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Introduction of the Magnetic Pulse Compressor (MPC)
- Fundamental Review and Practical Application

Jaegu Choi'

Abstract - Magnetic switch is a kind of saturable inductor, which utilizes nonlinearity of the magneti-
zation curve of ferromagnetic materials. The right understanding of the saturation phenomena, mag-
netic properties, voltage-time product, and switching characteristics of the magnetic switch is essential
in designing the magnetic pulse compressor (MPC). In this paper, the historical background of re-
search on the MPC, fundamental physical properties of the magnetic switches, and application fields of
the MPC are presented. Further, an in-depth analysis of pulse compression in series and parallel MPCs
is incorporated. As practical application examples, a series MPC used for water treatments and a paral-
lel MPC used for pulsed electric field (PEF) inactivation of bacteria are cited.
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1. Introduction

Pulsed power has its foundation on nuclear fusion re-
search, and since the 1% Pulsed Power Conference held in
1976, it has been recognized as a subject of scientific study.
In those days, research on huge pulsed power generators,
which generated large power with a one-shot operation,
was vigorously carried out. In general, its application re-
search was aimed at military purposes centering around
two powers, namely, the USA and the USSR. Thereafter,
with the collapse of the Cold War, a practical atmosphere
for the application of the pulsed power technology to in-
dustrial purposes emerged. In the case where the pulsed
power technology is used for industrial applications, re-
search has been focused on the development of pulsed
power generators that are eligible for high rep-rate opera-
tions with long-term high efficiency and reliability.

High speed switching is necessary for pulsed power
generation, and discharge switches are used, including
spark gap switches and thyratrons. However, these
switches have critical problems due to electrode deteriora-
tion, resulting in unstable switching and short lifetime. The
actual lifetime limits of a spark gap, a thyratron, and a
semiconductor are estimated to be about 10°, 3x10° and
10'%, respectively. Consequently, industrial pulsed power
generators, to which high rep-rate operations are essential,
adopt all solid-state switched circuits consisting of semi-
conductor switches and magnetic switches.

A magnetic switch consists of an inductor with a ferro-
magnetic core. The switching operation is realized using
the variation of inductance due to nonlinear permeability,
which is attributed to the saturation characteristics of the
ferromagnetic material. The first magnetic pulse compres-
sor (MPC) was realized by Melville in 1951 [1] as a radar
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power supply with the following specifications: output
voltage of 13 kV, pulse duration of 250 ns, and peak power
of 150 kW. However, because of response velocity, loss of
the contemporary magnetic materials, as well as the cost
and size of the system, the MPC has gone unnoticed for a
while by the progress in the technology of spark gap
switches, thyratron, and semi-conductor switches.

The recent development of ferromagnetic materials [2],
[3] and semiconductor switches [4]-[7] with excellent
characteristics has allowed the high repetitive operation of
magnetic switches (MS) with very low loss. Moreover, the
development made it possible to use the repetitive pulsed
power generated by MPC on practical industrial applica-
tions, such as laser excitation, nuclear particle acceleration,
radar modulation, EUV light source, and biochemical de-
contamination [8]-[18] due to its high repetition rate, high
stability, and long lifetime.

2. Fundamental Theory of MPC

One of the best advantages of MPC is its ability to gen-
erate a large power with a high rep-rate, which is impossi-
ble with semiconductor switches. In other words, MPC
temporally compacts electric power, which is controllable
by semiconductor elements using magnetic switches and
C-L-C resonant circuits. In this section, the physical prop-
erties of the magnetic switches are discussed.

Fig. 1. Example of the magnetization curve of a ferromag-
netic material.
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Fig. 2. Wound saturable inductor.
2.1 Principles of Magnetic Switches

Magnetic switch is a kind of saturable inductor, which
utilizes the nonlinearity of the magnetization curve of fer-
romagnetic materials. The saturable switch is a variety of
closing switch that performs the switching function using
saturation phenomena, in which the unsaturation state of
high inductance transfers to the saturation state of low in-
ductance. Unsaturated inductance of a ring-shaped solenoid
coil L, [7] is represented by:

2
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where p, and p,, are the free and unsaturated relative per-
meability, respectively, A is the magnetic material cross-
section area, N is the number of conductor turns, and 1 is
the magnetic field path length. On the other hand, saturated
inductance L, is represented by:

Hoky AN
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where £, 1s the saturated relative permeability. The ratio of

the unsaturated inductance to the saturated inductance L,/L;
is given by (3).
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Fig. 3. Voltage-time product.
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In general, the unsaturated relative permeability of fer-
romagnetic materials for saturable inductor p,, is several
thousands to tens of thousands, and the saturated relative
permeability ,, is about 1. Consequently, the switching
function of the magnetic switch is realized by making use
of this high inductance ratio.

2.2 Physical Properties of Magnetic Switches

As mentioned in the previous section, the performance
of the magnetic switch is strongly dependent on the satu-
rated and unsaturated permeability of the magnetic core.
Main characteristics required of magnetic cores for the
magnetic switch are as follows [19]:

(a) By is large;

(b) W, is large and p,, is unity;
(c) Saturation occurs drastically;
(d) Loss is low; and

(e) Frequency dispersion is low.

An example of the magnetization curve of a magnetic
material is shown in Fig.1. When a positive pulse voltage is
applied to the saturable inductor, it is possible to obtain the
maximum flux swing, AB,,, as shown in (4) by biasing the
magnetic material into reverse saturation as expressed by:

AB, =B, —(-B,), “
where B; is the saturation flux density.
2.3 Voltage-Time Product

The magnetic switch has no critical limitation for volt-
age and current in the similar manner that semiconductor
switches have. However, the time at which the switch re-
mains unsaturated is closely related with the applied volt-
age. The relationship between the voltage-time product and
the flux density change [20] is expressed as:

U (" vyde = [ Bds =4 AB 5
NJ‘O @) t—Lms—m ’ )

where T is time to saturation, V(t) is the applied voltage,
AB is the magnetic flux density change or swing, and A,
is the magnetic material cross-section area.

A saturable inductor wound with coil is shown in Fig. 2.
The actual magnetic core has SiO, films or polymer films,
such as PET, for insulation between magnetic material lay-
ers. Stacking factor, K ;, which is the ratio required by the
magnetic material to occupy the magnetic core cross-
section area [A =hc(r,-1)] , is represented by:
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The minimum voltage-time product required for the
saturation of a magnetic switch is described by (7) and Fig.
3 as follows:

. %
L V(t)dt = mTT = NA,AB. (7)

From (7), it can be seen that the time to saturation of the
saturable inductor is determined by the applied voltage,
cross-section area, and number of winding turns.

2.4 Switching Characteristics

The magnetic switch is not an active switch just like a
thyratron or a thyrister, but a passive switch that utilizes the
magnetic saturation of the magnetic material. The applied
voltage is maintained and the current is almost blocked by
high inductance during core unsaturation, resulting in the
off state of the magnetic switch. On the other hand, the
current flows with the low inductance during core satura-
tion, resulting in the on state. The inductance of the mag-
netic switch, shown in Fig. 2, is given by:

2
N hlnR2 , (8)

L=
a 2r R

where p is the permeability of the magnetic material, h is
the height of the cross-section area that the winding en-
closes, R, is the outer radius of the winding, and R, is the
inner radius of the winding. If it is assumed that the satu-
rated relative permeability p,is almost 1, the saturated in-
ductance of the magnetic switch L, is given by:

2
Nohp B )

L =
1 #02” R,

3. Application Fields of the MPC

Temporally and spatially compacted pulsed power, both
of which have a relatively small energy and huge power,
can be used for unprecedented application fields such as
laser excitation, nuclear particle acceleration, radar modu-
lation, biochemical decontamination, and so on.

The repetitive pulsed power can be used for the excita-
tion of transversely excited atmospheric (TEA) CO, lasers
and excimer lasers. TEA CO, laser is an infrared laser with
a wavelength in the 9-11 pm range, has a highest radiation
efficiency (>10%) among gas lasers. TEA CO, laser ex-
cited in medium gas pressure higher than 1 atm emits a
laser light of very high Q. In particular, this laser can be
used for laser marking and minute hole machining, thereby
maximizing pulse characteristics. Semi-conductor switches

and magnetic switches are adopted for the excitation circuit
of the TEA CO, laser. The output of 3 kW is obtained with
the rep-rate of 600 pps.

Excimer laser is a high power laser whose wavelength is
in the ultraviolet range [21]. This is used for various laser
processes, such as laser CVD, laser radar, ultra minute hole
machining, TFT LCD annealing, cornea operation, and as
EUV light source. Pulsed power supply is indispensable to
both electron beam excitation and discharge excitation of
the excimer laser. High voltage (tens of kV) with fast rise
time (<200 ns) is applied to the discharge tube of the laser.
The rep-rate is hundreds of pps.

Particle accelerator was first developed for the elemen-
tary particle experiments. At present, small-sized electron
beam accelerators are being used for radiation treatments
and the generation of radioactive lights [22].

Magnetron, whose drive circuit is a high rep-rate pulse
power generator, is used for the radar transmitter (Radio
Detection and Ranging). Melville reported a pulsed power
supply, which adopted magnetic switches in lieu of thyra-
tron switches, for a radar in 1951 [1].

Applications of the pulsed power discharge have been
studied to reduce nitrogen oxides (NOx) and sulfur oxides
(SOx) contained in the flue gases resulting from coal-
burning power plants, factories, steel plants, and automo-
bile exhausts [10]-[13]. In order to obtain the accelerated
free electrons, a power supply for fast-rising narrow high-
voltage pulses is necessary. The energetic electrons directly
react on the harmful gas molecules or generate active radi-
cals that dissociate the molecules.

As bio-related applications of pulsed power, sterilization,
water treatment [23], and intracellular electromanipulation
have been watched with keen interest. Sterilization using
pulsed power is a very effective method to kill bacteria
while avoiding thermal damages to the medium. The ef-
fects of pulsed power discharge in water on cyanobacteria
cells have been investigated as well [24]. As a result, it has
been found that the shockwave and discharge current
brought about by the pulsed streamer-like discharge in wa-
ter are the effective factors for the collapse of gas vesicles.
Recently, studies on intracellular electromanipulation to
verify the effect of short pulses on cells and tissue have
been intensively carried out [25], [26]. With subnanosec-
ond pulses, generating electric fields in the plasma mem-
brane and any intracellular membrane in excess of 2
MV/cm that are large enough to cause changes in molecu-
lar structures has become possible.
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Fig. 4. Series MPC using a saturable inductor.




Jaegu Choi 487

Current

Time

Tsat(CRT)

T, Time

Fig. 5. Current and voltage waveforms of the series MPC.

4. Practical Application Examples

4.1 Series Magnetic Pulse Compressors

In this section, the operation mechanism of a series MPC
[26]-[28] is addressed. Subsequently, an example of the
series MPCs is presented. MPC uses a resonant energy
transfer circuit shown in Fig. 4. L, is the stray inductance
of the loop in which current I; flows, and L, is the stray
inductance of the loop in which current I, flows. L, and L,
are the unsaturated and saturated inductances of SI, respec-
tively (L, Ly). It is supposed that C; = C, = C;.

A power supply charges capacitor C; to voltage Vmax.
The energy stored in capacitor C; is resonantly transferred
to capacitor C, through inductor L; by closing switch S; at
time t=0. Not until the energy is fully transferred from C,
to C, that SI is saturated. At this moment, no energy is
transferred from C; to C; because of high inductance L,.

This circuit equation is given by:

Vmax:ij‘ [ldt'f‘Llﬂ'f‘iJ. [ldt (10)
C d C,
The solution of (10) is given by:

[l(t) =V max ’CIZ sin ! B (11)
Ll '\/LICIZ

where C12 = C]Cz/(C] + Cz)
C=C,, the maximum of current I, is obtained from (11)

by:
I max = V max CIZ = V max & : (12’)
: L, 2L,

Voltage on C, is given by:

V, (Z):ifl'dt:Vmax Cl 1-cos ! : (13)
< c C +C, LC,

2
The maximum of V¢, is given by:
ch max — V max (14)

at the following time response to the pulse duration of cur-
rent I;:

t=1,=n+L,C, . (15)

In succession, energy transfer from C, to C; is consid-
ered. The energy stored in C, is fully transferred to C; with

saturation of SI at t=77 if L;>>L+L,. The maximum of

current I, is given by:

]2 max = ch max C23 = V max L B (16)
L+, 2(L, +L,)

where Cy; = C,C5/(C, + C3)=C/2. Time required for the
energy transfer from C, to C; is given by:

T, :7r1/iL2 + L iC23 =7 w .47

This is equal to the pulse duration of current I,. The
maximum voltage on each capacitor is consistent.

VC3 max — VCZ max — V max (18)
The conditions for pulse compression are 71 >7, and
L >L,+L;. (19)
The pulse compression ratio is given by

4 L : (20)

The current and voltage waveforms during the above en-
ergy transfer are shown in Fig. 5. Current amplification can
be achieved, whereas voltage amplification is not possible
in the case of series magnetic pulse compression.

As an example of the series MPCs, the block diagram of
a repetitive pulsed power system developed for water
treatment is presented in Fig. 6 [26]. The system consists of
the MPC unit, Blumlein-type pulse forming network
(BPFN) unit, and load unit. The MPC unit is used as a
charging generator for the BPFN.
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Fig. 6. Schematic diagram of the pulsed power generator for water treatments [4].

The MPC unit consists of a charger, low inductance ca-
pacitors (CO, C1), saturable inductors (SIO, SI1), a gate-
turn-off thyristor (GTO), and a pulse transformer (PT1).
The charger is a high voltage power supply, which uses
resonant inverter (202 A, LAMBDA EMI). The average
charging rate of the charger is 2000 J/s. The capacitances
of CO and C1 are 6.6 pF and 200 nF, respectively.

Fe-based nanocrystalline magnetic cores (FT-1H, Hi-
tachi metals Ltd) were used as the magnetic switches (SIO,
SI1). GTO is a high speed thyristor for pulsed power appli-
cation (5STH20H4501, ABB). The shortcoming of spark
gap switches, i.e., the deterioration of the gap, can be over-
come by using this solid state switch. The magnetic assist
by the saturable inductor (SI0) follows the GTO switching.
Magnetic assist has the effect of reducing the switching
loss of GTO [29]. Therefore, the MPC that consists of the
magnetic switch and the solid state switch can be operated
with higher repetition rate, longer lifetime, and higher reli-
ability than conventional ones.

Fig. 7 shows the typical waveforms of the output voltage
and current at the load unit, which consists of the point to
plane electrode and the non-inductive resistor of 360 ohm
in parallel. The output voltage V4 has 3 inherent peaks,
namely, Peak 1, Peak 2, and Peak 3. Peak 1 is caused by
the adoption of the reset circuit for the maximal flux swing
of PT2. The peak appears until the core saturates in the
negative direction. Peak 1 is undesirable, but unavoidable.
Peak 2 originates from the non-uniform charging over the
BPFN capacitors. Peak 3 is the main output voltage peak.
The peak voltage, rise time, and pulse width at full wave
half maximum (FWHM) are about 140 kV, 200 ns, and 1
us respectively.

The developed pulsed power system in all solid state is
shown in Fig. 8. The volume and the weight of the system
are about 1 m® and 150 kg, respectively. A relatively large
volume (=34 cm’) of streamer discharge was successfully
generated in water with the developed system (Fig. 9). The
streamer discharge grew radially from the tip of the posi-
tive point electrode. The propagation distance of the
streamer was measured as about 35 mm with the naked eye.
The streamer-like discharges generated by the developed
system are being used for water treatments, such as sterili-
zation of microorganisms and the decomposition of harm-
ful materials.
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Fig. 7. Measured waveforms of V4 and 14 [4].

Controller, Charger

Fig. 8. Developed pulsed power system in a cube box [4].

Fig. 9. Streamer-like discharge generated by the developed
system in water. Electrode geometry: needle-to-
plane. Radius of curvature at the needle tip: 30 um.
Electrode gap: 100 mm. Tap water conductivity: 25
mS/m [4].
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4.2 Parallel Magnetic Pulse Compressors

Although a few reports [30], [31] have dealt with paral-
lel magnetic pulse compressors, detailed explanations
about the operation mechanism have not been provided. In
this section, the operation mechanism of a parallel MPC is
addressed using Figs. 10 and 11. Suppose that the turn ratio
of STis I/nand C, = n2~C2, C, = C;. Diode D is inserted in
parallel with capacitor C3 in order to charge capacitor C2.
L, is the stray inductance of the loop in which current I
flows, and L, is the stray inductance of the loop in which
current I, flows. L is the saturated inductance of the sec-
ondary winding of ST.

A power supply charges capacitor C; to voltage Vmax.
The energy stored in capacitor C; is resonantly transferred
to capacitor C, through inductor L, and ST by closing
switch S, at time t=0. It is not until the energy is fully
transferred from C, to C, that ST is saturated. The maxi-
mum and the pulse duration of current I; are given by:

[l max = V max C—l (21)
2L,
and
7 =BG (22)
2
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Fig. 11. Current and voltage waveforms of the parallel
MPC.

The maximum voltage on C2 at time t= 77 , is given by:
VCZ max = l’lV max - (23)

Subsequently, energy transfer from C, to C; is consid-
ered. If ST is saturated at t=77 , the transformer coupling

breaks down, and the energy stored in C, is fully trans-
ferred to C;. The maximum of current I, is given by:

C
I max = V max 72 ° (24)
TN, +L)

The pulse duration of current I, which is the time re-
quired for the energy transfer from C, to C;, is given by:

L,+L )C
t, =7 (L, +L)C,, =7 % > (25)

where C23 = C2C3/(C2 + C3):C2/2. Given that C] is equal to
n’°C,, the pulse compression ratio is given by:

Go-ni_| L& _ L. (26)
ST (L, + LG, L+L,

In principle, it is possible to obtain the same voltage gain
as that of the turn ratio of ST in the case of parallel MPC.
Consequently, a lower input voltage can be used for a pulse
compression circuit, and the burden of a PT can be reduced
with a lower turn ratio. The above discussion is limited
only to ideal switches and transmission circuits. In actual
circuits, losses in semiconductor switches, magnetic
switches, and conductors should be considered.

On the other hand, pulsed electric field (PEF) inactiva-
tion is a very effective method to kill bacteria in liquid
while avoiding thermal damage [32]. In this work, PEF
with a maximum magnitude higher than 110 kV/cm and a
pulse width of 100 ns was generated using a parallel MPC
(Fig. 12). This was applied to a carefully designed treat-
ment chamber through which a suspension fluid continu-
ously flowed.

The pulsed power generator, which employs the parallel
MPC, has a maximum output voltage of 60 kV, a pulse
width at FWHM of 100 ns, and a repetition rate of 500 pps.
Therefore, a maximum electric field of 150 kV/cm can be
obtained using the treatment cell. The characteristic imped-
ance is about 10 Q [33]. Fig. 13 shows typical voltage and
current waveforms at the treatment chamber in case of
conductivity of 70 mS/m. It can be seen that the load is
resistive from the phase of the waveforms. Consequently,
the maximum electric field applied to the treatment cham-
ber depends on the suspension conductivity. The instanta-
neous electrical power delivered to the load is 12 MW, but
the average power is only about 100 W.

As a result, maximum 6.7 log reductions were achieved
for B. subtilis using the proposed PEF inactivation method.
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Fig. 12. Equivalent circuit diagram of the parallel MPC.

The transmission electron microscope (TEM) micrographs
of B. subtilis spores showing the spore cross-section char-
acteristics were obtained to verify the effect of the PEF
treatment (Fig. 14). Upon exposure to heat (a conventional
sterilization method), the color of the cortex slightly dark-
ened and some deep dark spots in the core appeared,
probably due to the leakage of some materials from the
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Fig. 13. Typical voltage and current waveforms (PEF: 100
kV/em, conductivity: 70 mS/m) [10].
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core. Upon exposure to PEF, the cortex grew much darker,
and the deep dark spots in the core were observed clearly.
These were caused by the irreversible loss of the function
of the inner membrane.

5. Conclusion

The historical background of the research on the MPC,
fundamental physical properties of the magnetic switches,
application fields of the MPC, and basic circuit theories of
typical MPCs, as well as examples of practical application
of the MPCs were presented with the aim of developing
novel industrial applications of the MPC. In particular, two
kinds of MPC that can be operated with high repetition rate,
long lifetime, and high reliability for industrial applications
were introduced. The output voltage of the series MPC
showed a peak voltage, rise time, and pulse width
(FWHM) of about 140 kV, 200 ns, and 1 s, respectively.
Water discharges were successfully generated with the de-
veloped system for practical industrial applications. PEF
with a maximum magnitude higher than 110 kV/cm and a
pulse width of 100 ns was generated by the parallel MPC,
and were applied to a carefully designed treatment cham-
ber through which a suspension fluid continuously flowed.
Using the proposed PEF inactivation method, maximum
6.7 log reductions were achieved for B. subtilis.

|
‘% 100 nm
=

Fig. 14. TEM micrographs of B. subtilis spores showing the spore cross-section characteristics [10]. (a) control, (b) heat
treatment (121 C), (c) PEF treatment. After exposure to heat and PEF, the cortex exposed to the latter grew
darker and the deep dark spots in the core were observed more clearly, illustrating leakage of the core materials
caused by the irreversible loss of the inner membrane’s function.
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TEM micrographs of B. subtilis spores verified the effect
of the PEF treatment. The presented examples of the prac-
tical application are expected to contribute to the design of
the nonlinear devices, develop novel industrial applications
of the MPC, and broaden the application field of the MPC.
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