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Abstract—In this paper, a pulsed-power generator that consists
of a magnetic pulse compressor (MPC) and a Blumlein-type pulse
forming network (BPFN) has been developed. The pulsed-power
generator can be operated with high repetition rate, long life-
time, and high reliability for water treatments such as steriliza-
tion of microorganisms, decomposition of harmful materials, and
ozone generation. An informative explanation about the simula-
tion methodology using electromagnetic transient program was
presented in order to give guidance for more efficient design of the
pulsed-power generator with MPC and BPFN. The comparison
study of the simulation result with the experimental result was
carried out. As a result, it was found that the simulation results and
the experimental results with the manufactured MPC and BPFN
showed a reasonable agreement. In addition, a large volume of
streamer discharge was successfully generated in water with the
developed system.

Index Terms—Blumlein-type pulse forming network (BPFN),
electromagnetic transient program (EMTP), magnetic pulse com-
pressor (MPC), pulsed power, water treatments.

I. INTRODUCTION

INCE MELVILLE described a magnetic pulse compres-

sor (MPC) by using the nonlinear permeability of ferro-
magnetic materials in 1951 [1] as a cornerstone for the high
repetition rate pulsed-power generators, research on MPC has
focused on high-power pulse generation such as radar modu-
lation, nuclear particle acceleration, and impulse testing for a
long time [2].

Recent developments of ferromagnetic materials [3], [4] and
semiconductor switches with excellent characteristics have al-
lowed the high repetitive operation of magnetic switches (MS)
with very low loss and have made it possible to use the repet-
itive pulsed power generated by MPC on practical industrial
applications such as laser exciters, decomposition of harmful
gases, removal of volatile toxic compounds, and water treat-
ments [5]-[8] due to its high repetition rate, high stability, and
long lifetime.

Meanwhile, there are numerous applications in both physics
and electrical engineering for short (¢, < 10 us) electrical
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pulses. These applications often require that the pulses have
a good square shape, i.e., they have fast rise and fall times
(tr, tr < tp) [9]. Although there are many ways for generating
such pulses, pulse forming network (PFN) is one of the simplest
techniques. The Blumlein-type PFN (BPFN) is very popular
due to the fact that the power supply used to charge the network
has the same output potential as the required pulse amplitude.

Although there has been much need for the design and
analysis techniques of the high repetition rate pulsed-power
generator using MPC and BPEN, there has been few studies
concerning the simulation methodology of the MPC [10] and
the BPFN, probably due to the difficulties in the design of the
nonlinear permeability of ferromagnetic cores for MS and pulse
transformer (PT).

In this paper, a pulsed-power generator that can be operated
with high repetition rate, long lifetime, and high reliability for
industrial applications has been developed. An informative ex-
planation about the simulation methodology using electromag-
netic transient program (EMTP) [11], [12] was given in order
to give guidance for more efficient design of the pulsed-power
generator with MPC and BPFN. The comparison study of the
simulation result with the experimental result was carried out.
Therefore, the proposed methodology is expected to contribute
to the design of the nonlinear devices in the pulsed-power field
as well.

II. FUNDAMENTAL THEORY

Fig. 1 illustrates a typical MPC circuit [9]. Suppose that
Cy =0y =C5=C and MS; <« Ly < MS,,. MS, and MSg
refer to the unsaturated inductance and the saturated inductance
of the MS, respectively. On switch closure with the above
conditions, the charged energy in C7, which is initially charged
to a potential Vj, is transferred to Cy by C'—L—C resonance.
As the potential on Cs reaches a point at which MS will
saturate, the energy transfer takes place from Cy to C5 once
more. In the latter loop, L; and the switch are replaced by the
MS. The voltage V7 and the current /; are compressed to V5
and I, respectively, by the function of MS during the energy
transfer, as shown in Fig. 1(b).

Considering the charging of capacitor Cz from the previous
capacitor C; via the inductor L, the voltage V;(¢) on Cy will
be given by
Ch

Vilt) = Vop———
1() OC1+CQ

(1 —coswt) = %(1—coswt) (1
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Fig. 2. Diagram of the BPFN.

where w = 1/+/L1Cy. The time ¢ to charge C is given by

tzﬂ'\/ L100 (2)

where Cy = 0102/(01 + CQ) = 0/2

As a result, the maximum voltage on C3 is equal to the
charging voltage V;, on C, and the voltage amplification does
not occur. The current amplification ratio 7). is given by

\/; F 3)

Fig. 2 describes a typical BPFN that consists of L—C ladder
networks. In this circuit, with closing of SW, the charged energy
in each capacitor begins to propagate in the BPFN circuit to
form a given pulsewidth at the load. The PT was attached to the
network in order to obtain a higher output voltage. It is possible
to control the pulsewidth of the output pulse voltage by varying

IQmax o

’]7 =
¢ Ilmax
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the number of the units of the inductor and the capacitor in the
BPFN. The pulsewidth 7 is given by

r=2NVLC 4)

where N refers to the number of units. The characteristic
impedance of the L-C ladder network is given by

L
7 =14/=. 5
c 5
On the other hand, the load impedance for BPFN is given
by 27.

III. PULSED-POWER SYSTEM COMPONENTS

The block diagram of the developed repetitive pulsed-power
system is presented in Fig. 3. The system consists of the MPC
unit, the BPFN unit, and the load unit. In this paper, the
voltages and the currents at each point were measured in order
to compare the experimental results with the simulated results.
In this paper, the system was operated with the repetition rate
of 30 pps and average power of 1.2 kW. The applied voltage
and the discharge current through the needle to plane electrodes
were measured using the voltage divider (EP-100K, Pulse Elec-
tronic Engineering Company, Japan) and the current monitor
(Model 110A, Pearson Electronics, Japan), respectively. The
oscilloscope (HP54542A, Hewlett-Packard, USA) recorded the
single-shot signals from the measurement devices.

A. MPC Unit

The MPC unit consists of a charger, low-inductance capac-
itors (Cy, C1), saturable inductors (SIy, SI;), a gate-turn-off
thyristor (GTO) and a PT (PT1). The charger is a high-voltage
power supply using resonant inverter (202 A, LAMBDA EMI).
The average charging rate of the charger is 2000 J/s (Joules
per second). The capacitances of Cy and C; are 6.6 us and
200 nF, respectively. Fe-based nanocrystalline magnetic cores
(FT-1H, Hitachi metals Ltd.) were used as the MSs (SIy,
SI;). GTO is a high-speed thyristor for pulsed-power appli-
cation (5STH20H4501, ABB). The shortcoming of spark gap
switches, that is, deterioration of the gap can be overcome by
using this solid state switch. The magnetic assist by the sat-
urable inductor (SIy) follows the GTO switching. The magnetic
assist has the effect of reducing the switching loss of GTO [4].
In this paper, it was possible to reduce the switching loss by
about 23% by the magnetic assist. MPC that consists of the MS
and the solid state switch can be operated with higher repetition
rate, longer lifetime, and higher reliability than conventional
ones. PT1 has a function of step-up transformer with the voltage
gain of six (winding ratios 4:24). The losses of GTO, SIj,
PT1, SI;, and SI, were obtained as 60, 10, 9, 12, and 22 W,
respectively, by the calculation method in the earlier paper [3].

Fig. 4 shows the measured waveforms of Vg, Vi, Iy, and
I, respectively. GTO turns on after Cy is fully charged up to
3.6 kV by the charger, and then SIj saturates immediately after
the assist time. The current I, with duration of 4.4 us flows in
the primary circuit of PT1. As a result, C} is charged to a high
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Fig. 3. Schematic diagram of the pulsed-power generator for water treatments.
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Fig. 4. Measured waveforms of Vp, V1, Io, and I7. Fig. 5. Measured waveforms of Va, V3, I3, and Isy.
voltage through the PT1. At this time, SI; performs as a current 150 450
blocking inductor during the charging time for C;, whereas it
acts as a low-inductance switch during the discharging time.
It should be noted in the figure that V; reached no more than 300
18 kV due to the aforementioned losses in the circuit.
> ®
4 g
B. BPFN Unit % 150 §
The BPFN unit consists of ceramic capacitors, inductors, an = fa;
MS (SIz), and a high-voltage step-up PT (PT2). The voltage > ~
gain of PT2 is six (winding ratio, primary: secondary = 1:6). 0
MPC is used as a charging generator for BPFN. BPEN is
charged by MPC output current. The maximum BPFN charging
voltage is about —20 kV. The capacitance and the inductance -50 L L . L L . . —-150
2 3 4 5 6 7 8 9 10

of each stage in the BPFN are 20 nF and 500 nH, respec-
tively. Therefore, BPFN was designed to have the characteristic
impedance of 5 (2 and the output pulsewidth of 1 us. Fig. 5
shows the measured voltage and current waveforms of V5, Vs,
I3, and I, respectively. In this figure, the waveforms are
synchronized to those in Fig. 4. The charging process and the
resultant output voltage of BPFN can be observed as V5 and V3,
respectively, although the waveforms look complicated due to
the stray components in BPFN.

C. Load Unit

The load unit consists of the point to plane electrode and
the noninductive resistor of 360 2 in parallel. The latter is

Time [us]

Fig. 6. Measured waveforms of V and 4.

matched to the characteristic impedance of the BPFN unit. The
needle to plane geometry electrode that immersed into tap water
(conductivity: 25 mS/m) was used as the discharge electrode in
this paper. The radius of curvature at the needle tip was 30 pm.
The distance between the tip of the needle electrode and the
plane electrode was fixed at 100 mm.

Fig. 6 shows the typical waveforms of the output voltage and
current from PT2. The output voltage V, has three inherent
peaks, that is, Peak 1, Peak 2, and Peak 3. Peak 1 is due to
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Fig. 7. Schematic diagram of the EMTP simulation circuit for the pulsed-power generator.
0.07 : TABLE 1
- CALCULATED INDUCTANCES OF THE MSS FOR EMTP SIMULATION
P S A —&- S10
0.06 A -
i -oAe-SI1 S10 SI1 SI2

IR bt T Lu 0.18mH | 37mH | 0.63mH
= 1 N | A
B 0.04 Koo Ls 0.08puH | 1.64uH | 028 uH
3 ;
5 0.03 i
= L e . TABLE TI

0,02 e i STRAY INDUCTANCES USED IN THE EMTP SIMULATION CIRCUIT

0.01 } & © Stray L | Stray L | Stray L, | Stray L; | Stray L4

0 0.50 uH | 0.35uH | 0.16 uH | 1.50 wi | 90 uH
0 100 200 300 400 500
Current (A) From the derived flux—current curves, it is possible to calcu-
Fig. 8. Flux and current relationships for MSs at a saturation time of 0.5 us. late the unsaturated inductances and the saturated inductances

the fact that the reset circuit is adopted for the maximal flux
swing of PT2, and that the peak appears until the core saturates
in the negative direction. Peak 1 is undesirable but unavoidable.
Peak 2 originates from the nonuniform charging over the BPFN
capacitors. This will be dealt with in the following section.
Peak 3 is the main output voltage peak. It is observed that
the peak voltage, rise time, and pulsewidth (FWHM) are about
140 kV, 200 ns, and 1 pus, respectively.

IV. EMTP SIMULATION RESULTS

In this paper, EMTP was used to analyze the transient phe-
nomena of the high-repetition rate pulsed-power generator with
nonlinear elements such as the magnetic cores. Fig. 7 shows
the schematic diagram of the EMTP simulation circuit for
the pulsed-power generator, which is originally based on that
of Fig. 3.

Fig. 8 shows the flux and current relationships for magnetic
cores, SI0, SI1, and SI2, respectively. The curves were derived
from the B—H curves of the same magnetic core using the
following relationship

b=n-B-AandI =H-l/n (6)

where @ is the flux [Wb - T], n is the number of turns [T], B
is the flux density [Wb/m?], A is the sectional area of the core
[m?], I is the current [A], H is the magnetic field [A - T/m], and
l is the average length of the magnetic path of the core [m].

of the MSs. The results are presented in Table 1. The ratio
of the unsaturated inductance to the saturated inductance is
2240, which is due to the fact that the unsaturated relative
permeability zi,, and the saturated relative permeability ¢ are
calculated to 4480 and 2, respectively. It should be noted that
this big difference plays an important role as a switch in the
MPC circuit.

Before the performance verification of EMTP in comparison
with the experimental results, the authors checked the stray in-
ductances in the circuit, as shown in Table II. Stray inductances
Ly, Ly, Lo, L3, and L4 were minimized as low as possible when
the pulsed-power generator was manufactured. However, stray
inductance L4 showed quite a high value of 90 pH due to the
long line to the load.

Fig. 9 shows the simulated waveforms of Vj, Vi, Iy, and
1, respectively. In the figure, the energy transfer from Cj to
(1 can be observed in the same way as Fig. 4. The simulation
results show a reasonable agreement with the experimental ones
considering that there exist numerous nonlinear elements and
stray components in the system. However, it should be noted
that the pulsewidth of I is longer than that in Fig. 4 by 25%.
This means that the value of the saturated relative permeability
in the actual magnetic core is less than two, whereas the
pulsewidth of the current is given by the form of (2), and
the value of the saturated relative permeability in the modeled
magnetic core is two.

Fig. 10 shows the simulated waveforms of V5, V3, I3, and
Iy, respectively. In the figure, the output voltage of the BPFN
V3 can be determined from the difference between the voltage
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Fig. 9. Simulated waveforms of Vg, V1, Io, and I1.
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Fig. 11. Simulated voltage waveforms at point P5, P6, and V3.

at P6 and the voltage at P5 (in this case, stray inductance 3 can
be neglected). Fig. 11 explains the generation of Peak 2 and the
output voltage V5. The output pulse has the pulsewidth of 1 us,
and the combination of the inductors and capacitors in BPFN is
generating higher peak voltage than the charging voltage.
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Fig. 12. Simulated waveforms of V4 and I4.
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Fig. 13. Developed pulsed-power system in a cube box.

Fig. 12 shows the simulated output voltage and the current
of the over all system. It can be seen that Peak 1 in Fig. 6
cannot be observed since the reset circuit for PT2 was modeled
as a bypass with a switch in such a way of Fig. 7. By the
proposed reset circuit, the undesirable Peak 1 was removed,
whereas the charging of the BPFN was still valid. It is thought
that the difference of the waveforms between the measured I
and the simulated I, is attributed to the fact that the exper-
imental load consists of the matching resistor and the water
discharge gap in parallel whereas the simulation load consists
of only the matching resistor. The discharge gap in water can
be dealt with by using the varying resistor and the varying
capacitor in parallel as described in the earlier paper [10].
This fact encourages us to establish an EMTP model for the
discharge gap in water.

V. STREAMERLIKE DISCHARGE IN WATER

The developed pulsed-power system in all solid state is
shown in Fig. 13. 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 as shown in
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Fig. 14. Streamerlike discharge generated by the developed system in water.
Electrode geometry: Needle to plane. Radius of curvature at the needle tip:
30 pm. Electrode gap: 100 mm. Tap-water conductivity: 25 mS/m.

Fig. 14. The streamer discharge is growing radially from the
tip of the positive point electrode. The propagation distance of
the streamer was measured as about 35 mm with the naked
eyes. The streamerlike discharges generated by the developed
system are supposed to be used for water treatments such as
the sterilization of microorganisms and the decomposition of
harmful materials.

VI. CONCLUSION

A pulsed-power generator that can be operated with high
repetition rate, long lifetime, and high reliability for industrial
applications has been developed. The output voltage showed
a peak voltage, rise time, and pulsewidth (FWHM) of about
140 kV, 200 ns, and 1 us, respectively. The feasibility of
EMTP simulation for more efficient design of the pulsed-power
generator with MPC and BPFN was successfully studied with
reasonable agreement with the experimental results. Water dis-
charges were successfully generated with the developed system
for practical industrial applications.
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