersion due to Current Interaction in an
Electric Armour Application”, 24th International Symposium on
Ballistics, New Orleans, LA, 22-26 September 2008
XII. P. Appelgren, A. Larsson, P. Lundberg, M. Skoglund, L. Westerling,
“Studies of Electrically-Exploded Conductors for Electric Armour
Applications”, 2nd European Asian Pulsed Power Conference,
EAPPC, Vilnius, Litauen, 22-26 September 2008.

3
XIII. P. Appelgren, T. Hurtig, A. Larsson, P. Lundberg, M. Skoglund, L.
Westerling "The energy required to defeat a shaped charge jet using a
two-plate electric armour design". All Electric Combat Vehicle
Conference 2007, Stockholm
XIV. P. Appelgren, M. Akyuz, M. Elfsberg, A. Larsson and S. E. Nyholm,
"Description Of A Charger And Marx Generator System Including
Initial Experiments And Numerical Simulations", Proceedings of the
2nd European Pulsed Power Symposium, DESY, Hamburg, Germany,
20 – 24th September 2004
XV. A. Larsson, M. Akyuz, P. Appelgren, M. Elfsberg, T. Hurtig, C. Möller,
S. E. Nyholm “Research on Narrow-Band High-Power Microwave
Sources Performed at FOI”, Proceedings of the RVK08 The twentieth
nordic conference on radio science and communications, p. 118-121,
2008
XVI. S. E. Nyholm, M. Akyus, P. Appelgren, M. Elfsberg, T. Hurtig, A.
Larsson, C. Möller, “Studies of Vircator Operation at FOI - electrode
material erosion studies”, Tenth Annual Directed Energy Symposium,
p. 373-384, 2008
XVII. S. E. Nyholm, M. Akyuz, P. Appelgren, M. Elfsberg, T. Hurtig, A.
Larsson, C. Möller, M. Skoglund, ”Studies of vircator operation”,
Proceedings of the 7th International AECV Conference, Stockholm
june 2007
XVIII. P. Senior, I. R. Smith, P. Appelgren, M. Elfsberg, P. Lundberg, M.
Skoglund, “A 400kJ Mobile Pulsed Power System with Variable Pulse
Forming”, Proceedings of Megagauss XI, pp 257-261, London, UK,
2006
XIX. T. Hurtig, C. Nylander, P. Appelgren, M. Elfsberg, A. Larsson,
S. E. Nyholm, "Initial Results From Experiments With A Reflex
Triode Powered By A Marx Generator", Proceedings of the 15th IEEE
International Pulsed Power Conference, Monterey, California, USA,
June 13-17, 2005
XX. B. M. Novac, M. Istenič, J. L., Ivor R Smith, J. Brown, M. Hubbard,
P. Appelgren, M. Elfsberg, T. Hurtig, C. Nylander, A. Larsson,
S. E. Nyholm, "A 10 GW Pulsed Power Supply for HPM Sources",
Proceedings of the 15th IEEE International Pulsed Power Conference,
Monterey, California, USA, June 13-17, 2005

4
XXI. M. Karlsson, F. Olsson, G. Filipsson, E. Edbom, B. O. Bergman,
T. Hurtig, P. Appelgren, M. Elfsberg, A. Larsson, C. Nylander, S. E.
Nyholm “Comparison between experimental and numerical studies of
a reflex triode” Proceedings of the 15th IEEE International Pulsed
Power Conference, Monterey, California, USA, June 13-17, 2005
XXII. A. Larsson, N. Wingborg, M. Elfsberg, P. Appelgren, “Electrical
Ignition of New Environmental-Friendly Propellants for Rockets and
Spacecrafts”, Proceedings of the 15th IEEE International Pulsed Power
Conference, Monterey, California, USA, June 13-17, 2005
XXIII. N. Wingborg, A. Larsson, M. Elfsberg, P. Appelgren,
“Characterization
and
Ignition
of
ADN-Based
Liquid
Monopropellants”, 41st AIAA/ASME/SAE/ASEE Joint Propulsion
Conference and Exhibit., p.2005 - 4468, 2005
XXIV. B. M Novac, M. Istenic, J. Luo, I. R. Smith, J. Brown, M. Hubbard, P.
Appelgren, M. Elfsberg, T. Hurtig, C. Nylander, A. Larsson, S. E.
Nyholm, “A 10 GW pulsed power supply for HPM sources”, The IEE
Pulsed Power Symposium 2005, Basingstoke, UK, 8 September 2005.
XXV. A. Larsson, P. Appelgren, G. Bjarnholt, T. Hultman, S. E. Nyholm,
“Energy flow in a pulsed-power conditioning system for high-power
microwave applications”, Proceedings of the 14th IEEE Pulsed Power
Conference, Dallas, Texas, June 15-18, 2003
XXVI. A. Lindblom, P. Appelgren, A. Larsson, S. E Nyholm, J. Isberg,
H. Bernhoff, ”High-Voltage Transmission Line Transformer Based On
Modern Cable Technology”, Proceedings of the 14th IEEE
International Pulsed Power Conference, Dallas, Texas, June 15-18,
2003
XXVII. A. Larsson, P. Appelgren, G. Bjarnholt, T. Hultman, .S. E. Nyholm,
“Laboratory pulsed power conditioning system with diagnostics for
high-power microwave applications”, Proceedings of the European
Pulsed Power Symposium 2002, Saint Louis, Frankrike, oktober 2002
XXVIII. A. Larsson, P. Appelgren, S. E Nyholm, “ATP-EMTP Simulations of a
Pulsed Power Conditioning System”, Proc. European EMTP-ATP
Conference, Sopron, Ungern, 9-10 december 2002

5

Contents
1
2

Introduction.............................................................................. 7
Magnetic flux compression ...................................................... 9
2.1
2.1.1.
2.1.2.
2.1.3.
2.2
2.2.1.
2.2.2.
2.2.3.
2.2.4.
2.2.5.
2.2.6.
2.2.7.
2.3
2.3.1.
2.3.2.
2.3.3.
2.4
2.4.1.
2.4.2.
2.4.3.
2.4.4.
2.4.5.

3

Magnetic flux compression theory..............................................10
Imploding device - MK-1 class generator..................................11
Exploding device – MK-2 class generator.................................13
Seed energy sources.......................................................................15
Explosive magnetic flux compression generators types..........16
Imploding generators ....................................................................16
Plate generators ..............................................................................17
Strip generators ..............................................................................17
Disk generators ..............................................................................18
Loop generators .............................................................................18
Coaxial generators..........................................................................19
Helical generators ..........................................................................19
FCG pulsed power systems..........................................................21
FCG with inductive storage and opening switch .....................21
FCG connected to a transformer................................................21
FCGs powering FCGs and flux trapping ..................................22
Applications....................................................................................23
Railgun experiments ......................................................................23
θ-pinch experiments......................................................................24
Plasma gun experiments ...............................................................24
High Power Microwave experiments .........................................24
FCGs in materials research ..........................................................25

The FOI magnetic flux compression generator .....................26
3.1
3.2
3.3
3.3.1.
3.3.2.
3.3.3.
3.4
3.4.1.
3.4.2.
3.4.3.
3.4.4.
3.4.5.
3.4.6.
3.4.7.

Design of helical generators.........................................................28
The FOI generator design............................................................29
Experimental work ........................................................................33
Diagnostics......................................................................................33
Initiation of the high explosive....................................................36
Experiments....................................................................................38
Experimental results......................................................................39
Current characteristics...................................................................39
Energy amplification .....................................................................41
Detonation velocity .......................................................................42
Axial contact point velocity..........................................................43
Light emission inside generators .................................................46
Electrical breakdown inside the generator.................................47
Expansion angle of the armature ................................................47

6

4

5

6
7

8
9

3.4.8.
3.5

Interface between the high explosives parts..............................49
FOI FCG performance.................................................................50

4.1
4.2
4.3
4.3.1.
4.3.2.
4.4
4.4.1.
4.4.2.
4.4.3.
4.5

Detonation wave and armature movement ...............................53
Armature expansion angle............................................................54
Armature end cone ........................................................................56
Radial movement of combined cone..........................................56
Final compression..........................................................................57
Crowbar ring designs.....................................................................59
Old crowbar ring............................................................................59
New crowbar ring ..........................................................................61
Expansion angles at crowbar .......................................................62
Effect of imperfections in the high explosives .........................63

5.1.1.
5.1.2.
5.1.3.
5.1.4.
5.1.5.
5.1.6.
5.2
5.2.1.
5.3
5.3.1.
5.3.2.
5.4
5.4.1.
5.4.2.
5.4.3.
5.4.4.
5.5
5.5.1.
5.5.2.
5.6
5.7
5.8
5.9

COMAG III ...................................................................................65
FCGSCA .........................................................................................65
CAGEN ..........................................................................................66
Codes by Loughborough University, UK..................................66
Code by Texas Tech University, Texas, USA ...........................67
Other codes ....................................................................................67
FCG 0D-model..............................................................................68
Simplifications ................................................................................68
Inductance calculations.................................................................70
Inductance of the individual coil sections..................................70
Mutual inductance between the coil sections............................71
Resistance of stator and armature ...............................................73
Resistance of the stator.................................................................73
Resistance of the armature ...........................................................74
Skin depth .......................................................................................75
Heating of conductors ..................................................................75
Implementation of the model......................................................78
Generator parameters ...................................................................78
Matlab-Simulink implementation ................................................79
Simulations and experimental results .........................................83
Analysis of generator performance with aid of simulations ...86
System simulations.........................................................................89
Discussion on simulations............................................................92

7.1
7.2
7.3

Summary of paper I.......................................................................96
Summary of paper II .....................................................................96
Summary of paper III ...................................................................96

Hydrodynamic simulations.....................................................52

Helical FCG modelling ...........................................................65

The work in summary .............................................................94
Summary of papers..................................................................96

Suggestion for future work ......................................................97
References ...............................................................................98

7

1 Introduction
This thesis presents the work performed in the area of high explosives’ driven
magnetic flux compression generators (FCG or MFCG) also known as
magnetocumulative generators (MCG) and explosive magnetic generators
(EMG). A magnetic flux compression generator converts part of the chemical
energy stored in the explosives into electromagnetic energy. This is a
challenging area of physics with the mixture of high explosives, intense
magnetic fields, high currents and high voltages. This type of devices was
developed as early as in the 1950s in the United States and in the Soviet Union
and followed by United Kingdom, France, Italy and China in the 1960s [1].
Initially the generators were used to generate ultrahigh magnetic fields but later
also as power sources to produce pulses of electromagnetic energy with
durations of 10-6 to 10-4 s. There are many different types of generators that are
categorised after their geometry and whether they are imploding or exploding
devices. These kinds of devices are or have been used as power sources in
research on electromagnetic launchers, high power microwave generators, highpower lasers, lightning simulators, plasma focus experiments, neutron sources,
X-ray sources, and scientific studies of materials under ultra high magnetic
fields.
At the Swedish Defence Research Agency, FOI, the research on magnetic flux
compression generators began in the early 1990s when the research on compact
electromagnetic pulse (EMP) generators required a compact power source. A
helical type of generator was designed, intended to deliver a rapidly rising
current (100s’ of kiloamperes) pulse to an inductive load in series with an
opening switch arrangement. Such a system would deliver a very high voltage
pulse (hundreds of kilovolts) to a load, in this case a high power microwave
source. In 1995 a test was performed with a generator [2] which delivered
around 400 kA into an inductive load. Due to redirection of the research
programme only one generator was fired and two generators remained unused.
However, the interest in flux compression generators for compact pulsedpower remains and became the subject of this Ph.D. work performed at FOI Grindsjön Research Centre in collaboration with the Royal Institute of
Technology, KTH, in Stockholm.
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The thesis includes experiments with, and simulations of the operation of, the
two remaining generators. The aim is to fully understand the performance of
the generator design and be able to accurately simulate its behaviour. The
generators were improved and fitted with various types of diagnostics to
monitor the generator operation. Two experiments were performed of which
the first generator was operated well below its limits while the second was
stressed far above its limits. Since the generator generates a rapidly increasing
current, a current measurement is the most important diagnostic revealing the
current amplification of the generator and its overall performance. Further it is
important to measure the timing of various events in the generator. With a
common time reference it is possible to combine data from different probes
and extract interesting information which cannot be directly obtained with a
single measurement. Two types of numerical simulations have been performed:
Hydrodynamic simulations of the high explosive interaction with the armature
were used to verify the measured armature dynamics. A zero-dimensional code
was used to perform circuit simulations of the generator. The model takes into
account the inductance reduction due to the compression of the generator as
well as the change in conductivity due to heating of the conductors in the
generators.
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2 Magnetic flux compression
The magnetic flux compression generator design studied in the doctoral work is
explosives’ driven which means that part (at most a few percent) of the
chemical energy stored in the explosives is converted into electrical energy. This
is a two-step process where the explosion accelerates parts of the generator to
perform work against an initial magnetic field supplied by external means. As
the magnetic flux is compressed into a smaller volume the magnetic energy is
increased. A requirement is that the compression takes place in times shorter
than the time it takes for the magnetic flux to diffuse out from the system. This
requirement is met by the use of high explosives with which the conductor is
accelerated to velocities of several millimetres per microsecond allowing for
compression times in the range of 10-6 to 10-4 s. In this chapter a short
theoretical discussion is given, followed by an overview of various generators
and finally a discussion of different applications of this type of pulsed power
generators.
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2.1 Magnetic flux compression theory
A short theoretical introduction to magnetic flux compression is given here.
The physics is far more complex than the short overview here and serves only
to give insight in the basic relations of magnetic flux compression [1].
The Faraday induction law states that the electric field appearing at the opencircuited terminals of a loop (with contour C and enclosed area S) is equal to
the time rate of change of the flux Φ =

∫ E ⋅ dl = −

C

∫∫ B ⋅ ds through the loop:
S

dΦ
d
= − ∫∫ B ⋅ ds
dt
dt S

(1)

Consider a closed contour C of ideal conductors enclosing the area S. Since the
conductors are ideal, the flux does not diffuse into and through the conductors
to eventually leave the loop and is therefore conserved and

d
B ⋅ ds = 0
dt ∫∫S

→

∫∫ B ⋅ ds = const
S

(2)

If the area S of the loop is reduced the magnetic flux density B in the loop has
to increase to conserve the flux. This phenomenon is used in magnetic flux
compression. The compression increases the energy of the system and hence
work has to be performed to decrease the area S and the energy for that has to
be supplied sufficiently fast. The explosives driven flux compression generator
converts the chemical energy in its high explosive into kinetic energy which
serves to compress the loop.
No conductors are ideal and the flux has to be compressed within a time frame
such that the magnetic flux does not have time to diffuse and through the
conductors and out of the loop. The magnetic diffusion equation [3] is

∇ 2 H − σμ

∂H
=0
∂t

(3)

where μ is the magnetic permeability, σ is the conductivity of the conductor
material. Solved for the plane, one dimensional case, the steady state sinusoidal
with frequency f solution is
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H z ( x, t ) = H 0 e

−

x

δ

x⎞
⎛
sin ⎜ 2πf ⋅ t − ⎟
δ⎠
⎝

(4)

where

1
πfσμ

δ=

(5)

is called the classical skindepth. At x = δ the field amplitude has decayed to 1/e
of the surface value. The time required for the magnetic field to penetrate to a
depth δ in the conductor is called the skin time and is given by

1
2

τ s = πμσδ 2

(6)

The self-inductance L of the loop C is the ratio of the flux linking the loop and
the current in the loop, L = Φ/I , and thus we can write

dΦ

∫ E ⋅ dl = − dt

=−

C

d
LI = 0 → LI = const
dt

(7)

which is equivalent to equation (2). If the inductance L of the loop is reduced
the current I in the loop has to increase to conserve the flux.
The two expressions,

∫∫ B ⋅ ds = const
S

and LI = const , are equivalent but

describes different types of devices. Imploding devices used for generation of
high magnetic fields are best described by the expression

∫∫ B ⋅ ds = const and
S

are called MK-1 devices, whereas exploding devices

delivering high currents are best described by the expression LI = const and
called MK-2 devices [1].

2.1.1. Imploding device - MK-1 class generator
Imploding devices consist of a metal cylinder in which an initial magnetic flux is
generated. The cylinder is covered with high explosives on the outside and is
simultaneously initiated over the surface driving the cylinder inwards. This type
of generator are called imploding generators and are designated MK-1
generators. The peak field is generated in the centre of the cylinder which of
course is finally destroyed. This type of generator is used to generate ultra-high
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magnetic fields in a small volume. Consider equation (2) above. The magnetic
flux density is increased in ratio to the initial and final enclosed area

Bf
B0

=

S0
Sf

(8)

The magnetic energy stored initially in the loop per unit length of the cylinder is

W0 =

1
2μ 0

S 0 B0

2

(9)

and the final energy stored per unit length

Wf =

1
2μ 0

S f Bf

2

(10)

Hence the energy increase in the loop is

Wf
W0

=

S f Bf

2

S 0 B0

2

=

Bf
B0

=

S0
Sf

(11)

The increasing magnetic energy inside the loop has an associated magnetic
pressure that will slow down the compression, finally stop it and start to expand
the loop. This occurs at the so called turn-around point at time τK, the
compression time. At the turn-around point the magnetic energy inside the
loop equals the sum of initial kinetic energy of and initial magnetic energy in
the loop.
Consider the loop with initial area S0. The initial field is supplied by external
means. This takes some time and hence the field is diffused down to a layer of
depth δ0. The perimeter around the initial area is P0 and hence the initial flux is
encircled by an area S 0 + P0δ 0 . The field inside the loop increases when the
rate of decrease of S(t) exceeds the rate of increase of the skin layer cross
section P(t)δ(t). At the turn-around time the area enclosing the flux has
decreased to S f + Pf δ f . The final magnetic flux density is given by

B f = B0

S 0 + P0δ 0
S f + Pf δ f

(12)
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To have an efficient compression the compression time must be much less
than the skin time i.e.

τ s πμσδ 2
=
>> 1
2τ K
τK

(13)

If the conductor moves with a constant velocity v such that it moves a skin
depth δ in a time τK we find

v=

δ
2
>>
τK
πμσδ

(14)

For copper (at room temperature) the right hand side is has a value of
0.009/δ m/s. For a conductor of 2 mm thickness, a maximum field
penetration (skin depth) of 1 mm is reasonable i.e. the right hand side has value
of 9 m/s. However as the conductor usually has to move tenths of millimetres
in the time τK the conductor velocity has to be several hundreds of meters per
second. Such velocities are accomplished by the use of high explosives.

2.1.2. Exploding device – MK-2 class generator
Consider equation (7) above. The expression can be used to describe a device
with an initial inductance carrying a current e.g. a coil. The high explosive is
usually placed in the centre of the device and reduces the system inductance
when exploded. The magnetic energy compressed into a load which is not
necessarily destroyed by the high explosive. This type of device is designated
MK-2 generator and is a current amplifier type generator.. If the inductance L
of the circuit is reduced the current I in the circuit has to increase to conserve
the flux. Ideally the initial and final inductances, L0 and Lf and currents I0 and If
relates according to

L0 I 0 = L f I f

(15)

The magnetic energy stored initially in the circuit is

W0 =

1
2
L0 I 0
2

and the final energy stored

(16)
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Wf =

1
2
Lf I f
2

(17)

Hence the energy increase in the loop is

Wf
W0

=

Lf I f

2

L0 I 0

2

(18)

The circuit conductor has of course a finite resistance and magnetic field
penetration occurs also in exploding devices as for the imploding devices. In
the circuit in Figure 1 it is represented as a time varying resistance that depends
on the magnetic field penetration, the conductor length and width. The circuit
equation is

L(t )

dI (t ) dL(t )
+
I (t ) + R(t ) I (t ) = 0
dt
dt

(19)

where L(t) is the sum of generator inductance Lgen and the load inductance Lload.
The resistance R(t) is the sum of generator resistance Rgen and the load
resistance Rload.
R gen

R lo a d

L gen

L lo a d

Figure 1. The circuit scheme of the generator with load.
The solution to the circuit equation is
t

L(t ) I (t ) = L0 I 0 ⋅ e

⎛ R (t ) ⎞
⎟ dt
− ⎜⎜
L ( t ) ⎟⎠
0⎝

∫

(20)

Two coefficients are useful and used as figures of merits of MK-2 class
generators. The flux compression coefficient is
t

λk (t ) =

L(t ) I (t )
=e
L0 I 0

⎛ R (t ) ⎞
⎟ dt
− ⎜⎜
L ( t ) ⎟⎠
0⎝

∫

(21)
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and the inductive compression ratio

γ L (t ) =

L0
L(t )

(22)

Equation (21) is rewritten

I (t ) = I 0 γ L (t )λ k (t )

(23)

The energy amplification for the generator is then

W (t )
2
= γ L (t )λ k (t )
W0

(24)

2.1.3. Seed energy sources
In previous sections the analysis assumes that an initial magnetic field, energy
or current is present in the generator when the compression starts. That initial
energy has to be supplied by other means. In an imploding device an external
coil can be placed around or close to the imploding device to generate the
magnetic field required. The coil is connected to a current source which could
be a capacitor bank or another flux compression generator. An exploding
device, such as a helical generator, the initial magnetisation can be supplied by
driving a current through the generator (magnetizing it) and than trap the flux
inside the generator at the moment the compression will begin. It is also
possible to have en external coil around an exploding device to generate an
initial field.
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2.2 Explosive magnetic flux compression
generators types
There are numerous types of flux compression generators. They are categorised
after their geometry and if they are imploding or exploding devices as described
in previous section. Complete systems may consist of several stages with
different types of generators. Table 1 gives some characteristic performances of
the two classes of generators presented above [1, 4]. A short overview of
various generator designs is given in this section [5, 6, 7, 8]. The generator
described in section 2.2.1 is the only MK-1 type, whereas all other generators
are MK-2 type. The helical generator type is presented in more detail since the
FOI generator is a helical type generator.
Class
MK-1
MK-2

Final characteristics
B f = B0 (λ S 0 S f )
I f = I 0 (λ L0 L f

)

W f = W0 (λ L0 L f )

λ ≈ 0.8

S 0 S f ≈ 200

Bmax ≈ 1700 T

λ ≈ 0.2 − 0.8

L0 L f ≈ 5 − 16000

I max ≈ 320 MA
Wmax ≈ 100 MJ

Table 1. Final characteristics of Mk-1 and Mk-2 generators [1]

2.2.1. Imploding generators
The principle of the imploding devices was presented in section 2.1.1 above. A
magnetic field is generated inside a metal cylinder by external coils. The metal
cylinder is covered in high explosives which is simultaneously initiated all over
its surface, compressing the metal cylinder and thus the magnetic flux inside it,
Figure 2. In the centre of the metal cylinder test samples are placed to stress
them with very high pressures and magnetic field strengths [9, 10, 11].

HE

HE

B

HE

HE

Figure 2. Imploding generator which is simultaneously initiated on the rim compressing the
flux inwards to the centre.
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2.2.2. Plate generators
A cross sectional view of a plate generator is shown in Figure 3. Metal plates
form a volume with rectangular cross section and it is connected to a solenoidal
load into which the flux is to be compressed. Two high explosive blocks are
placed on each side of the generator and are simultaneously initiated all over
their outer surfaces. As the both sides start to move inwards the capacitor bank
is disconnected and the magnetic flux is trapped and compressed into the load.
The distance between the plates is around 0.1 m and the initial inductance a few
tenths of a microhenry. To have current and energy gain of some magnitude
the load is limited to a few tens of nanohenrys. This type of generator has been
used to power lasers, plasma focus devices and electron beam diodes.
I

HE

HE

Figure 3. Plate generator initiated on two sides compressing the flux into the load on the
right hand side.

2.2.3. Strip generators
A strip generator is similar to a plate generator and consists of a two metal foils
of which the top one has a layer of high explosives. The high explosive is
initiated on the left hand side, see Figure 4, and as the top plate makes contact
with the bottom plate the capacitor bank is disconnected. The trapped
magnetic flux is compressed to the right into the load. The generator and load
inductances are similar to that of the plate generator. This type of generator was
used to power a railgun, i.e. an electromagnetic launch gun [12].
I

HE

Figure 4. Strip generator initiated on the left hand side compressing the flux into the load
on the right hand side.
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2.2.4. Disk generators
A disk generator, Figure 5, consists of a number of cylindrical hollow metal
disks filled with high explosive [13, 14, 15]. The disks are stacked and placed
inside a cylinder. The initial magnetisation is generated by a current. The
uncompressed volume is large and when the disks are simultaneously initiated
in the centre the disks expand rapidly decreasing the volume and compressing
the flux into the load.

HE

HE

HE

HE

Load

I

Figure 5. Four section disk generator initiated in the centre (at the black dots)
compressing the flux radially outwards and finally into the load.

2.2.5. Loop generators
A loop or bellow generator consists of an high explosives filled cylinder placed
asymmetrically inside a larger loop having a small load loop. The larger loop is
magnetized by a current and when the high explosive is initiated the expanding
metal cylinder will first make contact at the current input side and fill the
volume compressing the flux into the small load loop, Figure 6.

I
HE

Figure 6. Loop generator with an asymmetrically positioned cylinder with high explosives
that will compress the flux to the right and into the small load loop.
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2.2.6. Coaxial generators
The coaxial generators are simple compared to other devices. A metal cylinder,
the armature, is filled with high explosives and placed concentrically inside
another metal cylinder, the stator, Figure 7. An initial magnetisation can be
generated by discharging a capacitor bank through the generator. When
initiated at one end the inner cylinder will expand to a cone making contact
with the outer cylinder trapping the flux in the annular volume between the
cylinders. Typically the armature does not expand more than twice its initial
diameter.

HE

I

Figure 7. Coaxial generators initiated on the left hand side compressing the flux into the
right hand side volume.

2.2.7. Helical generators
A helical generator or spiral generator is similar to a coaxial generator but has
the outer cylinder in shape of a helix. Thus it has a very high initial inductance
compared to the final inductance. This makes it possible to amplify the initial
energy hundredfold. A helical generator usually consists of a conducting
cylindrical coil (stator) and a conducting cylindrical tube (armature) filled with
high explosives, see Figure 8.

HE

Figure 8. Helical generator with high explosives filled armature inside a helical coil.
The stator and armature are connected via, in most cases, an inductive load into
which the magnetic flux is to be concentrated. The stator is magnetized by a
seed current having its return path via the load and armature. The stator can
also be magnetized by an external coil. When initiated, from one end, the high
explosives in the armature will rapidly expand the armature in a conical fashion
that will short out the seed current and trap the magnetic flux in the volume
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between the stator and the armature. As the detonation moves forward the
stator coil is shorted out turn by turn by the armature, reducing the inductance
of the circuit. Since the flux is conserved the current in the circuit will increase
and thus the magnetic energy which can be used for various applications. One
of the best helical generators in terms of energy amplification was designed by
Chernyshev et al with a two hundredfold energy amplification [16]. Helical
generators have for instance been used to seed other generator types such as
disk-, loop- and imploding generators. For instance a large helical generator was
used to power the Russian implosion generator MC-1 [17]. Helical generators
of very different sizes have been built. Small generators of a few centimetres
length can deliver a few kiloamperes while large generators with lengths of
several meters can deliver hundreds of megaamperes. The inductance rate of
change can be tailored by dividing the stator coil into sections of different
pitches which usually is increased towards the end. The larger pitch allows for
larger conducting area which can carry larger currents than the previous
sections.
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2.3 FCG pulsed power systems
The output from a flux compression generator may not always be suitable to
power the intended load and some form of pulse shaping may be necessary.
The generator type itself determines the power output and the time duration
but common for all generators of MK-2 type is that they deliver a high current
and that the internal voltage generated is limited by the dielectric breakdown
strength of the generator insulation. In many applications a high voltage is
desired rather than a high current and hence a power conditioning is needed. A
few examples of pulse-forming networks are presented here [1]:

2.3.1. FCG with inductive storage and opening switch
Consider an FCG connected to an inductive load with inductance Lload: When
the FCG starts to compress the flux the inductively stored energy in the load is
increased and reaches its maximum when the current peaks. If the current is
interrupted a voltage, Lload⋅ di/dt, is generated over the load and the voltage level
is determined by how fast the current is changed i.e. by the current time
derivative. The voltage generated can be transferred to a parallel load via a
spark gap. Figure 9 shows a scheme of such a system. Since the load inductance
is more of a store than a load it is called Lstorage. The switch S1 opens when the
peak current is reached and the voltage generated is supplied to the load when
the switch S2 closes. The opening switch must be able break high currents and
widthstand high voltages. Two types of opening switches are common in these
systems; explosive opening switches and electrically exploded opening switches.
The former uses high explosives to destroy the conductor while the latter is
exploded by the current itself, like a fuse, and could either consists of thin metal
wires or a thin metal foil. The closing switch is usually a spark gap that closes
when the generated voltage reaches the breakdown voltage of the spark gap.
Lgen

Lstorage

S2

Rload

S1

Figure 9. FCG pulsed power system with opening and closing switches.

2.3.2. FCG connected to a transformer
To give high energy amplification the FCG usually has to operate into a low
inductance. In case the load has higher impedance the FCG can be matched to
it using pulse transformers (PT) with low primary inductance and high
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inductance secondary. Typically the transformer has to be very fast and thus air
core type transformers are commonly used. A few types of transformer exist:
Cable wound type transformers and foil wound type transformers. The cable
type transformer could be a transmission line transformer (TLT) made from
coaxial cables where the braiding is used as primary and the inner conductor is
the secondary. The foil type transformer is made from thin metal foil (~0.1
mm) wound on a mandrel. The primary is usually a single turn coil connected
to the FCG and the multi-turn secondary coil is placed inside the primary.
Coupling factors of more than 0.9 can be obtained. Combinations of
transformers and opening switches are common to in pulse forming networks.
Figure 10 shows two ways of generating high voltage with the aid of a
transformer. In both cases a high voltage is generated over the load Rload. With
the switch on the primary side of the transformer the switch has to be able to
break a very high current while having the switch on the secondary it has to
width stand a very high voltage.
Lgen

S1

PT

S2

Lgen

Rload

PT

S2

Rload

S1

Figure 10. Two types of use of transformer with opening and closing switches.

2.3.3. FCGs powering FCGs and flux trapping
In some applications FCGs are used to power other FCGs. By using flux
trapping in several stages high energy amplifications can be obtained. In flux
trapping systems the inductive load of the first FCG surrounds part of the
second FCG. When the first FCG reaches the final compression the second
FCG starts to operate and traps the magnetic flux. Figure 11 shows the
principle of flux trapping where the indicated switches closes to trap the flux.
One other example is to use a slow generator to supply the initial magnetic field
for a fast implosion generator.

Lgen 1

Lgen 2

Figure 11. The principle of flux trapping.

Lgen 3
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2.4 Applications
FCGs are or have been used as power sources in research on electromagnetic
launchers, high-power lasers, lightning simulators, plasma focus experiments,
neutron sources, X-ray sources and scientific studies of materials under ultra
high magnetic fields. Much of the early work on flux compression generators
were performed at Los Alamos in USA and at Arzamas-16 in Russia in close
connection to the work on nuclear weapons. Implosion generators were the
first type of generator developed. Among others, fusion experiments were
performed in both USA and Russia where the huge magnetic pressures were
used to compress deuterium and tritium. Due to the link to nuclear weapons
development the work on flux compression generators were classified in both
USA and USSR and other countries. In order to open up the research on flux
compression generators a conference, later known as Megagauss-I, was held in
Frascati, Italy, in 1965 gathering scientist from the Europe, USA and USSR to
discuss the topic of high magnetic field generation using high explosives. Due
to the cold war the next conference (Megagauss-II) was not held until 1979 in
Washington. From then on the conference series were held in either US or in
Soviet Union/Russia every third or forth year until 2004 when it was held in
Berlin and in London 2006. The name Megagauss is from the unit Gauss
(1 MG = 100 T) which is the old unit for magnetic flux density. The topic has
since the first conference broadened from explosive magnetic field generation
to cover many other aspects of pulsed power. Much of the work that is referred
to in this thesis was published in the Megagauss conference proceedings
[19-27].
A few examples of sophisticated use of FCGs are presented in the following
chapters.

2.4.1. Railgun experiments
FCGs of various types have been used to power railguns. In a railgun a
projectile is accelerated by the electromagnetic pressure inside the barrel. The
barrel has two electrodes (rails) and the bore may be square shaped or round,
Figure 12 [12]. A very high current is delivered to the rails and the current
returns either through the projectile or in an arc behind it. Strip generators were
used to accelerate small mass (~10 g) projectiles up to 11 km/s [12], while a
helical generator was used to accelerate high mass (~1 kg) projectiles up to
1.5 km/s [28]. The advantage with strip generators is their simple construction
and that their length and thus the operation time can be easily adjusted. Using a
conventional helical generator the current output had to be delivered to an
inductive intermediate storage connected to the gun in order to match the
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operation times of the generator and the gun. Typically peak currents of 1 to
3 MA were delivered from the generators in these experiments.
Current Source

Railgun

Projectile

Bore types

I

Figure 12. The railgun concept.

2.4.2. θ-pinch experiments
The high currents and powers that can be delivered by FCGs can be used to
power a cylindrical θ-coil to generate high temperature θ-pinch plasmas. These
types of experiments have been performed in both Russia (USSR) and USA
[29]. Experiments were performed to compress deuterium and tritium to
produce large neutron bursts.

2.4.3. Plasma gun experiments
In late 1960ies and early 1970ies a program (USA) called Birdseed had the aim
to inject neon plasma into the ionosphere to study its interaction with
ionospheric matter and magnetic fields. The rocket launched plasma gun
required a compact power system (220 kg) [29] and system, based on a
capacitor bank and two FCGs in series, was designed. The capacitor bank
delivered 15 kJ to the boost FCG which in hand delivered 60-75 kJ to the
second FCG. The output energy was 300-350 kJ of which 150-200 kJ went into
the neon plasma.

2.4.4. High Power Microwave experiments
Microwave radiation of high power has the potential of destroying or disrupting
electronics and electronic devices. Hence it has become a military interest to
develop weapons with the capability to generate and direct pulses of High
Power Microwaves (HPM) to disrupt enemy electronics. A very high electric
power (gigawatts) is required to power the microwave generators and FCGs are
an attractive solution especially as they have a high energy density compared to
other pulsed energy sources. It is not possible to power a microwave generator
directly from an FCG but some kind of pulse conditioning system is required
to generate a high voltage pulse of several hundreds of kilovolts, see
section 2.3. Experiments with complete systems have been reported [30], while
studies of suitable components such as FCGs, inductive energy storages,
transformers, electrically exploded wires and microwave sources, are frequently
reported.
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2.4.5. FCGs in materials research
High currents and high magnetic fields can be generated by rapid discharge of
capacitors and large facilities with enormous capacitor banks are used to
generate very high fields (100s of teslas) for research on material properties [31,
32, 33] under high pressures. In the 1950ies capacitors were not capable of
delivering such huge currents and a solution was to use high explosives to
compress magnetic flux into small volumes. As new types of capacitors are
developed large facilities using capacitively stored energy are capable of
delivering the high currents needed to generate the high magnetic fields. At
present there are several facilities used for high magnetic field generation; either
non-destructive i.e. that the coil in which the highest fields are generated
survives (fields less than 100 T) and can be used a hundred times or destructive
were the coils are destroyed and has to be replaced after each experiment (fields
up to 500 T) [34-37]. In some applications, however, explosive magnetic flux
compression has to be used to generate the fields required. For example
magnetic flux densities higher than some 500 T is not easily obtained using a
capacitor bank and higher fields require the use of high explosives. There are
also economical considerations since it is the cost per experiment that
determines whether to use expendable explosive systems or to build a large
facility.
Two examples of high performance explosive flux compression generators
used for materials research:
•

A Russian magnetic flux compression system was able to generate
more than 2000 T corresponding to 5⋅1016 W/m2 and a current of 500
MA [38]. The magnetic field is generated inside an imploding flux
compression generator in cylindrical geometry whose initial field is
supplied by a helical magnetic flux compression generator. The
imploding device is a modified version of the MC-1 generator which
generates 1000 T for routine experiments with materials in high
magnetic fields. One example is isentropic compression experiments
with solidified argon and krypton performed within a collaboration
between the Russian Federal Nuclear Centre (VNIIEF) and Los
Alamos National Laboratory [39].

•

At Los Alamos a high explosive pulsed power system [34] consisting of
a plate generator, an explosively formed fuse, a closing switch and the
isentropic experiment load has been developed to obtain equation of
state data. The circuit delivers 7 MA with a current time derivative of
3×1013 A/s to the load corresponding to an isentropic compression
pressure in the range of 0 to 250 GPa. The load, consisting of a metal
sample is accelerated by the magnetic forces and by measuring the
velocity using a laser material data can be extracted [40].
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3 The FOI magnetic flux
compression generator
At the Swedish Defence Research Agency, FOI, (formerly FOA) the research
on magnetic flux compression generators began in the early 1990s when the
research on compact electromagnetic pulse (EMP) generators required a
compact energy source. Of special interest is to use an FCG together with a
pulse forming network, PFN, to provide a high voltage pulse to drive
microwave generators to generate high-power microwave, HPM [41]. A helical
type of generator was designed intended to deliver a rapidly rising current
(hundreds of kiloamperes) pulse to an inductive load in series with an opening
switch arrangement. Such a system would deliver a very high voltage pulse
(hundreds of kilovolts) to a load, in this case a high power microwave source.
In 1995 a test was performed with a generator which delivered around 400 kA
into an inductive load [2]. Theoretical predictions and measurements of the
generator inductance variations were performed at FOA [42, 43] while
numerical circuit simulations using the software PSpice was performed within a
doctoral work at KTH [44] and Uppsala University [45]. A different approach
was to investigate the possibility of direct RF-generation from magnetic flux
compression by a cylindrical imploding shock wave in cesium iodine
[46, 47, 48].
The flux compression generator designed at FOA had some requirements [2]:
•
•
•
•

High energy gain
Simple initiation system of the high explosive
Good energy density
Energy and final inductance suitable for an HPM-system

Additional requirements were to have small tolerances to minimize common
failure modes such as turn skipping or 2π-clocking. An end-initiated helical type
generator was chosen. The generator was to deliver 50 kJ to a load of a few tens
of a microhenry. The initial magnetisation energy was set to 1 kJ implying an
energy gain of 50. To account for resistive losses the inductive compression
ratio was set to 80. The initial inductance was then set to 25-30 µH and the final
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inductance to 0.3-0.4 µH. To have 1 kJ initial energy the seed current for initial
magnetisation would then have to be 9 kA in a generator with initial inductance
of 25 µH. At final compression the current would be 500 kA in a 0.4 µH load
to store the energy 50 kJ. These input data together with estimations of the
heating of the conductors, mechanical stresses caused by magnetic forces and
the internal electric fields led to the chosen design. Most helical generator
designs use a cable-wound stator coil while in this case the high precision
requirements with tolerances of 0.1 mm led to a stator coil machined from a
copper cylinder. The disadvantage of this method is that the insulation has to
be applied around the conductor and that the square shaped cross section of
the conductors cause field enhancement at the corners. However the method
gives a larger conducting area compared to wires allowing higher currents to be
conducted.
The FOI generator is a fairly small helical generator although smaller generators
of only a few centimetres diameter and a few centimetres length have been
built. The FOI generator cannot compete with the large generators capable of
delivering tens of megaamperes and tens of megajoules to the load. However
designs similar to the FOI generator have been developed. The MURIprogramme, of which Texas Tech University was one of the contractors,
focused on compact pulsed power for high power microwave (HPM) or
radiofrequency radiating warheads to destroy or disturb enemy electronics [18].
Small flux compression generators are an interesting alternative as energy
source for such system. Texas Tech University made a large number of
experiments with generators similar in size to the FOI generator varying
various parameters.

28

3.1 Design of helical generators
When designing a helical generator there are several aspects that have to be
considered. The current and energy amplifications desired as well as the final
current and energy to be delivered to or to be stored in the load, determine the
size of the generator. As described in section 2.1.2 the performance of a
generator depends on the flux compression coefficient and the inductive
compression ratio. The flux compression coefficient states how much flux is
lost during compression while the inductive compression ratio states the ratio
of initial to final inductance. A large inductance compression ratio and a large
load inductance imply that the generator will need to have a large diameter and
length. A large diameter in hand allows for a large conducting area of the coil
windings. This in hand gives higher current handling capability. The
compression time and hence the current pulse length is determined by the
detonation velocity (6 to 9 km/s) of the high explosive used and the size of the
generator. In a helical generator the armature diameter is usually half the
diameter of the stator. The armature can expand twice its initial diameter
without cracks developing in the expanded cone. There are several rules of
thumbs that can be used during the design process in order to limit magnetic
flux losses and reduce high resistive losses. However, in the design process it is
useful to use computer codes to predict the performance of a generator and
vary different parameters to meet the requirements [49, 50]. Such a code solves
the circuit equation of a generator with an inductive load [5]:

I

dL
dI
+ L + RI = 0
dt
dt

(25)

where L is the total generator inductance, I is the current and R is the total
generator resistance, with the solution
t

R

L I − ∫ L dt
I= 0 0e 0
L

(26)

where I0 and L0 is the initial current and the initial inductance respectively.
Here, one can see, that the term I⋅dL/dt has to be larger than the term RI,
otherwise the term L⋅dI/dt will become negative i.e. there will be no current
amplification. The term I⋅dL/dt is usually named internal voltage or generator
armature potential and is in fact the source voltage for the circuit. Its value
must be kept below a certain value to prevent electrical breakdown inside the
generator. Good models of coil inductance, inductance rate of change and
resistive loss functions will predict the generator performance fairly well.

29

3.2 The FOI generator design
The FCG has a length of 300 mm and a diameter of 70 mm. The initial
inductance is 23 µH and the final inductance is approximately 0.2 µH. Figure 13
shows the layout of the FCG and identifies some of the vital components of
the generator. The generator is initiated on the left hand side and the
detonation wave front moves from left to right.

1

2

3

4

5

6

7

Figure 13. The FCG: 1 – Initiator, 2 – Seed current cables, 3 – Crowbar ring, 4 –
Stator coil, 5 – Return conductor, 6 – Armature and 7 – High explosive PBXN-5.
Figure 14 shows the FCG disassembled. A and B are the stator and the
armature parts. C is the crowbar ring where the armature makes contact with
the stator and closes the circuit. D is the return conductor loop connecting the
armature to the stator and has a Rogowski coil to monitor the current in the
generator. E is a plastic disc to keep the armature aligned with the stator and F
and G are terminals for seed cables. The stator, Figure 15, is comprised of a
helical coil machined from a copper tube, and has four sections. The pitch and
conductor width of each section are given in Table 2. The coil has a rectangular
cross section with a thickness of 1.5 mm. The last section has a slightly larger
inner diameter of 55 mm. In connection to the machining of the coil, epoxy
was applied as insulation between the turns. A 0.25 mm layer of epoxy was
applied to the inner surface of the coil to increase the electrical breakdown
strength. The epoxy layer of the last section is thicker, 1.25 mm, to prevent
electric breakdown during the final compression at which a high internal
voltage is developed. The high explosives loaded copper armature consists of a
cylindrical part and a conical part machined from one single piece of copper,
see Figure 15. The outer diameter of the cylinder is 24 mm and the inner
diameter is 20 mm. The conical end coincides with the last section (section 4)
of the stator and has a cone angle of 8°. The high explosive is point initiated to
detonation at the cylindrical end of the armature (left hand side in Figure 15)
using a precision initiator. When the detonation front moves into the armature
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Figure 14. View of the FCG parts; A – Glass-fibre reinforced stator, B – Armature, C –
Crowbar ring, D – Rogowski coil for current measurement mounted at the return conductor,
E – Plastic disc to centre the armature inside the stator, F – Connection ring of the inner
conductor of the seeding cable to the stator, G – Connection ring for the outer conductor (the
braiding) of the seeding cable to the armature.
Section 2

Section 3

Section 4

55

53

Section 1

47.5

44.5

8.0°

24
20

289

240
330

Figure 15. The dimensions of the FCG stator (above) and armature (below).
it will be accelerated outwards and will form a cone moving forward shorting
out the turns, as illustrated by hydrodynamic simulations using GRALE [51] in
Figure 16. When this expanding cone (A) meets with the conical end (C) of the
armature they are designed to form a more or less cylindrical part moving
radially outwards towards the stator (D), as illustrated. The pressure inside the
high explosive is highest at the detonation wave front (B). The reduction in
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inductance becomes very rapid and thus the increase in current. The expanding
armature will make initial contact with the stator via a copper ring (crowbar
ring) mounted on the stator, Figure 17. The two generators have different
crowbar rings. The crowbar ring in FCG #1 is larger than the one in FCG #2
and has a rounded edge and a glide plane with an angle of 45°. Based on the
experience of the first experiment with FCG #1, the crowbar was modified for
FCG #2, resulting in a shorter crowbar with a sharper edge and a glide plane
angle of 31°. The change served to minimise ejection of copper which could
cause problems inside the FCG. The high explosive used in the generator is
three pieces of plastic-bonded high explosive PBXN-5 (95% HMX / 5% Viton
A), Figure 18, machined to fit into the armature. The armature was heated and
the high explosive cooled in order to press fit the high explosive into the tube.
The PBXN-5 detonation velocity is 8.8 km/s and its mass density is
1840 kg/m3. High-precision manufacturing procedures and careful selection of
materials were used to minimize common failure mechanisms such as turnskipping and premature electric breakdown. The high explosive was point
initiated with a precision initiator to avoid asymmetries in the detonation
process.
Section

Number
of turns

Pitch
[mm]

1
2
3
4

24
11
8
7

3.5
5
6
7

Section
length
[mm]
84
55
48
50

Conductor
width [mm]
2
3
4
5

Table 2. Stator properties.
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A

D
B

C
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4

Figure 16. Hydrodynamic simulations of the armature movement as the detonation wave
front (B; indicating the pressure) progress to the right. The time between the frames is
4 µs.
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Figure 17. The original (left) and the new crowbar ring and their respective cross sections.

Figure 18. The three pieces of high explosives to fit inside the armature.
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3.3 Experimental work
Two generators were used for experimental studies. It was decided that the
generators were to be seeded with different currents, where the first generator
(FCG #1) was to be seeded with modest current, while the second (FCG #2)
was to be seeded with more current than it was designed for. Hence, in the first
experiment the current amplification could be expected to be higher than in the
second where higher resistive losses could be expected. This result would be
useful in development of simulation models for FCGs.
The two generators are identical except in two aspects:
•
•

The positioning and type of diagnostics
The crowbar ring was modified for FCG #2

The difference in diagnostics should have no or very small effect on the
generator output. The change in crowbar ring however gives a small difference
in initial inductance and in total compression time. This difference is observed
in the measured signals but has no effect on the overall results. Hence the
results from the two generators can be compared.

3.3.1. Diagnostics
To monitor the generator operation different diagnostics were used. A current
measurement is the most important diagnostic revealing the current
amplification of the generator and thus its overall performance. Furthermore,
oscillations in the time derivative of the current can reveal the quality of the
generator such as if the coaxial alignment of the armature and the stator is
good, or if turn-skipping occurs. To monitor the current, a Rogowski coil was
built and mounted around the return conductor of the generator, Figure 19.
A Rogowski coil gives a signal proportional to the time derivative of the
current, which has to be integrated to give the current. The output signal was
attenuated and split on three channels with different sensitivity in order to
capture the dynamics of the signal. The Rogowski coil was constructed from
thin copper wire wound on a Teflon tube. Spray glue was applied on the Teflon
tube prior to winding the copper wire. The wire was drawn through the tube
and then wound on the outside. The Rogowski coil had a radius r of 15 mm, a
winding radius a of 0.7 mm and a number of windings between 70 to 80. The
Teflon tube was then bent and pressed into a polycarbonate ring, Figure 20. A
thin coaxial cable (M17/169-00001, RG178B/U) of 20 cm length was soldered
to the copper wires from the coil and at the other end terminated with a BNC
connector. The return conductor of the MFCG around which the Rogowski
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coil was positioned consisted of a U-shaped copper piece shown in the drawing
in Figure 20. The polycarbonate ring with the Rogowski was mounted around
the return conductor, which is placed in a mould in which epoxy is poured.
This ensured that the probe was protected, that the windings did not move and
prevented electric breakdown. A Pearson 1423 probe was used to monitor the
seed current from the capacitor bank. Thus, the Rogowski coil could be
calibrated using the common current up to the time of crowbar. The Pearson
probe has an error of less than 1% within its measurement range while the
Rogowski coil is estimated to be accurate within 10% and be proportional to
the current time derivative up to at least 50 MHz considering the coil
inductance and terminating resistance.

Figure 19. Rogowski probe mounted on the MFCG load.

Figure 20. Lexan ring for the coil and the copper return conductor.
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Optical fibres with diameter 1 mm were mounted at various positions on the
generator or in the initiation chain, see Figure 21. They were used to monitor
the times when the detonation front reached different positions in the high
explosive (position A and L). Optical fibres were also used to monitor events
related to the collision of the armature and stator and the contact point
behaviour (position B to E), see Figure 22. In FCG #1 one optical fibre were
looking axially into the generator from the end (position J). In FCG #2, three
fibres were mounted at the end of the generator looking axially into the
generator through collimators (position K). They were mounted 120° apart and
were used to observe the light emitted from the impact of the armature with
the crowbar/stator and from the rotating contact point, see Figure 22.
Piezoelectric shock sensitive contact pins were mounted on the stator to
determine space-time characteristics of the armature/stator impact (position B
to E in FCG #1 and F to H in FCG #2). The piezo gauges drives a light
emitting diode mounted on an optical fibre to provide electric insulation
between the FCG and the diagnostics, see Figure 23. Table 3 shows the type,
position and purpose of the diagnostics used in FCG #1 and #2.
265
240
215
188
149
110

I

71

A

B

C

D

E F G H
L J,K

Figure 21. The position of the diagnostics used in the experiments. A to L indicates the
positions of various diagnostics, see Table 3.
Holes for piezo gauges

Holes for optic fibres

Figure 22. Holes drilled in the stator for optic fibres and piezo gauges (FCG#1) and
right three collimators for optic fibres in the armature end ring (FCG#2)
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A
E

B

C

D

Figure 23. The piezo-optic insulation. A and B are the connectors on the piezo gauge
cable, C is the LED powered by the voltage generated by the piezo gauge, D is the optic
fibre and E is the fibres connector to the optic detector.
Diagnostic
Optical fibre
FCG #1 and #2
Optical fibre
FCG #1
Piezo gauge
FCG #1
Piezo gauge
FCG #2
Current probe
FCG #1 and #2
Optical fibre
FCG #1
Optical fibre
FCG #2
Optical fibre
FCG #1 and #2

Position
A

Purpose
Timing of the detonation wave front in det. cord

B,C,D,E

Monitor the passage of the contact point

B,C,D,E,

Monitor the impact of the armature with stator

F,G,H

Monitor the impact of the armature with stator

I

Monitor the current

J

Monitor the light inside FCG, one fibre

K

Monitor the light inside FCG, 3 fibres 120° apart

L

Timing of the detonation wave front in high explosive

Table 3. Diagnostics in the two generators

3.3.2. Initiation of the high explosive
The high explosive was initiated by an exploding bridge wire (EBW) detonator
fired by a Teledyne RISI FS-17 firing unit. The power supply seeding the
generator is triggered by a voltage pulse delivered by the firing unit at exactly
the same time as the detonator pulse. To achieve timing a detonation cord delay
line was used between the EBW detonator and the detonator of the initiator
used to initiate the high explosive in the armature, Figure 24. The detonation
cord also serves to galvanically insulate the EBW detonator from the FCG
reducing the electric noise from the EBW firing current to enter the
diagnostics. An additional feature of this design is that the EBW detonator is
triggered at the same time as the pulsed-power supply that provides the seed
current preventing the discharge of the capacitor bank to interfere with the
initiation process. An extra detonation cord is used cut the Rogowski probe
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signal cable a few microseconds after the FCG peak current is reached. Figure
25 shows the setup used to time the current pulse from the pulsed-power
supply (PPS) to the initiation process and the crowbar of the FCG. The delay in
the detonation cord, the detonator and the initiator and the time it takes for the
armature to reach the crowbar adds up to about 56 µs, a few microseconds
before the seed current peaks. All diagnostics were triggered on the rising flank
of the current pulse initiating the detonator via a signal obtained from a pick-up
coil, providing a common time reference.

Figure 24. Detonator with delay (~40 µs) cord and precision initiator; A - EBWdetonator, B/D – Detonation cord with firing cap mounted on initiator, C- Detonation
cord used to cut the Rogowski probe signal cable, E and F – connector for the seed
current cables to the FCG.
Current; peaks at ~ 60 µs
PPS
Initiator
Trigg pulse
to PPS

RISI FS-17

FCG

Det cord; delay ~40 µs

Trigg pulse
to EBW

EBW
Trigg pulse to oscilloscopes

Figure 25. Timing circuit of seed current and high explosives and triggering of the
diagnostics.
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3.3.3. Experiments
The experiments were performed outdoors and the generators were placed
inside a steel cylinder with a wood support to absorb shrapnel from the
generator. Figure 26 shows the two generators before firing with the only
visible difference being the different diagnostics. The white piece visible is
made of foam plastic and is in place to separate the seed cables from the
detonation cord and the detonator. The first generator, FCG #1, was seeded by
6 kA while the second generator was to be seeded by twice the current of first
generator. A 67 µF capacitor bank was used to seed the flux compression
generator via four RG213 cables. The generator was crowbared just before the
peak of the seed current occurring at around 60 µs.

Figure 26. The generators before firing, FCG #1 to the left and FCG #2 in the
middle. Note the diagnostics along the stators of the FCGs. The generators were fired in
a steel cylinder (right).
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3.4 Experimental results
The experimental results are presented in the following chapters together with
analysis of the generator performance.

3.4.1. Current characteristics
The current recording (measured at position I in Figure 21) is the most
important recording to understand the generator performance. At crowbar time
the seed currents were 5.7 kA (at 56.5 µs) and 11.2 kA (at 56.2 µs) respectively
and the peak currents were 269 kA (at 86.6 µs) and 436 kA (at 87.6 µs),
Figure 27. Thus the current amplification factor is 47 for FCG #1 and 39 for
FCG #2. The difference in operation time (30.1 µs for FCG #1 and 31.4 µs for
FCG #2) is due to the modified crowbar ring in FCG #2. The double-arrows
indicate the approximate time interval during which the contact point is within
a specific section. The current amplifications for the two generators are almost
identical up to 4 µs before the current peaks, Figure 28 where the amplification
rate of FCG #2 drops compared to FCG #1. The lower current amplification
of FCG #2 is thought to be due to resistive losses in the generator during the
final compression, due to the following reasoning. A design requirement to
avoid excessive heating of the conductor is to have a linear current density of
less than 34 MA/m [49]. The width of the conductors in this generator design
is 2, 3, 4 and 5 mm in the four sections and the current should thus not exceed
70, 100, 140 and 170 kA in the four sections respectively. The generator seeded
by the higher current violates this requirement in section 3 and 4 during the last
3 to 4 µs and this might explain the lower amplification. The current time
derivatives for the two generators are plotted in Figure 29. The maximum
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Figure 27. The current recordings in experiments with FCG #1 and FCG #2. Figure
a) shows the seed currents and b) shows the FCG currents. The double-arrows indicate
the approximate time interval during which the contact point is within a specific section.
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Figure 28. The current amplifications for the two generators obtained by dividing the
FCG currents by the respective seed currents at time of crowbar. The common time
reference is given by the optical fibre, L, mounted at the ends of the high explosives. The
time of crowbar is at 0 µs.
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Figure 29. Current time derivative of FCG #1 and FCG #2.
current time derivatives are 1.35⋅1011 A/s (at 86.1 µs) and 1.8⋅1011 A/s (at
87.1 µs) respectively. The current time derivative reveals the presence of 2πclocking, a phenomena caused by coaxial misalignment of the armature and the
stator. This is observed as oscillations with a period close to the ratio of the
pitch to the detonation velocity, see Figure 30a. Minor 2π-clocking could
beobserved in FCG #1 but not in FCG #2. Losses such as electrical
breakdown inside the generator can also be seen in the current time derivative
traces. In both FCG #1 and #2 there are large disturbances at 70 – 72 µs,
occurring at the same location in both generators. The reason for this is the
interface between the two cylindrical high high explosives parts located at the
same place in both generators, see sections 3.4.8 and 4.5. The edges have a
finite curvature and a small space will be formed between the armature the
charge at this point. This will cause a protrusion on the armature or even a jet.
As the protrusion or jet arrives to the armature the contact point jumps
explaining the disturbances. Several bursts of noise are observed in FCG #2 at
later times (73.4 µs, 78.5 µs and 81 µs). The dominating frequency f of the noise
is 34 - 37 MHz at around 71 µs for both FCG #1 and #2, 78 MHz at 73.4 µs
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and 108 MHz at 78.5 µs for FCG #2. The noise at 81 µs in FCG #2 contains
frequency components of 70, 107 and 140 MHz of similar amplitudes. The
electric breakdowns are at least partly associated with the contact point entering
a new section. Apart from the large amplitude disturbances, the current time
derivative signal may contain information revealing various phenomena
occurring during compression. By performing a frequency (FFT-) analysis of
the whole signal, the dominating frequency as function of time can be obtained,
Figure 30b. Prior to the frequency analysis the signals are high pass filtered with
limit 7 MHz, hence the lower frequencies of the current rise itself and that of
the 2π-clocking are removed. The frequency resolution is 1.95 MHz and the
dominating frequency every 0.256 µs is obtained in a window of 1024 samples
or 0.512 µs. Between 58 and 65 µs there is an oscillation of around 11 MHz in
both generators, which is associated with the crowbar process. There is also a
clear trend of a frequency slowly increasing from 20 MHz to 80 MHz during
the compression, as indicated by the line in Figure 30b. Both generators, having
different internal voltages due to their different seed currents, show the same
frequency shift as function of time. The data points above the line is partly
explained by the high amplitude electrical breakdown signals containing higher
frequencies (e.g. the breakdowns at 73.4µs, 78.5 µs and 81 µs in FCG #2 and
noise on top of the 2π-clocking between 66 and 69 µs in FCG #1). However,
the very large disturbances in both generators at times around 70-72 µs have
frequencies (~35 MHz) on the slowly increasing line. The low frequency
content between 75 and 87 µs could be due to the frequency content of the
current pulse itself, increasing towards end of operation.
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Figure 30. a) Minor 2π-clocking in FCG #1 with oscillation period close to the ratio of
section pitch to detonation velocity. b) Dominating frequencies each 0.256 µs in current
time derivative traces for FCG #1 and #2. The line is a guide for the eye indicating the
slow frequency increase and the dashed line marks the 7 MHz frequency limit.

3.4.2. Energy amplification
At crowbar time, approximately 0.4 kJ and 1.5 kJ are stored inductively in the
two generators. The final inductance is difficult to estimate but it is
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approximately 0.2 µH. Using that value, the inductively stored energy at the
time of peak current is 7.3 kJ and 19 kJ for FCG #1 and #2 respectively
implying energy amplifications of 19 and 13 for FCG #1 and FCG #2. A figure
of merit can be obtained for the two generators. The figure of merit, α, is
defined by
α

⎛I ⎞
L
⎜⎜ ⎟⎟ = ⎛⎜ 0 ⎞⎟
⎝ I 0 ⎠exp ⎝ L ⎠

(27)

where I0 and L0 are the initial current and inductance and I and L are the final
current and inductance. For FCG #1 and #2 the figure of merits are 0.81 and
0.77 using the estimated initial and final inductance value of the generators.

3.4.3. Detonation velocity
The signals from optical fibres (position A and L in Figure 21) monitoring the
position of the detonation wave front inside the high explosive are shown for
FCG #1 in Figure 31. The first peak is just before the detonation wave front
enters the detonator of the precision initiator, (35.4 µs for FCG #1 and 36.3 µs
for FCG #2) and the second when it reaches the end of the high explosive with
(85.1 µs for FCG #1 and 86.1 µs for FCG #2). The times used are marked by
the circles where the signal went out of range on the oscilloscopes. The delay in
the detonator and precision initiator is determined to be 12.3 µs, Figure 32, and
thus the detonation time for the high explosive inside the generator is 37.4 µs
and 37.5 µs for the two generators. The total length of the high explosive pieces
are 325.4 mm and 324.2 mm giving detonation velocities of 8.70± 0.06 km/s
and 8.64± 0.06 km/s in good agreement with the data for the high explosive
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Figure 31. The optical signals from fibre at position A at the detonator and fibre at
position L at the end of the high explosive.
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PBXN-5 (95% HMX / 5% Viton A) having a detonation velocity of 8.8 km/s
[52; data for LX-10 of similar composition]. The 0.7 % error estimation is
based on an error of 0.5 mm in the length measurements of the high explosives
and an error of 200 ns in time measurements due to the rise time of the signal.
Optic fibre

PPI

Armature

Detonation cord

RP83

1.
0 µs

M46B

2.
5.3 µs

3.
35.4 µs

4.
43.1 µs

5.
47.7 µs

Time

Figure 32. Initiation of FCG #1. Time t = 0 µs is defined as the rising edge of the
electric current to the EBW detonator RP83. The optic fibre observes the light from the
detonation wave front just before entering the detonator M46B. The delay in the point
precision initiator (PPI) is 12.3 µs.

3.4.4. Axial contact point velocity
The optical fibres and piezo gauges mounted on the stator (position B, C, D
and E in Figure 21) on FCG #1 can be used to obtain a value of the axial
velocity of the contact point. The optical fibres and the piezo gauges are closely
mounted at the same axial position but while the optical fibres look into the
generator through small holes, the piezo gauges are glued into shallow holes in
the glass-fibre reinforcement around the stator introducing a delay as the shock
wave travels through the stator and the glass fibre before reaching the piezo
gauge. The delay is approximately 1 µs, including the electro-optical conversion.
Figure 33a shows the axial position (see Figure 21) of the optical fibre and
piezo gauge versus the times when the light from the contact point and the
impulse from the shock wave are detected. Of special interest is that the optic
fibres observe light from the rotating contact point before it reaches the
position of the fibre. The light oscillations become visible approximately 1.3 µs
before the armature hits the stator corresponding to a length of 11 mm ahead
of the contact point. It is not known if it is the air itself that emits the light
detected or if light is reflected onto the fibre ends. Although recordings went
out of range one can see that the amplitude of the light oscillations increases
during operation indicating an increasing light emission from the contact point
as the current increases. Figure 33a shows the axial position (see Figure 21) of
the optical fibre and piezo gauge versus the times indicated by the circles and
crosses in Figure 33b. The times used are when signals go out of range,
introducing an uncertainty of the exact passage time. The slope of the least
square fitted line gives the axial contact point velocity (8.59 ± 0.3 km/s for the
optical fibres and 8.54 ± 0.3 km/s for the piezo gauge), which are slightly lower
than the measured detonation velocity which at steady state should be identical
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to the contact point velocity. The measured delay between the optical fibre and
piezo gauge is 0.9 µs. The 3 % error estimation is based on an error of 0.2 mm
in the length measurements of the hole to hole distance for the optic fibres and
piezo gauges and an error of 200 ns in measurements of the passage times of
the contact point. The real velocity of the contact moving along the helical path
of the coil is much higher than the axial velocity obtained in the measurements.
The real contact point velocity is given by

vcp =

2π ⋅ rcoil ⋅ vdet
p

(28)
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where rcoil is the coil inner radius, vdet is the detonation velocity and p is the coil
pitch. The real velocity will decrease as the pitch increases and for the FOI
FCG these velocities are 414 km/s in section 1, 290 km/s in section 2 and
241 km/s in section 3. In the second generator FCG #2 three piezo gauges
were mounted on the stator (F, G and H in Figure 21) to monitor the impact of
the conical end part of the armature with the stator section 4.
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Figure 33. a) Signals from optic fibres and piezo gauges mounted along the stator.
Circles and crosses marks the times used to calculate velocities. b) Axial contact point
velocity estimation from optical fibres and piezo gauges mounted on the stator.
Figure 34 shows the signal from the three piezo gauges where the three peaks
between 87 to 89 µs indicates the impact of armature on the stator while signals
before could be due to a pressure increase in the last section caused by the
magnetic forces or simply electromagnetic interference with the measurement
system. The circles and diamonds in Figure 34 indicate the times used to
analyse the shock impact and are given in Table 4. The circles mark when the
impact signal is first observed and the diamonds when the signal peaks or goes
out of range. In a geometrical representation the two cones would form a cone
with an angle of 2°, illustrated in Figure 35a and that cone would pass over the
stator section very rapidly. From simple geometrical considerations, Figure 35b,
one can conclude that the expanding cone only has to move 1.8 mm radially
outwards for the combined cone to sweep across the 50 mm long section 4,
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from position A to position B. Since the radial velocity of the expanding cone
is vdet ⋅ tan α = 8.7 ⋅ tan 10 = 1.5 km/s we can estimate the passage time of the
combined cone to be 1.8/1.5 = 1.2 µs. The three piezo gauges are placed with
25 mm separation and the time difference between the first and the last
registration is 1.1 µs in agreement with the estimation. However to analyse this
further the armature movement has to be modelled using hydrodynamic codes.
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Figure 34. Signals from the piezo gauges mounted on the stator at section 4. The
diamonds and circles mark the times that can be used to calculate the axial velocity of the
contact point combined cone with the insulation in section 4.
F
87.5 µs
87.6 µs

Diamond
Circle

G
88.2 µs
88.3 µs

H
88.7 µs
88.7 µs

Table 4. Times obtained from piezo gauges.
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Figure 35. Idealised movement of the expanding cone into the end cone. The dotted area
in the left figure indicates unexploded explosive. In the right figure, graphical
representation of estimation of the time it takes for the combined cone to sweep over the
50 mm of stator section 4.
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3.4.5. Light emission inside generators
The optical fibres used to monitor the light inside the generator were mounted
at the generator end (position J and K in Figure 21). In FCG #1 one fibre were
mounted in a drilled hole while in FCG #2 three fibres were mounted in small
metal tubes (collimators) mounted 120° apart. Figure 36a shows the signal from
the fibre mounted in FCG #1 where the signal was split to be recorded at two
channels with different sensitivity and Figure 36b shows the signal from one of
the three fibres mounted in FCG #2. In FCG #1, Figure 36a, there is high
intensity light when the armature hits and moves over the crowbar ring, event I,
and the intensity increases when the armature hits the stator, event II. The
effect of the new design of the crowbar ring in FCG #2 is shown in Figure
36b. The low light intensity between time of crowbar and armature impact on
the stator, event I, indicates that the new crowbar ring works as intended. The
impact of the armature with the stator, event II, occurs at the same time but the
duration of the light flash is shorter in time possibly due to the new design of
the crowbar. In both generators small oscillations in the optical signals are
visible and originate from the rotating contact point. The period of the
oscillations relates to the pitch and can be used to obtain a value of the axial
velocity of the contact point. From FCG #1 velocities were obtained for
section 2 and 3 while in FCG #2 the sections 1 and 2 were used. The signals
are smoothed by low-pass filtering and the local maxima are detected and least
square fitted to the axial positions of the turns. The values obtained, Table 5,
agree with the detonation velocity measured in the high explosive but is slightly
higher than that obtained from the piezo gauges and optical fibres mounted
along the stator. The recordings from the fibres mounted on the stator and at
the end clearly indicate that light is emitted by or from a region just ahead of
the contact point.
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Figure 36. The light intensities inside the FCG #1, figure a), and FCG #2, figure b),
observed by optical fibres mounted at position J/K and looking axially into the
generators. In a) the trace marked x25 is magnified a factor 25, for the oscillations,
associated with the contact point passing section 2 and 3, to become visible.
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FCG #1
section2
8.64

velocity
[km/s]

FCG #1
section3
8.76

FCG #2
section1
8.71
8.80
8.67

FCG #2
section2
8.70
8.72
8.71

Table 5. Axial contact point velocities obtained from intensity
variations in the light observed by the optical fibres.

3.4.6. Electrical breakdown inside the generator
The noise in FCG #2 in the current time derivative, Figure 29, at 70-74 µs,
78.5 µs and 81 µs are observed by the optical fibres viewing into the generator
from the end. Figure 37 shows the signals from the three fibres (of which one
is shown in Figure 36b) and when strong light is observed by one of the fibres
no light is observed by the others. This indicates that an electric breakdown
occurred in a small region in the line of sight of a single optical fibre. The
electric breakdowns inside FCG #2 could also have contributed to the lower
current amplification compared to FCG #1. The impact of the armature with
the stator at 61-66 µs is observed by all three fibres.
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Figure 37. The light intensities inside FCG #2 indicating electric breakdowns inside the
generator.

3.4.7. Expansion angle of the armature
Since the position of the detonation wave front and the contact point along the
stator are known it is easy to estimate the expansion angle (Gurney angle) of
the armature at time of crowbar and when the expanded cone is in contact with
the stator and passes one of the optical fibres. The crowbar times are 56.5 µs
and 56.2 µs for FCG #1 and #2 and the detonation wave front enters the
initiator boost charge at 46.0 µs and 46.9 µs respectively. From the point
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initiated boost charge (PBXN-5) a spherical propagation of the detonation
wave front at 8.7 km/s is assumed. At the crowbar time the centre of the
detonation front has advanced a distance 8.7⋅(56.5-46.0) mm = 91.4 mm,
Figure 38. Using that the inert shock from the detonation front in the copper
armature lags the detonation front by 2 mm at the outer surface of the
armature, the generator CAD-drawing can be used to find the expansion angle.
The 2 mm lag was observed in hydrodynamic simulations with an FOI code
GRALE [51] of the armature expansion of this specific armature. A straight
line originating from the outer armature surface (at A in Figure 38) is drawn to
be a tangent to the crowbar ring (at B) and the angle is measured to be 8.4°.
A similar estimate can be obtained for FCG #2 and the angle is then found to
be 7.7°. The inner edge of the crowbar ring of FCG #2 is closer to the
armature and the armature has not had the time to accelerate, explaining the
smaller angle. The expansion angle of the armature when in contact with the
stator is determined in a similar way as for the angle at crowbar. The optical
fibre at position C in FCG #1 detects the armature passage at 73.7 µs. The
detonation wave front position at that time is 8.7⋅(73.7-46.0) mm = 241 mm
from the initiation point of the boost charger of the initiator. With the
assumed 2 mm lag of the armature expansion a line is drawn to the position of
the optical fibre, Figure 39. Using the drawing the expansion angle is
determined to 9.6°, which is in good agreement with the 10.1° obtained in
hydrodynamic simulations.

4°
8.

B

A
R91.4

Figure 38. Estimation of the expansion angle of the expanding armature at crowbar and
the corresponding hydrodynamic simulation.
Optic fibre.
Position C
9.6°
R241

Figure 39. Estimation of expansion angle of the expanding armature and the
hydrodynamic simulation.
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3.4.8.

Interface between the high explosives parts

As discussed above there was a large disturbance at times 70-72 µs in the
current recordings and also in the light recording in FCG #2. This may be
caused by the interface between the high explosives parts inside the armature
due to the following reasoning. Figure 40 shows the generator where A marks
the interface between the two high explosives parts of which one is 121 mm
and the other is 120 mm. The dashed line marks the approximate path of a
point on the armature surface, at the interface position and B marks the
intersection of this line with the stator. The distance between point B and fibre
position C is 16 mm and assuming an axial velocity of 8.7 km/s the armature
arrives to B 1.8 µs before it arrives to C. Fibre position C detects the armature
passage at 73.7 µs and hence the armature arrives to B at time 72 µs. A
protrusion on the armature surface would arrive to the stator some
microsecond earlier i.e. at the approximate time of the disturbances. This
calculation is not exact and serves only to verify the possibility that explosives’
interface caused the disturbances. The effect of a void in the explosive is
investigated in section 4.5.

Fibre position C
B
16.0

121.0

A

120.0

Figure 40. The path of a point on the armature at the position of the interface between
two high explosives parts. The point arrives to the stator 1.8 µs before the armature is
detected by the optic fibre C.
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3.5 FOI FCG performance
The FOI generator is considered a small generator with a stator coil diameter of
53 mm and a coil length of 237 mm. The armature with an outer diameter of
24 mm and a wall thickness of 2 mm contains some 270 g of high explosives
and expands more than twice its initial diameter. It is of limited use to compare
the FOI generator with a generator of significantly larger sizes in terms of
energy and current output since a larger generator by obvious reasons can carry
a larger current and has a higher initial inductance. A longer generator will have
a longer compression time and hence its current pulse characteristics will differ.
However to compare generators a figure of merit can be calculated for any
generator according to Equation (27). The FOI FCG #1 and #2 have figure of
merits of 0.81 and 0.77. Another interesting value is to calculate the energy
conversion efficiency of the detonation energy into magnetic energy. The
energy density of high explosives is about 5700 MJ/kg and hence in the 270 g
PBXN5 about 1.5 MJ detonation energy is stored. For FCG#1 and #2 the final
energies were 7.3 and 19 kJ i.e 0.5 and 1.2 % of the detonation energy. The
specific energy of the generator is the ratio of the final energy to the initial
volume of the FCG. For FCG#1 and #2 the specific energy is 5.7 and
15 MJ/m3, using an initial volume as that of a cylinder with 70 mm diameter,
i.e. the stator diameter including the glass fibre reinforcement, and the length
330 mm i.e. the armature length.
Freeman et al [53] compared the properties of small and large generators. The
large Mark IX generator at LANL has a figure of merit of 0.79 to 0.85
depending on generator loading. Smaller FCGs such as the TTU generators
[18] with a size similar to the FOI generator has figure of merits of 0.6-0.7. It is
suggested that the lower figure of merits may be due to larger relative magnetic
flux losses in small generators. At best some 5 % of the detonation energy in a
helical FCG can be converted into magnetic energy and specific energies of 30
to 60 MJ/m3 has been obtained [1]. The values for the FOI FCG are hence
fairly good considering the small size of the generator.
Texas Tech University built and tested generators of similar size as the FOI
FCG. The TTU I generator with a stator coil diameter of 66 mm and a coil
length of 102 mm has an initial inductance of some 20-23 µH and a final
inductance of 45.7 nH, i.e an initial inductance comparable to the FOI
generator while the final inductance is significantly lower. The current and
energy gain of the TTU I generator is 99 and 18 times at best. In that test the
seed current was 385 A and the final current 38 kA and the figure of merit 0.73.
Increasing the seed current resulted in lower gain decreased figure of merits.
The FOI generator with figures of merits of 0.79 and 0.81 was seeded by
currents of 5.7 and 11.2 kA with final currents of 269 and 436 kA, i.e. a much
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higher figure of merit despite the very high current output. Note however that
the TTU generators were designed in order to study the influence of various
generator design parameters and its influence on the performance, and not to
maximize the output.
The FOI design has square shaped cross-section stator conductors while most
generators are made from round wires. According to Freeman et al [53]
generators with square shaped stator conductors seems to have degraded
performance and this has been attributed to voltage enhancement at the edges
and differences in current conduction area at the contact between stator and
armature. Another problem could be the manufacturing when winding a square
wire on the mandrel that could lead to enhanced turn skipping or clocking. The
latter would not be a problem in the FOI generator since the stator is machined
from a copper tube.
The use of solid pieces of high explosives ensures the there are no voids inside
the high explosive. However as several pieces were pushed together in this
generator, voids may appear at the interfaces and cause problems during the
armature expansion and hence degrade the performance.
The conical end of the armature and the insulated forth section of the FOI
generator cause a very rapid inductance decrease compared to situation if the
armature had been straight. The contact point virtually stops at the boundary
between stator section 3 and 4. This may reduce the flux losses at the end of
operation and hence improve the performance.
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4 Hydrodynamic simulations
During the design phase back in 1994-95 the armature expansion was modelled
using a hydrodynamic code, Dyna 2D, used for modelling high explosives. This
type modelling was repeated using the two-dimensional FOI code GRALE [51]
which is used at FOI for various types of hydrodynamic modelling. The plastic
bonded high explosive PBXN-5 used in the experiments is similar to the high
explosive LX-10 and are identical in composition. The PBXN-5 is not available
in the GRALE code and LX10 is used for modelling instead. The freeware
VisIt [54] is used to visualize the simulations. The GRALE code is twodimensional and thus the coil shape of the stator cannot be modelled. The coil
is represented by a cylindrical tube. This has little effect on the results we are
interested in. The high explosive is point initiated at the origin. The volume
inside the generator is set to vacuum conditions in these simulations. The
simulations were performed by Andreas Helte at FOI.
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4.1 Detonation wave and armature
movement
The generator operation is visualised in Figure 41, with the pressure in the high
explosive shown to indicate the position of the detonation wave front. The
snapshots are shown in intervals of 10 µs with time 0 µs is the time of initiation
of the high explosive. The armature makes contact with the crowbar ring at
approximately 10 µs and the operation takes approximately 40 µs of which the
compression is about 30 µs. The unique feature of the generator is shown in
the last snap shot with conical end of the armature on the right hand side. The
expanding armature and the conical end combine into a radial movement of the
armature facing the last stator section. Hence a rapid decrease in volume is
obtained and thus a fast reduction in inductance.

Figure 41. Snapshots of the generator as the detonation wave front progress through the
high explosive. The snapshot series are taken at 10, 20, 30and 40 µs.
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4.2 Armature expansion angle
One important parameter is the armature expansion angle. The armature will
expand in a conical shape with an angle determined by the ratio of the mass of
the copper tube to the mass of high explosives. Figure 42 shows a snapshot of
the expanding armature 23 µs from the initiation of the high explosive. The
detonation wave front in the centre of the charge is at 199 mm axial position,
while the detonation wave front at the tube surface is at 198 mm. The contact
point between the armature and stator is at 115 mm, A, and the tube begins to
move at position 196 mm, B. The expansion angle is defined as the angle of the
line between the two points A and B relative the generator axis. The angle α is
calculated according to

⎛ 26.5 − 12 ⎞
⎟ = 10.1°
⎝ 196 − 115 ⎠

α = arctan⎜

(29)

The simulation agrees well with the angle 9.6° determined experimentally.

α

A (115, 26.5)
B (196, 12)
Figure 42. Cone expansion snapshot with coordinates used to calculate the armature
expansion angle.
For comparison the expansion angle is calculated using the Gurney equations
[55]. For an expanding cylinder the Gurney equation states the armature moves
radially outward with a speed

⎛M
1⎞
v A = 2 E ⋅ ⎜⎜ A + ⎟⎟
⎝ ME 2⎠

−

1
2

(30)

where √2E is the characteristic velocity (Gurney velocity) of the high explosive
and E is the specific energy (Gurney energy) of the high explosive. MA is the
mass per unit length of the armature and ME is the mass per unit length of the
high explosive. The mass per unit length of the high explosive is calculated as
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( )

M E = ρ E ⋅ π rE

2

(31)

and the mass per unit length the armature is calculated as

(

M A = ρ A ⋅ π rA − rE
2

2

)

(32)

The expansion angle is calculated from

⎛ vA
⎝ v Det

α = arctan ⎜⎜

⎞
⎟⎟
⎠

(33)

where vDet is the detonation velocity of the high explosive. The variable values
for the FOI MFCG are presented in Table 6. Using the expressions (30) to (33)
and the data of Table 6 the angle α is calculated to 11.7°, which is higher than
the simulated and measured value. Considering Figure 42 one can see that the
armature is not a perfect cone and that the angle increases as the armature
expands. Thus the assumption in the Gurney equation of a conical expansion
of the armature causes an overestimate of the expansion angle.
Variable
Radius of armature
Radius of the high explosive
Density of armature
Density of the high explosive
Characteristic velocity of the high explosive
Detonation velocity

rA
rE
ρA
ρE
√2E
vDet

Table 6. Values for FOI FCG

Value
0.012
0.010
8960
1840
2.97
8800

Unit
m
m
kg/m3
kg/m3
km/s
m/s
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4.3 Armature end cone
The special feature of the generator is the conical end of the armature. In many
generators aluminium or copper tubes are used without any special designs.
This armature was machined from a single copper piece, which is expensive
and time consuming. In this section the movement of the armature end is
studied to show how it works. The end cone angle β is 8°, which is slightly less
than the expanding armature angle of 10°.

4.3.1. Radial movement of combined cone
Figure 43 shows the armature as the detonation wave front enters the conical
end of the armature. The snapshots are 2 µs apart, which means that the
detonation wave front has moved 17.6 mm between snap shots. As soon as the
detonation wave front enters the armature starts to move outwards as a cone
with a small angle γ. The second snapshot is used to calculate the angle this
combined cone. Coordinate A indicates the position of the contact point
between armature and stator while B and C indicate the positions of each end
of the formed cone. The angle is calculated according to

⎛ 21.5 − 20.0 ⎞
⎟ = 1.6°
⎝ 311.5 − 257.0 ⎠

γ = arctan⎜

(34)

From geometric considerations the combined cone angle can be calculated
with the relation

γ = arctan(tan (α ) − tan (β ))

(35)

which with α = 10° and β = 8° gives an angle of the combined cone of 2°,
which is consistent with the simulated value.
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A (233, 26.5)

B (257, 21.5)
C (312, 20.0)

Figure 43. The movement of the end cone as the detonation wave front passes through it.
The time difference is 2 µs between the snapshots.

4.3.2. Final compression
The idea of having the conical end is to obtain a radial armature movement to
compress the flux without shorting out the turns in section 4. Hence a 1.25 mm
thick insulation was applied on the inside of section 4 to prevent electrical
breakdown. This section describes the final moments of compression.
Figure 44 show the movement of the combined cone and its impact with the
insulator. The snapshots are separated by 0.5 µs and the final compression
takes 2 µs in total. The insulation is compressed and his hardly visible but note
that the contact between the metallic part of the stator and the armature stops
at the beginning of section 4. These simulations do not consider the magnetic
pressure that would build up as the volume is compressed and the magnetic
flux density increases. This will slow down the armature expansion and may at
some point stop it if the magnetic pressure is sufficiently high. The magnetic
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pressure, μ0H2/2, on the stator coil conductor in section 4, is calculated using
the peak current 436 kA of FCG#2 and the conductor width 5 mm. The Hfield has a peak value of 87 A/m and hence the magnetic pressure is 4.8 GPa at
peak current. The work done by the magnetic force on the armature during the
final stages of compression is of the same order as the kinetic energy of the
moving armature. Hence the armature could potentially be decelerated or
stopped by the magnetic pressure or could the stator begin to move.

Figure 44. The final compression in section 4. The time difference is 0.5 µs between the
snapshots.
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4.4 Crowbar ring designs
The crowbar ring is the detail with which the expanding armature makes
contact and closes the FCG-circuit and traps the magnetic flux. The experiment
with FCG #1 having the original crowbar ring revealed that a large amount of
light was emitted during the crowbar process. GRALE simulations of the
original crowbar deformation showed that material was ejected that could cause
the light emission observed. For FCG #2 a new crowbar ring was designed
using GRALE simulations. This section describes the difference between the
two designs.

4.4.1. Old crowbar ring
The interaction between the armature and the original, “old”, crowbar ring used
in FCG #1 is shown in Figure 45 and Figure 46. Figure 45 shows the first
contact and the consecutive two microseconds. Two microseconds after the
first contact one can see that material is forming a jet. In Figure 46 this jet has
evolved and has segmented into droplets moving ahead of the contact point.
The metal deformation and impact of the droplets with the stator is
accompanied by light emission and agrees with the light measurement in the
experiment.

Figure 45. Armature and crowbar interaction at the first contact and the consecutive two
microseconds.
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Figure 46. Armature and crowbar interaction at later times showing the material ejection
and deformation of the stator as the armature contacts the stator (continued from Figure
45).
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4.4.2.

New crowbar ring

Using GRALE simulations a new crowbar ring was designed. The new ring has
a sharp edge and a steeper angle than in the original design. The interaction
between the armature and the new crowbar ring used in FCG #2 is shown in
Figure 47 and Figure 48. Figure 47 shows the first contact and the consecutive
two microseconds. Two microseconds after the first contact one can see that
material is forming a jet also in this design. Figure 48 shows the armature and
crowbar interaction at later times. The jet develops as in the old design but does
not form droplets of material.

Figure 47. Armature and crowbar interaction at the first contact and the consecutive two
microseconds. The jet formation is indicated by the arrow.
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Figure 48. Armature and crowbar interaction at later times showing the jet formation
(indicated by the arrow) and deformation of the stator as the armature contacts the stator.

4.4.3. Expansion angles at crowbar
In the experiments estimations of the armature cone angels at crowbar was
performed knowing the time of crowbar and the position of the detonation
wave front. The corresponding angles can be obtained from the simulations to
verify the experimental measurements. Figure 49 shows the two snapshots used
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A (54.5, 17.0

C (52.0, 15.7)

B (87.6, 12.0)

D (79.0, 12.0)

Figure 49. The two snapshots used to calculate the expansion angle of the armature at
crowbar for the two designs.
to calculate the angles of the old and new crowbar ring. The contact point
between the armature and stator is at position A and C respectively and the
armature begins to move at position B and D respectively. Using the
coordinates of respective snapshots the expansion angle for respective angle is
calculated to be 8.6° for the old design and 7.8° for the new design which is
close to the measured values of 8.4 and 7.7°.

4.5 Effect of imperfections in the high
explosives
The disturbances in the current time derivative recordings in both experiments
at 70 – 72 µs, can be explained by the imperfect interface between the two
cylindrical high explosives parts. The edges have a finite curvature and a small
(sub-millimeter) space will be formed between the armature the charge at this
point. To verify that this can cause a protrusion on the armature and hence
affect the operation, a GRALE simulation was performed. Figure 50 shows the
setup of the simulation. A ring shaped dent of 1 mm width and depth was
made in the explosive at the position of the interface. The dent in the
simulation is larger than in the experiments and serves only to illustrate the
effect of such an imperfection. In Figure 51 the effect of the dent is seen as a
small irregularity on the inner side of the armature and that the irregularity
grows with time. Figure 52 shows the situation when the armature reaches the
stator. The disturbance has grown and a protrusion has formed on the armature
surface. This protrusion makes connection with the stator before the contact
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point arrives and would cause a loss of flux, reflected as noise in the current
recording as observed in the experiments. The protrusion will cause a jump of
about 5 mm i.e. over a length similar to the pitch in section 1. This means that a
full turn or more could have been lost.

High
explosive

Armature

Stator
Dent

Figure 50. Setup of the simulation of the effect of a dent in the explosive. The detonation
proceeds in the upward direction.

Figure 51. The dent in the high explosive causes a disturbance in the acceleration of the
armature. The time between the frames is 1 µs.

Figure 52. The disturbance has grown in the armature as it approaches the stator. The
time between the frames is 0.5 µs. and hence the protrusion causes a disturbance in the
current flow during a few microseconds until a good contact has been re-established.
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5 Helical FCG modelling
There are numerous codes for helical flux compression generators presented in
literature and at conferences. However few are commercially available or free to
use and most are developed by the users themselves at research laboratories or
universities. Codes can be very complex, implemented in 3D and all properties
accurately modelled while others are very simple with tuning variables without
physical meaning. Common for all is that the circuit equation for the generator
and the connected load is solved while the method to calculate the generator
inductance and its change with time differs. The magnetic field penetration into
the conductors and associated generator resistance is either solved by simple
approximations or by more advanced 2D or 3D calculations. A short overview
of some numerical codes is given here. As computers have become more
powerful the codes have been improved to include more advanced physical
models of generator properties. The examples of codes are presented in the
order they have appeared in publications and some of them are probably not
used anymore or have been improved since first presented.

5.1.1. COMAG III
The COMAG III code is a two-dimensional code for helical generators and
was developed at Sandia Laboratories [57, 58]. The code is modified version of
a hydrocode and incorporates ohmic heating and Lorentz force terms. The
magnetic fields and current densities are defined in terms of magnetic vector
potential.

5.1.2. FCGSCA
The FCGSCA is a code developed by Science Applications International
Corporation for the Air Force Research Laboratory, USA [59 - 61]. The code
has a Microsoft Visual Basic graphical user interface where various parameters
are changed and conditions set. The generator inductance is calculated using
approximations for the self and mutual inductances for short solenoids. The
stator resistance is calculated using one-dimensional magnetic field diffusion
equations. A flux loss parameter is tuned for each generator to fit to
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experimental data. The code includes other components such as transformers
and switches which enables system simulations to be performed.

5.1.3. CAGEN
The only more or less commercial code is a code called CAGEN developed by
Care´n Company and is used by Air Force Research Laboratory, USA. It was
first presented some 25 years ago and has been continuously improved as more
powerful computers have evolved [62 - 65]. The newest version [66] has
implemented a physical description of the flux losses in the contact point
between armature and stator, eliminating the last tuneable parameter in the
code. With CAGEN complete system simulations can be performed. Apart
from the FCG itself CAGEN includes models of transformers and opening
switches. The user interface is a circuit scheme with simple components
available as in any circuit simulation program and while more complex
components such as FCGs and transformers handled by sub routines. The
inductance of the generator is calculated using analytical fits to tabulated
inductance values. The armature movement is obtained from tabulated values
of the acceleration profile. The code has been benchmarked to many different
generators and provides accurate results.

5.1.4. Codes by Loughborough University, UK
At Loughborough University, UK, two types of codes have been developed:
A simple 0D-model, of which many features have been used in the FOI code
(see section 5.8), gives good results even though it is simple [50, 67]. It solves
the circuit equation where the time varying inductance is described by analytical
expression for the coil inductance while the resistance of the stator and
armature is calculated from conductor length and estimation of the conducting
area. The magnetic field penetration is estimated from the frequency content of
the current and proximity effects and heating are taken into account.
A more advanced model is their 2D filamentary model [68] with which the field
distribution inside the generator as well as magnetic field diffusion into the
conductors can be calculated. Where as the 0D-model calculates the mutual
inductance between neighbouring coil sections of different pitches in multisection generators, the 2D model calculates the mutual inductance between all
the filaments building up the generator structure. Comparison of the two codes
and experimental data has been presented and the agreement is good.
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5.1.5. Code by Texas Tech University, Texas, USA
At Texas Tech University, USA, a code was developed and implemented in the
circuit simulation software PSpice [69]. The field diffusion into the stator and
armature was modelled as a Cauer circuit, a method used by Holmberg [44], to
model FCGs. The stator and armature conductor cross sections were divided
into thin layers using a ladder network with associated inductances and
resistances and enable to model the field penetration and heating of each
conducting layer. Since the code was implemented in PSpice various loads
could be connected and system simulations performed [18].

5.1.6. Other codes
There are several other codes with similar models and implementations that
could be of interest [70-75].
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5.2 FCG 0D-model
To simulate the FOI FCG behaviour a zero-dimensional (0D) code was
developed and implemented in Matlab Simulink. The code is based on the 0Dcode developed by Novac et al at Loughborough University [67, 50] and has
been modified to handle the geometry of the FOI FCG. The Loughborough
code models helical FCGs with the stator coil made from wires with circular
cross sections and cylindrical armatures. In this model the inductance is only a
function of geometry while the resistance depends on reduction of conductor
lengths as well as heating of and magnetic field penetration into the conductor.
This means that the inductance as function of time can be calculated only
knowing the detonation velocity of the high explosive. The length of the
conductor is also a function of geometry and can be calculated in advance
before solving the circuit equation. The generator circuit is shown in Figure 53.
The circuit equation for the generator is

L⋅

dI
dL
+I
+ R(t ) ⋅ I = 0
dt
dt

(36)

where L is the sum of generator inductance Lgen and the load inductance Lload.
The resistance R is the sum of generator resistance Rgen and the load resistance
Rload.
Rgen

Rload

Lgen

Lload

Figure 53. The circuit scheme of the generator with load.
The implementation of the FCG as a component in Matlab-Simulink allows for
system simulations with the generator connected to other components such as
seed current sources and pulse forming networks. The simplicity of the
implementation allows for a large number of simulations to perform parametric
studies of various system components.

5.2.1. Simplifications
The generator model has some simplifications compared to the physical
generator (illustrated in Figure 54):
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•

The resistance and inductance of the volume formed by the crowbar
ring and the short coaxial section at the initiation end (left hand side in
Figure 54) are ignored. Their values are very small compared to the
initial inductance and resistance of the generator itself.

•

The flux compression is assumed to begin at the time when the
detonation wave front enters the armature facing section 1 of the
stator.

•

The return conductor is assumed to have an inductance and resistance
as that of a parallel plate transmission line with width 20 mm,
separation 5 mm and length 55 mm, see Figure 54. The return
conductor resistance is modelled in the same way as the FCG
conductors.

•

The inductance and resistance of the coaxial section at the generator
end is ignored. Its inductance will be small compared to the final
inductance. The conducting area of this section is much larger than
that of the stator and armature and thus the resistance will be small
compared to the other resistances. A rough estimate suggest that it’s
resistance is almost one order of magnitude less than the resistance of
the return conductor.

•

The contact resistance of the conducting area between armature and
stator is ignored.

26.5

b)

84

55

48

50.1

84

55

48

50.1
55.0

a)

5.0

Figure 54. The generator a) and simplified representation b).
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5.3 Inductance calculations
The FOI FCG is made up of several sections with coils with different pitches.
These sections have mutual inductances between each other and that has to be
accounted for. The total inductance L of a coil with Ns sections is
Ns

Ns

i =1

i , j =1

L = ∑ Li + ∑ M ij (1 − δ (i, j ))

(37)

where Li is the self inductance of section i and Mij is the mutual inductance
between section i and j and δ(i,j) is the Kronecker delta function (i.e. δ = 0 for i
≠ j and δ = 1 for i = j). The method used to calculate the generator inductance
was presented by Novac et al [67, 50] and a brief summary is given here.

5.3.1. Inductance of the individual coil sections
The inductance of a single layer coil of finite length [76] is approximately given
by

Lcoil

2
⎧
2 10rC
⎪μ 0πN
11l + 8rC
⎪
=⎨
2
⎪μ πN 2 10rC
⎪ 0
10l + 9rC
⎩

l ≤ rC
l > rC

(38)

where N is the number of turns, rC is the radius and l is the length. If a
conducting cylindrical tube with radius rA is inserted concentrically into the coil
the inductance of the coil will be

(

)

Lcoil = μ 0πN 2 rC − rA F (l , rC − rA )
2

2

(39)

where

10
⎧
⎪11l + 8(r − r ) l ≤ rC − rA
⎪
C
A
F (l , rC − rA ) = ⎨
10
⎪
l > rC − rA
⎪⎩10l + 9(rC − rA )

(40)

71
which is the situation inside a helical FCG. Consider the case where the
cylindrical tube is expanding in a conical shape from one end. The volume
between the coil and the tube is then reduced and therefore the inductance is
also reduced. We define a volume reduction factor Ki to account for the relative
change in volume

Ki =

V 0 i − VC i
V0 i

= 1−

VC i
(41)

V0 i

where VC i is the volume which the cone excludes from the volume of the
cylinder and V0 i is the original volume between the coil and the tube. The
expanding cone may reach over several sections making it necessary to include
the volume change in each section, Figure 55a. The expression for the
inductance, with a correction for a change in volume due to conical expansion
into the coil, is

(

)

Lcoil = μ 0πN 2 rC − rA F (l , rC − rA ) K . (42)
2

2

The armature of the FOI FCG has a conical end. The inductance of this
section is calculated in a similar way using reduction factors for the volumetric
changes, Figure 55b. The boundary between sections i’ and i’’ corresponds to
the detonation wave front and moves towards the right side.
Section i-1

Section i

Section i+1

Section i-1

Section i
i´

VC i

VC i''

VC i '
V0 ' - VC i '

V0 i - VC i

i´´

V0 i''- VC i''

Figure 55. a) The volumetric reduction of a section (white) due to the conical expansion
of the armature (gray), and b) the combination of the expanding armature and the conical
end of the armature. The original volume is shown in black.

5.3.2. Mutual inductance between the coil sections
Consider a single pitch coil divided in two sections. The mutual inductance
between the sections can be calculated using

M 1, 2 = M 2,1 =

1
(L12 − L1 − L2 )
2

(43)
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where L12 is the inductance of the full coil and L1 and L2 is the inductance of
the respective sections. Assuming that a concentric conducting cylinder is
inserted and that it expands conically into the coil gives the expression

M 1, 2 = M 2,1 =

1
(L12 K12 − L1 K1 − L2 K 2 ) (44)
2

where K1, K2 and K12 are volume reduction factors for the sections and the full
coil. Consider three sections of different pitch with Ni turns and lengths li. To
calculate the mutual inductance between the neighbouring sections Novac et al
[50] use the expressions

M 1, 2 =

(

μ 0πN1 N 2 rC 2 − rA 2

) [(l

1

2 ⋅ l1 ⋅ l 2

+ l 2 ) F (l1 + l 2 , rC − rA )K 12
2

− l1 F (l1 , rC − rA )K 1 − l 2 F (l 2 , rC − rA )K 2
2

2

]

(45)

and

M 1,3 =

μ 0πN 1 N 3 rC 2
2 ⋅ l1 ⋅ l 3

[(l

1

+ l 2 + l 3 ) F (l1 + l 2 + l 3 , rC − rA )K 123
2

+ l 2 F (l 2 , rC − rA )K 2 − (l1 + l 2 ) F (l1 + l 2 , rC − rA )K 12
2

2

− (l 2 + l 3 ) F (l 2 + l 3 , rC − rA )K 23
2

]

(46)

where the function F is the correction factor for coil lengths and K is the
reduction factor for conical volume expansion.
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5.4 Resistance of stator and armature
The resistance of the FCG is calculated as the sum of the resistance of the
helical stator windings, the resistance of the helical current path in the armature
mirroring the current in the stator and the resistance of the current path in the
expanding cone. The method was presented by Novac et al [50] but is modified
to account for rectangular cross sections of the stator coil windings. Further
due to the rectangular shape of the windings the proximity effect is ignored.

5.4.1. Resistance of the stator
The resistance of the stator is simply the resistance of a helically shaped
conductor. The length of a helix is

l stator i

2π ⋅ li
=
pi

rC

2

⎛ p ⎞
+⎜ i ⎟
⎝ 2π ⎠

2

(47)

where li is the axial length and pi is the pitch of the coil in section i and rC is
their inner radius. The resistance of the stator is then
imax

l stator i

i =1

σ i ⋅ di ⋅ δ i

Rstator = ∑

(48)

where σi is the conductivity, di the width of the coil conductor and δi is the
skin depth in which the current flows, see Figure 56.

Stator coil

pi

di
δi

Armature with induced current
Figure 56. The current in the armature is assumed to mirror that in the stator and that
it floats in a layer with depth δi and width di. Compare Figure 55a for the geometry.
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5.4.2. Resistance of the armature
The resistance of the cylindrical part of the armature is calculated assuming that
the current in the armature is mirroring the current in the stator. This mirror
current is set up by the magnetic field generated by the current in the stator,
see Figure 56. The current path is helical with a pitch corresponding to the
pitch of the stator in the respective section. The width of the current path is
assumed to be that of the stator coil, di. This introduces an error since the
current will be distributed evenly in the armature and the current density would
be lower than given by the model. The expression for the conducting length is
thus identical to that of the stator except for the radius which is rA in the
armature.

l armature

i

2π ⋅ l i
=
pi

rA

2

⎛ p ⎞
+⎜ i ⎟
⎝ 2π ⎠

2

(49)

where li is the coils axial length and pi is the pitch of the coil for section i. The
resistance of the armature is then
imax

Rarmature = ∑
i =1

l armature

i

(50)

σ i ⋅ di ⋅ δ i

The length of the expanding conical part of the armature in section i is
calculated using the expression [67]

l cone i =

1
1 ⎛ pi ⋅ tan(α ) ⎞ ⎛
⎜
⎟ ⋅ ⎜⎜1 +
2
2⎝
2π
⎠ ⎝ (tan(α ) )

⎞ ⎛ R2 i
⎟ ⋅ ln⎜
⎟ ⎜R
⎠ ⎝ 1i

2
⎡
⎛ 2π ⋅ r2 i ⎞ ⎤
1
1
⎜
⎟
⎥
+ r2 i ⋅ ⎢1 +
+
2
2
⎢⎣ (tan(α ) ) ⎜⎝ pi ⋅ tan(α ) ⎟⎠ ⎥⎦

⎡
⎛ 2π ⋅ r1 i ⎞
1
1
⎟
− r1 i ⋅ ⎢1 +
+ ⎜⎜
2
2
⎢⎣ (tan(α ) ) ⎝ pi ⋅ tan(α ) ⎟⎠

2

⎤
⎥
⎥⎦

⎞
⎟
⎟
⎠
1

1

2

,

(51)

2

where

⎡ 2 ⎛
1
R1 i = r1 i + ⎢r1 i + ⎜⎜1 +
2
⎝ (tan(α ) )
⎣⎢

2
⎞ ⎛ p i ⋅ tan(α ) ⎞ ⎤
⎟⋅⎜
⎟ ⎥
⎟ ⎝
2π
⎠ ⎥⎦
⎠

1

2

(52)
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and
2
⎡ 2 ⎛
⎞ ⎛ pi ⋅ tan(α ) ⎞ ⎤
1
⎟⋅
R2 i = r2 i + ⎢r2 i + ⎜⎜1 +
⎟ ⎥
2 ⎟ ⎜
2π
⎠ ⎦⎥
⎝ (tan(α ) ) ⎠ ⎝
⎣⎢

1

2

(53)

and r1 i and r2 i are the smaller and the larger radii of the cone, pi is the pitch of
the stator and α is the cone expansion angle. The resistance of the expanding
cone part of the armature over several sections i is then given by
imax

l cone i

i =1

σ i ⋅ di ⋅ δi

Rcone = ∑

(54)

These equations apply also to the conical end of the armature and the
combined cone formed when the detonation front moves into section 4.

5.4.3. Skin depth
The skin depth, δskin, can be estimated from the instant current I(t) and its time
derivative dI(t)/dt. For an exponentially increasing field the skin depth is given
by [3]

δ=

τ
σμ 0 ,

(55)

where σ is the conductivity, μ0 is the permeability and τ is given by

τ=

I (t )
dI (t )
dt

(56)

5.4.4. Heating of conductors
A current action integral model for the conductor resistivity is used. The model
uses experimentally determined values for copper obtained from exploding wire
experiments [77]. The current action integral J is calculated from the instant
current I and the instant conducting area δskin⋅ di
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t

I2
dt
2
0 (δ i ⋅ d i )

J =∫

(57)

The resistivity model considers the different phases up to wire explosion. The
resistance of a copper conductor in solid phase as function of action integral is
described by

ρ = ρ0 ⋅ e

ρ S 1356 K
J
ln
J S 1356 K
ρ0

0 ≤ J ≤ J S 1356 K

(58)

where JS1356K is the value of the action integral at onset of melting, and ρ0 and
ρS1356K is the resistivity at 300 K and at onset of melting respectively. During
melting the resistivity is assumed to be the combined resistivity of the solid and
the molten phases. The resistance during melting is described by

ρ=

ρ S 1356 K

(J − J S1356 K )(ρ S1356 K 2 − ρ M 1356 K 2 ) + 1
(J M 1356 K − J S1356 K ) ⋅ ρ M 1356 K 2

(59)

J S 1356 K ≤ J ≤ J M 1356 K
where Jmelt is the action integral and ρS1356K and ρM1356K are the resistivities for
the solid and molten phases at 1356 K. JM1356K is the action integral when the
copper conductor is fully molten. The heating of the molten phase and
transition to vapour are modelled in a similar way. Figure 57 shows the
resistivity increase as a function of action integral. The values of the action
integral and temperatures used in this model are shown in Table 7. The action
integral model contains no temperature dependence but can be extracted from
the conductor resistance assuming a linear dependence. The temperature
coefficient α for the solid phase is obtained using

α=

ρ S1356 K
−1
ρ0
1356 − 300

(60)

with a value of 0.0043 K-1. The temperature T of the conductor up to melting is
then obtained from

T=

1⎛
ρ ⎞
⎟
⎜⎜1 −
α ⎝ ρ 0 ⎟⎠

(61)
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In a similar way, the temperature of the liquid copper is obtained assuming that
the wire explosion occurs at the vaporization temperature.

resistivity increase

2

10

1

10

0

10

0

0.5

1

1.5
17

Action integral (10

2

4

A s/m )

Figure 57. Resistivity increase as function of action integral.
Action
integral
J0
JS1356K
JM1356K
JM2855K
JV2855K

1017 A2sm-4

Resistivity

10-8 Ωm

0
0.80492
0.94228
1.24008
1.73000

ρ0
ρS1356K
ρM1356K
ρM2855K
ρV2855K

1.77
9.9
18.9
26.3
620

Table 7. Values of the action integral and copper resistivity.
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5.5 Implementation of the model
The model for the FCG is implemented in Matlab-Simulink. The circuit
scheme for the generator with seed current supply is given in Figure 58. During
seeding phase the switch S is open and closes at a time when the seed current
peaks. The capacitor CPPS (67 µF) will continue to discharge through RPPS
(85 mΩ) and LPPS (900 nH) while the current and magnetic energy in the
generator will increase as the magnetic flux is compressed. The seed current
circuit is a straight forward implementation and the switch S is implemented as
an ideal switch. The inductance of the generator and the conductor lengths are
given by the geometry and the detonation velocity. Thus these parameters can
be calculated in advance. The resistance of each section is calculated for each
time step by calculation of the instant skin depth and conductor conductivity.

RPPS

CPPS

LPPS

Rgen

Lgen

S

Figure 58. The circuit scheme of the generator with seed current supply.

5.5.1. Generator parameters
The Simulink model uses two look-up tables calculated in advance; one for the
generator inductance as function of time and one with the conductor lengths of
the sections as function of time. The inductance of the generator was calculated
for the four cases where either the cone-expansion was considered or not and
the mutual inductance was considered or not. Figure 59a shows the four cases
with an inductance measurement marked by circles. The agreement is good
when both the mutual inductance and conical expansion are included in the
inductance calculation (solid line in Figure 59a). The figure shows the
importance of including both the mutual inductance and the conical expansion
in the calculation of the generator inductance. The measured initial inductance
is slightly lower than the calculated 23.4 µH. The calculated final inductance at
end of compression is 170 nH. The measurement was performed with sliding
inserts resembling the armature movement inside the stator [43]. A 100 nF
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capacitor was discharged in series with the generator and from the oscillation
frequency and attenuation the inductance was obtained. The resonant
frequency of the circuit was 100 kHz for the initial inductance and increases as
the inserts shorts out turns and reduces the generator inductance. The total
conducting length of the armature and the stator as function of time is
calculated for each section. The skin depth and the conductivity will be the
same within a section and thus the conducting lengths of the stator and the
armature can be added. Figure 59b shows the lengths for the four sections
(s1 - s4). The increase in length in section 1 (s1) during the first 10 µs is due to
the conical expansion of the armature. As the stator turns are shorted out the
conducting length will reduce. At time 19.5 µs the contact has passed section 1
and enters section 2. In section 4 (s4) no turns will be shorted out and the
conducting length will increase as the expanding cone enters the section. The
end time of compression is defined as the time when the inductance reaches its
final value and it occurs at 32.3 µs, indicated by the vertical line in Figure 59a
and b.
25

7
Mutual, no conical expansion

s1

6

No mutual, no conical expansion

20

Conductor length within each section

5

No mutual, conical expansion

15

length (m)

Inductance (µH)

Mutual, conical expansion

o Measurement

10
End of compr.

4
End of compr.

3

s2

2

s3

5

s4

1
0

0
0

10
20
30
Time from crowbar (µs)

40

0

10
20
30
Time from crowbar (µs)

40

Figure 59. a) Calculation of generator inductance with different levels of accuracy. The
solid line is the complete calculation and the circles mark the measured inductance. Time
t = 0 corresponds to the time of crowbar. b) Total conducting lengths in the four sections.

5.5.2. Matlab-Simulink implementation
A short description of the Matlab Simulink implementation is given in this
section. However not complete, it will point out some important blocks of
which the inductance change in time is one. The simulation starts by calling two
m-files of which one contains the generator data and the other the code to
calculate inductance change with time and the conducting lengths of the
sections.
Figure 60 shows the top level of the model. The block A contains the pulsed
power supply which supplies the seed current to the FCG, block B.
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B. FCG Block
Input
Output

Conn pos

Common terminal

A. PPS Block

FCG
PPS

Conn neg

Discrete,
Ts = 1e-009 s.
pow ergui

Figure 60. Top level of the Matlab-Simulink model with one block for the pulsed power
supply and one block for the FCG.
Figure 61 shows the sublevel of block A containing the capacitor bank
(C_PPS = 67 µF) with internal inductances (900 nH) and resistances (R_PPS =
85 mΩ). The ideal switches are triggered at times close to those in the
experiments and have negligible resistances (1 µΩ) in conducting state. The
capacitor voltage and the discharge current is monitored by the voltage and
current measurement blocks and stored by Matlab.
e=[ 1 0]
t = [ 0 t_ch_PPS ]

Timer0

Ideal Switch0
g

m

1

2

V = U_ch_PPS

DC Voltage Source
R = R_PPS

PPS_I

L = L_PPS

Series RLC2 Series RLC3

I_PPS

1

+

Conn neg

Timer1

Ideal Switch1

i
-

Current
Measurement

Series RLC1
C = C_PPS
U0 = [ ]

e=[ 0 1]
t = [ 0 t_sw_PPS ]

Voltage
measurement
+
v
-

g

m

1

2

2
Conn pos

PPS_U_C

U_C_PPS

Figure 61. Sublevel of block A with capacitor, resistance and inductance.
Figure 62 shows the sublevel of block B with input connector 1 at the left hand
side and output connector 2 on the right hand side. Component C is an ideal
switch (R = 1 µΩ) and represents the crowbar switch, and corresponds to
switch S in Figure 58. Component D is a resistance that could be set to an
arbitrary value to represent the contact resistance but as default it is set to 1 µΩ.
Block E is the variable generator resistance and block F is the variable
generator inductance. These blocks correspond to components Rgen and Lgen in
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Figure 58. The instant values of block E and F are provided by block H which
has the current as input. Component G represents the inductance of the return
conductor, while block J represents its variable resistance with input from block
I.
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Out Trigg
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Out L_EMG

In current Out Load Resistance

Out R_EMG

EMG tab L R skin

EMG
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+ -i

1
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2
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Ideal Switch2
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C

Variable Load Resistor
Constant-Flux
Variable Inductor VG

R = Rcontact

Variable Resistor VG
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Contact resistance

Resistance Value Input

D

E

Terminal2

Inductance Value Input

F

G

L = mu_0*length_load*sep_load/width_load*K_sh

Resistance Value Input

J

Load inductance

Terminal2

Terminal1

Terminal2

2
Output

Terminal1

Terminal1

+
v
-

U_EMG

Voltage
measurement1

EMG voltage

+
v
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U_Lv ar

Voltage
measurement2

Var inductor
voltage

+
v
U_Lstorage

Voltage
measurement3

Storage
inductor
voltage

Common
3
terminal

Figure 62. Sublevel of block B. Components and blocks C, D, E, F, G and J contains
the component values while block H and I calculates some of them.
Figure 63 shows the sublevel of block H with the measured current as input.
Block K calculates the current time derivative which is delivered, together with
the current, to blocks M1 to M4 via a smoothing filter L. Blocks M1 to M4
calculates the conductivity of and current skindepth into the conductors in
section 1 to 4. Via smoothing filters N1 to N4 the conductivity and skindepth is
delivered to blocks O1 to O4, in which the resistance of each section is
calculated using the calculated conducting lengths and added in block P. Block
P returns the total instant generator resistance to block E. Block Q returns the
generator inductance to block F. The crowbar time signal is provided by block
R and starts the change in inductance and conductor lengths, and closes the
crowbar switch, component C. Figure 64 shows the blocks E and F, which
represents the generator resistance and inductance. They contain voltage
generators controlled by the resistance and inductance outputs of block H.
Block I contains the same components for resistance calculation as block H,
while block J is identical to block E.
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Figure 63. Sublevel of block H. Block M to O calculates the instant resistances of
sections 1 to 4, and are added to the total generator resistance in block P. Block Q
returns the generator inductance change with time.
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5.6 Simulations and experimental results
Simulations have been performed with the same settings as in the experiments
with two identical generators (FCG #1 and FCG #2). The seed currents were
5.7 kA (FCG #1) and 11.2 kA (FCG #2) at time of crowbar (t = 56.5 µs).
Figure 65 shows the measured and simulated seed current for FCG#1 and
FCG #2. The simulated curve is shifted in time to distinguish the two curves.
The discharge is first slow (tperiod ~ 240 µs) due to the high inductance of the
circuit when the FCG is connected.
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Figure 65. Simulated and measured capacitor bank current. The simulation is shifted
+5 µs to distinguish it from measured curve.
At time of crowbar the switch S in Figure 58 is closed and the capacitor bank
current is shunted by the closed switch. The internal capacitance, inductance,
and resistance of the seed current supply determine the discharge period
(tperiod ~ 50 µs) and the peak current amplitude. Figure 66 shows the simulated
and experimental generator currents for FCG#1 and FCG #2 and Figure 67
shows the current time derivatives. Since the crowbar region is not included in
the model and hence its time delay the simulated currents have been shifted
with the aid of the simulated and measured current time derivatives (-1.3 µs for
FCG#1 and -0.5 µs for FCG #2). The agreement is very good up to a few
microseconds before the peaking of the current. The simulations give almost
identical final currents somewhat later than in the experiments, see Table 8. In
both experimental and simulated current time derivatives it is seen when the
contact point moves into a new section (marked with circles in Figure 67) since
the inductance rate of change and thus the current rate of change is altered. The
simulated current amplification factors for the two generators are 48 and 40
compared to 47 and 39 in the experiments. Figure 68 shows the inductive
energies in the generators during compression. FCG#1 has a peak energy of
7.2 kJ and FCG #2 has a peak energy of 20.8 kJ. This should be compared to
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the estimated 7.3 and 19 kJ from the experiments where the final inductance is
hard to estimate.
300

500
FCG #1: FCG current

250

Sim.
Exp.

Experiment and simulation

400

FCG #2: FCG current
Experiment and simulation

Sim.

Current (kA)

Current (kA)

Exp.

200
150
100

200
100

50
0
55

300

60

65

70
75
Time (µs)

80

85

0
55

90

60

65

70
75
Time (µs)

80

85

90

2

10

FCG #1: FCG current time derivative

Current time derivative (GA/s)

Current time derivative (GA/s)

Figure 66. Experimental and simulated FCG current for FCG#1 and FCG #2.
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Figure 67. Experimental and simulated FCG current time derivative. The circles mark
when the contact point moves into a new stator section. The simulation is shifted +5 µs
to distinguish it from measured curve.
Peak current

FCG
#1
FCG
#2

Peak current time
derivative
Experiment Simulation Experiment Simulation
269 kA
266 kA
134 GA/s
103 GA/s
86.6 µs
87.2 µs*
86.1 µs
86.2 µs*
436 kA
434 kA
174 GA/s
153 GA/s
87.7 µs
87.9 µs*
87.1 µs
87.0 µs*

Table 8. Comparison of simulated and experimental peak currents and peak current
time derivatives. *Shifted with the aid of current time derivative traces
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Figure 68. The inductive energy stored in the generator during compression. FCG#1 has
peak energy of 7.2 kJ and FCG #2 has peak energy of 20.8 kJ.
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5.7 Analysis of generator performance
with aid of simulations
Since there is good agreement between experimental results and simulations,
the simulations can be used to analyse the over-all performance of the
generator. Some examples of what can be obtained from the simulations are
presented here.
The ratio of the simulated current amplifications for FCG #1 to FCG#2 is
shown in Figure 69a indicating that during the last 5 µs the FCG #2 has severe
losses compared to FCG #1. The generator resistance for FCG #1 and FCG
#2 are shown in Figure 69b. The resistance of FCG #2 increases during the
last 5 µs and is some 34 % higher than in FCG #1 at the time of peak current.
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Figure 69. a) Ratio of the simulated current amplification of FCG #2 to the simulated
current amplification of FCG #1 and b) the simulated total FCG resistance of the two
generators.
The temperature of the conductors in section 4 is shown in Figure 70a. This is
the average temperature of the conducting cross-section area. It clearly shows
that the average temperature in FCG #2 is above the melting temperature of
copper during the last microseconds and that it is most likely that the surface of
the conductors in the physical generator melts towards the end of operation.
This is probably not the case for FCG #1 were the temperature is far below the
melting temperature. The resistance model does not consider the heat of fusion
which would have given a discontinuity at the copper melting temperature. The
conductivity in sections 3 and 4 of FCG #2, Figure 70b, drops fast during the
last 5 µs due to heating and is accompanied by an increase in skin depth of the
corresponding sections, Figure 71. The internal flux, L⋅I, is conserved in an
ideal generator. At crowbar time the flux in FCG #1 and #2 were 0.13 Wb and
0.26 Wb, Figure 72a. With the simulation the flux conservation factor for the
generators can be obtained, defined as the ratio of instant flux to initial flux,
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Figure 72b. The flux loss rate is constant during most of the compression but
increases just at the end. At the final compression when the current peaks the
conservation factor is 0.34 and 0.28 for FCG #1 and #2 respectively.
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Figure 70. a) The temperature of the conductor in section 4 in FCG #1 and #2
respectively and b) the conductivity of the four sections in FCG #2.
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Figure 71. The skin depth in the four sections of FCG #2.
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Figure 72. a) The magnetic flux in FCG #1 and #2 respectively and b) flux
conservation factors of FCG #1 and #2 respectively.
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The internal voltage of a generator is one of the design parameters to consider.
The internal voltage, U = I⋅dL/dt, is plotted for the two generators. The voltage
inside FCG #2 is twice that of FCG #1 during most part of the operation, see
Figure 73a. Electric breakdown occurred in FCG #2 several times and is
probably due to the quite high voltage, which is more than 20 kV during most
part of the operation. Experiments done with non-seeded FCGs [78]
demonstrated that light is emitted by air trapped at the contact point even in
the absence of any magnetic field compression. In a seeded FCG however, in
the presence of a permanent contact point plasma, any increase in the light
intensity during the flux compression process is expected to be directly related
to a corresponding increase in the electric field strength generated in the region
adjacent to the contact point. Figure 73b shows the light from one of the fibres
looking into the generator and the simulated voltage, U = I⋅dL/dt, overlaid. As
Figure 73b shows, a correlation indeed exists between the light intensity and the
maximum generated internal voltage -IdL/dt, used here as a measure of the
electric field strength. The large optic signal amplitude between 61 µs and 66 µs
is due to the impact of the armature with the stator.
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Figure 73. a) Internal voltage of FCG #1 and #2. b) The internal voltage –I⋅dL/dt
and light signal. The light increases with the internal voltage. The large optic signal
between 61 µs and 66 µs is due to the impact of the armature with the stator.
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5.8 System simulations
The conical end of the generator has an angle of 8°. By setting this angel to 0°
and keep all other parameters its effect on the performance was studied. This
simulates a generator with straight armature with identical final inductance of
and conducting cross section area and length of the load coil. Although it might
not be possible to use a straight armature in the physical generator, it provides
an understanding of this special conical armature end design. Without the
conical end a higher initial generator inductance is obtained and the total
operation time is increased by 4.5 µs. Figure 74 shows the current and current
time derivative for identical settings with the conical end angle set to 8° and 0°
respectively. The conical end gives a faster operation and a higher peak current.
Especially the current time derivative is about 2.5 times higher. In the
simulation the seed current was set to the same value as in the experiment,
5.7 kA. Table 9 compares some important values.
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Figure 74. a) Simulations of current for a generator with 8° of the conically shaped end
of the armature (dashed) and without end cone (solid). b) Simulations of the current time
derivative for a generator with 8° of the conically shaped end of the armature (dashed)
and without end cone (solid).
Capacitor bank energy
Current at crowbar (56.5µs )
Inductive energy at crowbar (56.5µs)
Peak current
Peak inductive energy
Peak current time derivative
Initial inductance
Final inductance

With end cone
602 J
5.69 kA
378.2 J
274 kA (88.5µs)
7.25 kJ (88.0 µs)
105 GA/s ( 87.5 µs)
23.4 µH
0.17 µH

Table 9. Comparison of simulations

Without end cone
602 J
5.64 kA
378.5 J
257 kA (92.8µs)
6.87 kJ (91.0 µs)
39 GA/s (90.3 µs)
23.8 µH
0.17 µH
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Unless the FCG is intended to deliver a high-current pulse into a low-inductive
load, the generator has to be connected to a pulse-conditioning system, as
discussed in the introduction. System simulations are thus performed for the
circuit presented in Figure 75.
Rgen

Lgen

S

CSeed

Lstore

SG

Rload

EEOS

Figure 75. Circuit scheme of the pulse-forming network used in system simulations.
The opening switch model is a current density action integral model with a wire
resistivity as function of the action integral J,
2

⎛ I
⎞
⎟ dt
J = ∫ ⎜⎜
2 ⎟
π
r
⋅
0⎝
wire ⎠
t

(62)

where I is the current and rwire is the radius of the wire. The resistance model is
identical to that used to model the FCG conductors, see section 5.4.4.
The spark gap model is a voltage controlled linear closing switch with the
breakdown voltage set to 100 kV. The load is purely resistive and had a value of
15 Ω. In the simulations the capacitor was charged to 4.2 kV, 600 J and the
current at crowbar was 5.7 kA, as in the simulations above. The number of
metal wires in the opening switch was varied in such a way that the optimum
performance in terms of load voltage of the pulse-forming network was
obtained. Figure 76 shows the generator currents for the two generators for
different number (20, 25,…60) of wires in the opening switch. The FCG with
end cone reaches higher current amplitudes than the generator without it.
Furthermore, for a given number of wires the switch opens earlier in time and
more abruptly. Figure 77 shows the voltage delivered to the load. The load
voltage is 260 kV at optimal number of wires for FCG with end cone while
170 kV for the FCG without it. The times of peak load voltage coincides with
the time of the peak current time derivative of the generators operated in
shorted mode. The load power is 135% higher for the generator with armature
end cone compared to that without it, Figure 78a. There is less difference in
total deposited load energy between the two generators although it is 50%
higher in the generator with end cone, Figure 78b. The generator with end cone
enables a concentration of energy in a shorter pulse (89 µs and 158 µs FWHM,
for generator with and without end cone). Note that for both generators the
peak power and peak energy occurs for the same number of wires.
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Figure 76. a) Simulations of current with 8° angle of the conically shaped end of the
armature for 20, 25,…60 wires in the EEOS. b) Simulations of current with no
conically shaped end of the armature for 20, 25,…60 wires in the EEOS.
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Figure 77. a) Simulations of load voltage with 8° angle of the conically shaped end of the
armature for 20, 25,…60 wires in the EEOS. b) Simulations of load voltage with no
conically shaped end of the armature for 20, 25,…60 wires in the EEOS.
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5.9 Discussion on simulations
The simulation model presented gives good agreement with the results from
experiments performed with two generators. The good agreement is obtained
despite that no tuning parameter for the flux loss in the electrical contact point
between armature and stator is used. Such a tuning parameter is usually
included in flux compression generator codes. One possible explanation is that
the major contact point flux losses occur during the final time of the
compression. In this generator the electrical contact point virtually stops at the
boundary between the third and the fourth section but the compression
continues in section 4 for 1 µs. Another possibility is that other flux losses are
small compared to the increased resistive losses due to heating of the
conductors. Calculations performed for two generator types [79], one with
straight, TTU II, and one with tapered, TTU X, armature in an otherwise
identical generator shows that in the straight armature design the flux losses in
the contact point dominates over ohmic losses. In the tapered armature design
the ohmic losses dominates (66% of 79% total flux loss) over losses in the
contact point (13% of 79% total flux loss). Suggestions for this difference are
shorter operation time (higher frequency content of the current pulse) and a
shallower expansion angle. Should these results also apply to the FOI generator
it could explain the good agreement between experiment and simulation.
Further this generator has rectangular-shaped cross-sections of the stator coil
and may be easier to model using this method than a generator with stator
conductors made from cylindrical wires, as is the case in most generators.
Another thing that makes the good agreement of the simulations and
experiments remarkable, is the results from the GRALE simulations indicating
that the insulator on the inside of section 4 is compressed and deformed and
that this differs from the idealised situation used in the 0D-modelling. The
magnetic pressure that increases when the volume under section 4 is
compressed will slow down the armature and stop it at some point and prevent
the full compression observed in GRALE. The real situation would be
something in between the idealised situation and that observed in the GRALE
simulations.
The method used of changing the skin depth as a function of current, current
time derivative and conductivity has a major drawback. In case of an increasing
skin depth, this new larger cross section area is assumed to have the same
temperature as the slightly smaller one in the previous time step. The energy
balance is then not correct since mass has been instantly heated although no
energy has been transferred to it. In general the skin depth will decrease during
FCG operation and this problem is not a big issue. However as seen in
Figure 71 the heating causes an increase in skin depth during the final part of
compression. The current amplification also depends on the value of the total
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inductance at the end of compression. A variation of ± 10% in the final
inductance value gives however only ± 3% variation in peak current.
From the experiments, one can conclude that seeding the generator with a too
high current, the current amplification and thus energy amplification, will drop
significantly. The model supports this and the losses can be attributed to the
excessive heating of the conductors. The electrical breakdown inside the
generator observed in the current recordings and by optical fibres is caused by
high internal voltage levels. The model returns the voltage U = I⋅dL/dt which is
more than 20 kV in FCG #2 during the main part of the operation.
The system simulations show the effect of the conical end of the armature. The
rapid decrease in the inductance of the FCG when having a conical armature
end, increases the current time derivative and hence the rate of increase in
magnetic energy. In a pulse conditioning system where an electrically exploded
opening switch is used this fast current and energy increase boost the explosion
process and enhance the voltage generation. The energy delivered to the load is
slightly increased due to the faster inductance reduction of the conical armature
but it also shortens the pulse and increases the peak power.
To build a pulse-forming network with generator of this type may encounter
technical problems. The storage inductor, which is part of the generator itself,
has to withstand the generated voltage. In shorted mode the internal voltage
reaches 20 kV while in PFN applications it will be more than ten times higher.
However a carefully designed generator may benefit from a conical end.
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6 The work in summary
The work includes both experiments with and modelling of an explosive
magnetic flux compression generator, supported by hydrodynamic simulations
of the detonation process, aiming to understand this specific generator design.
In the experiments the generators were fitted with many different diagnostics.
The data that was extracted has given a good picture of the generator operation
and the generator performance. The experimental results and conclusions have
been compared to and confirmed by the two types of simulations performed
on the generator. The interaction between high explosives and the armature
was modelled using a hydrodynamic code, while a circuit simulation code was
developed to model the generator’s electrical performance. The agreement of
the calculations with experiments is good.
The FOI generator is a fairly small generator with a stator coil diameter of
53 mm and a coil length of 237 mm. The armature has an outer diameter of
24 mm and a wall thickness of 2 mm and contains 270 g of high explosives. In
the experiments the generator was seeded by currents of 5.7 and 11.2 kA with
final currents of 269 and 436 kA. In terms of energy the initial inductive
energies of 0.4 kJ and 1.5 kJ in the generator were amplified to 7.3 kJ and 19 kJ
in the two experiments respectively.
There are several methods to compare generators. The figure of merit is a
common method. The FOI generators had figures of merits of 0.81 and 0.77 in
the two experiments, which are very high figures in comparison to other
generators of corresponding size. Other methods to compare generators is to
calculate how much of the detonation energy of the explosive that is converted
to electromagnetic energy or to calculate the specific energy a generator, i.e. the
final energy to the initial generator volume. In the FOI FCGs about 0.5 and
1.2 % of the detonation energy was converted to electromagnetic energy and in
terms of specific energy the FCGs delivers 5.7 and 15 MJ/m3. For comparison
a helical generator can at best convert some 5 % of the detonation energy into
magnetic energy and in terms of specific energies, 30 to 60 MJ/m3 has been
reported [1]. The values for the FOI FCG are hence fairly good considering the
small size of the generator. For comparison pulsed power capacitors have an
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energy storage capability of, at most, between 1 or 2 MJ/m3, but have very
different power and current capabilities.
The hydrodynamic simulations with GRALE confirm many of the results
extracted from the measurements with the optic fibres and piezo gauges, such
as armature cone angles and the crow bar ring designs. Especially the armature
movement at the final compression was important to model since it is the
special feature of the FOI generator.
The circuit simulations gave an extremely good agreement with the
experimental results. It is of special interest to note that the two experiments
were performed with two different seed currents of which the first generator
operated below its limit and the second generator far above it and that the
circuit simulation could predict the performance accurately. The
implementation of the generator as a component block in Matlab-Simulink
allows for connection of other loads such as a pulse forming network for high
voltage pulse generation. The simulation performed shows that this specific
generator can be used as a power source in compact high voltage systems.
Furthermore, the system simulations shows the benefits of the conical armature
end design in terms of power output from the pulse forming network.
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7 Summary of papers
7.1 Summary of paper I
This paper was published in Transactions on Plasma Science, in a special issue
with papers presented at the IEEE International Pulsed Power and Plasma
Science Conference June 2007, Albuquerque, New Mexico, USA. The paper
presents the experiments with the two generators and the analysis of the results.
My contribution was to plan and perform the experiments in collaboration with
Gert Bjarnholt. I made the data collection, data analysis and the writing of the
paper with the helpful support by the co-authors.

7.2 Summary of paper II
This paper was published in Transactions on Plasma Science, in a special issue
with papers presented at the IEEE International Pulsed Power and Plasma
Science Conference June 2007, Albuquerque, New Mexico, USA. The paper
presents the circuit simulation model and compares simulations with the
experimental results. My contribution was to adapt a model, presented by Dr.
Bucur Novac, and implement it in Matlab-Simulink and perform the
simulations. A Simulink FCG component developed by a colleague Sten
Andreasson was used in my implementation. The analysis of the results and
comparison with experimental results and the writing of the paper were
performed by me, with the helpful support by the co-authors.

7.3 Summary of paper III
This paper was presented at the IET 10th Pulsed Power Symposium,
17-19 September 2007, Oxfordshire, UK. It reports system simulations using
the circuit simulation model. My contribution was to perform system
simulations with the Matlab-Simulink code and analyse the results. The writing
of the paper was performed by me, with helpful support by the co-authors.
This conference paper was presented by Prof. Anders Larsson.
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8 Suggestion for future work
The licentiate work includes both experiments with and modelling of a specific
type of generator, supported by hydrodynamic simulations of the detonation
process. This has provided a good understanding of the generator performance
and the modelling method that was used. There are some areas that have not
been studied and hence would be interesting to look into in a continued work.
From the experimental point of view only two generators were tested providing
limited experimental data and no data on the statistical variation between
identical experiments. To fully explore the generator design itself a larger
numbers of generators should be tested and parametric studies of the generator
should be performed e.g. by varying the seed current or even some of the
generator dimensions. Another approach would be to use the existing generator
design, with some improvements, to power a pulse forming network and
perform some parametric studies of one or two PFN parameters. In either case
it would require manufacturing of a number of new generators, which would be
very expensive. The question is, whether the present design, using a stator coil
machined from a tube of copper, is worth the extra cost compared to the
cheaper method of constructing the stator from cables. The work showed that
it is possible to obtain good agreement between experiments and simulations.
Since this type of generator has been considered for single shot systems that
generates High Power Microwave pulses, e.g. munitions, a continued work
could focus on system modelling and optimisation of such systems.
No deeper analysis of the magnetic forces inside the generator has been
performed. Due to the very high magnetic flux density inside the small
generator volume towards the end of operation the armature may be slowed
down due to the magnetic pressure. The stator could also become deformed
before the armature impacts with it due to the magnetic pressure. Phenomena
like this are not included in the present simulation model. Hence, it would be
very interesting to study this using a more advanced FCG code. A full 3Dsimulation of the complete FCG operation would however be difficult to
perform due to the large number cells required to resolve the details of the
generator. A 2D filamentary model such as described by Novac et al [68] could
be useful in studying the operation.
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