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Repetitive high-voltage pulse generation using a solid-state opening switch
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Abstract - Heavy-duty opening switches are the most
critical components in high-voltage pulsed power
systems with inductive energy storage. For industrial
applications such as pulsed corona processing, long
lifetime, high repetition rate, high reliability and high
efficiency are required. At the loffe Institute, an
unconventional high-voltage switching mechanism
has been found, based on the fast recovery process in a
diode. This paper discusses the application of such a
‘drift-step-recovery-diode’ for high-voltage pulse
generation.

The principle of the diode-based nanosecond high-
voltage generator will be discussed. The generator will
be coupled to a load via a transmission-line-trans-
former. The advantages of this concept, such as easy
voltage transformation, load matching and switch
protection, will be discussed. The developed circuit is
tested at various corona reactors. Methods to optimize
the energy transfer to a load have been evaluated.
With respect to possible applications of the system,
results will be presented on tar removal from biogas.

1. Introduction

High-voltage pulsed power and pulsed corona
plasma techniques are leading to a new area of
technologies for chemical and physical processing.
Processes vary from chemical synthesis to
decomposition and from electromagnetic pulses to
acoustic shock waves. Many potential applications are
extensively investigated, for example: flue gas
cleaning, odor control, inactivation of micro-
organisms, wastewater cleaning, tar removal from
biogas, methane reforming, hydrogen production from
fossil fuel, material surface treatment, and nano-
particle generation. Important issues for industrial
applications are: (i) power capacity, energy efficiency
and reliability of pulsed power generators, (ii)
optimized interactions between the generator and the
process, and (iii) on-site tests and demonstrations.

The research in this field at Eindhoven University
covers fundamental processes of corona discharges
[1], pulsed power technology [2], corona and torch
plasma for gas [3] and water treatment [4], electrical
diagnostics [5] and EMC techniques [6]. A few of the
advantages of pulsed corona are: (i) combined plasma
processing, aerosol formation, and particulate/aerosol
removal, (ii) good operation at high gas temperatures,

(iii) runs under wet and polluted conditions, and (iv)
very suitable for large volume gas cleaning.

The energy efficiency and costs of pulsed corona
plasma processing depend mainly on the high-voltage
pulse generator. Prototypes of efficient nanosecond
pulse generators are available and have been
demonstrated in laboratory and in field trials. The best
and most cost effective pulse generator now available
employs a heavy-duty spark-gap switch combined
with a transmission-line-transformer [2], see Table I.
Lifetime and reliability are adequate for industrial
demonstrations. Gas flows up to 100.000 Nm’/hr are
possible. We expect to reach the milestone of 100 kW
output power within the next year (Table I).

The introduction by the loffe Institute [7] of an
unconventional switching mechanism, based on the
very fast recovery of a drift-step recovery diode
(DSRD), allows new methods for pulsed power
generation. This paper describes a pulsed power
circuit based on DSRD-switching. The circuit has
been tested at resistive loads and several corona
reactors. Methods to optimize energy transfer to a
reactor have been evaluated. The system has been
used for tar removal from biogas.

Table I Actual specifications of our pulsed power generators
and our targets for the coming years.

Actual Target for
coming years

Average power 10 kW, | 100 kW,
Peak output voltage 100 kV 100 kV
Peak output current 1000 A 20 kA
Output impedance 50 ohm 5 ohm
Peak output power 80 MW 2 GW
Energy per pulse 12] 100J
Pulse repetition rate 1000 pps 1000 pps
Voltage rise-time 10 ns 10 ns
Pulse width 150 ns 50 ns
Energy conversion 80 % >90 %
efficiency (mains to load)
Switch lifetime 10° shots | >4.10" shots

2. Principle of the DSRD based high-
voltage pulsed power generator
Work started in 1983 in the loffe Institute in St.

Petersburg led to the development of pulsed power
generators combining inductive energy storage and a



special semiconductor opening switch, the so called
drift step recovery diode, DSRD. The diode utilizes
the super fast voltage recovery in high-voltage silicon
p-n junctions during forward to reverse conduction of
high currents. Blocking occurs when the charge
injected during forward conduction equals the charge
extracted during reverse operation [7]. The DSRD is
claimed to have unlimited life time, and can operate at
high pulse repetition rates, up to kHz. The diodes can
be stacked to obtain high hold-off voltages (100 kV).
The basic principle is shown in Fig. 1.

I A

curent
8§
V us
0

r
S |
| =08
R ()] 100+ | \[/Z':lcge ™ (o)
200F
Uy = mx1 KV

Figure 1: Principle of the diode based pulsed power generator

Intially, both capacitors are charged, C; to a
positive voltage, C, to a negative voltage. When
switch S; is closed, a foreward current Ir starts to flow
in loop C;-L;-diode, pumping an electron-hole plasma
into the diode junction. At the moment of current zero
the second switch S, will be closed. Now the plasma
in the p and n regions of the semiconductor is pulled-
off from the diodes by a reverse current pulse Iy in the
circuit diode-L,-C,. Due to fast recovery of the pn-
junction blocking capability, this current commutates
from the diode to the load R,, forming a high-voltage
output pulse Ug. The rise-time of this voltage depends
on the recovery time of the diodes. The energy of the
output pulse is determined by the energy stored in L,.
A detailed circuit description is given in [8].
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Figure 2: A corona system, energized by the diode-based pulse
generator, and connected via a TLT. Also, a DC-bias can be used.

A generator of this type can easily be connected
to a matched TLT [2], as is shown in Fig. 2. At the
generator-side, both transmission-lines are connected
in parallel, thus providing a low impedance for the
generator (25 ohm). At the reactor-side, the lines are
connected in series. This output impedance of 100
ohm, provides a better matching with the reactor. In
addition, the output voltage will be doubled. The main
functions of the TLT in this work are: (i) increase the
output voltage, (ii) achieve a higher output impedance

for better matching with the reactor, (iii) protection of
the switch, and (iv) easy coupling with a DC-bias.

The pulse voltage can be superimposed on a DC-
bias voltage. Advantages are: (i) simultaneous corona
plasma processing and electrostatic precipitation, (ii)
increased average corona power, while both the
energy in the coupling capacitor Cy. and the energy
delivered by the pulse generator are transfered to the
reactor, and (iii) better matching between pulse
generator and reactor (see next Sections).

3. Tests with a resistive load

The pulse voltage, current, power and energy-per-
pulse as measured at the output of the TLT for a
matched resistive load of 100 ohm are given in Fig. 3.
The pulse voltage is about 60 kV with a risetime of 9
ns and a pulse-width of 22 ns. The peak power is
about 50 MW and the energy-per-pulse is 0.95 J,
giving an average output power of 950 W at 1000 pps.
For a higher load resistance, the output voltage
increases to over 100 kV at 500 ohm (Fig. 4).
However, the energy per pulse drops with increasing
load resistance due to impedance mismatch.
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Figure 3: Pulse voltage, current, power and energy, measured at the
TLT-output for a resistive load of 100 ohm.
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Figure 4: Pulse voltage and pulse energy for various resisitve loads.
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4. Tests on a corona reactor

The system has been tested on a wire-plate corona
reactor. Waveforms can be seen in Fig. 5. Due to
improper impedance matching between the generator
and the corona reactor, part of the energy reflects back
towards the generator (Fig. 5b). Also oscillations
occur on the waveshapes.
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Figure 5: (a) Voltage and current waveform. (b) Power and
energy-per-pulse at 0 and 25 kV DC-bias. The reactor is a wire-
plate type with 116 mm plate-plate distance, 12 m wire length and
Imm wire diameter

Proper matching is necessary for a good energy
transfer efficiency. A requirement for matching is a
proper choice of the peak-voltage. At higher peak
voltages, the generated streamer current (or the total
number of streamers) can be increased to such level
that the reactor impedance tends to be equal to the
output impedance of the pulse source [2]. For this
work, the output voltage of the pulse generator could
not be varied. However, the total peak-voltage can be
set by a DC-bias voltage. This significantly improves
the matching (Fig. 5b). Both the reflected power (the
negative part of the power curve) and the reflected
energy (the drop in the energy curve) are nearly zero
at a 25 kV DC-bias.
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Figure 6: Corona and reflected energy versus the DC-bias voltage.
The reactor is a wire-plate type with 116 mm plate-plate distance,
12 m wire length and 1mm wire diameter.

The effect of the DC-bias voltage is also shown in
Fig. 6. The amount of energy that reflects back to the
generator is less at higher DC-bias voltages. At 25 kV
less than 15 % reflects back, while at 0 kV about 65 %
reflects back. When less energy reflects back, the
corona energy in the reactor increases; from 0.2 J
without DC-bias to 0.6 J at 25 kV DC-bias.

5. Energizing a pulsed corona tar cracker

To supply combustion engines or gasturbines with
fuel gas obtained from biomass gasification, it is
necessary to remove heavy hydrocarbons (tars) from
the biogas. We are investigating pulsed corona as an
alternative method for catalytic and thermal tar
removal [9]. We coupled the DSRD-based pulse
generator to the wire-cylinder reactor of our tar
removal system. No DC-bias voltage could be used, so
other ways to optimize matching must be found.

Streamer properties depend mainly on E/n values
inside the reactor. It is clear that increasing the total
peak-voltage results in higher E/n values and thus in
more and/or more intense streamers. The same might
be expected at lower n values, thus at increased
temperature or reduced pressure. At higher
temperatures, indeed less energy reflects back to the
generator and the corona energy becomes higher (Fig.
7a). However for proper matching much higher
temperatures seem to be neccessary. Reducing the
pressure has the same effect; at low pressure less
energy reflects back and the corona energy is higher
(Fig. 7b). The reflected energy can be reduced to
about 10 % at 400 mbar.
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Figure 7: Corona and reflected energy versus (a) the reactor
temperature, and (b) the pressure inside the reactor. The reactor is a
wire-cylinder type with 250 mm diameter and 3 m length.
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Results for the removal of the tar components
naphthalene and phenol in biogas are shown in Fig. 8.
The results obtained with the diode-based pulsed
power supply (closed markers) are compared with
previous results with the spark-gap based generator as
described in Table I (open markers). There are no
significant differences between the results of both
generators; both generators perform well and allow
efficient corona processing of tars in biogas.

100

Q‘ + phenol TUle

g0 Fa » phenol loffe
9 -hA“ = naphthalene TU/e
= " o loffe
S L
T 60 4 at
s PN
£ 2
2 FLEEA
S 40+ wo
] s
£ faoe b
] ) s
© 20 .

20 1 . . % s

'- o * b
. o o agh
0 e A, e

0 400 800 1200
Corona energy density (J/L)

Figure 8: Tar removal from biogas by means of the diode-based
pulse generator (closed markers) and a spark-gap based pulse
generator (open markers). The gas temperature was 220 degr.C at
atmospheric pressure. The reactor is a wire-cylinder type with 250
mm diameter and 3 m length.

In order to evaluate the reliability of the pulse
generator, long duration tests were carried out. The
total duration of various runs was about 4 hours.
During these tests, various breakdowns occurred in the
corona reactor. In addition, various runs were carried
out with improper matching, resulting in large
amounts of energy reflected back to the generator. No
problems with the generator were observed. Operation
was stable and temperatures of the various
components of the generator remained within
acceptable values.

6. Conclusions

This paper describes a high-voltage pulsed power
generator, based on inductive energy storage
combined with a diode-based opening switch:

e In a matched resistive load, the specifications of
the generator are: pulse voltage 60 kV, pulse power 50
MW, energy-per-pulse 0.95 J, pulse rise time 9 ns and
pulse width 22 ns. At higher resistances, the voltage
can increase upto 100 kV, but the pulse energy drops
due to impedance mismatch.

e Using a DC-bias significantly improves the
matching between generator and corona reactor. At
good matching, the corona energy increases and less
energy reflects back to the generator.

e Matching can also be slightly improved by
increasing the temperature in the reactor. More
effective is to reduce the reactor pressure.

e The generator allows efficient tar removal in
biogas by means of corona processing.

e No problems with the generator were observed
during duration tests. Operation was stable and
temperatures of various components of the generator
remained  within  acceptable values. Various
breakdowns in the reactor occurred, which did not
hamper the generator.

7. References

[1] P.P.M. Blom, “High-Power Pulsed Corona”, Ph.D. Thesis,
Eindhoven University of Technology, ISBN 90-386-0250-2,
1997.

[2] K. Yan, “Corona Plasma Generation”, Ph.D.-Thesis,
Eindhoven University of Technology, 2001, ISBN 90-386-
1870-0.

[3] H.W.M. Smulders, E.JJM. van Heesch, S.V.B. van Paasen,
“Pulsed power corona discharges for air pollution control”,
IEEE Transactions on Plasma Science, 26, 1476-1484, 1998.

[4] E.JM. van Heesch, AJM. Pemen, P.A.H.J. Huijbrechts,
P.C.T. van der Laan, K.J. Ptasinski, G.J. Zanstra, P. de Jong,
“A Fast Pulsed Power Source Applied to Treatment of
Conducting Liquids and Air”, IEEE Transactions on Plasma
Science, Vol. 28, No. 1, 137-143, 2000.

[5] EM. van Veldhuizen, “Electrical Discharges for Environ-
mental Purposes: Fundamentals & Applications”, Nova
Science Publishers, N.Y., USA, 2000.

[6] P.C.T. van der Laan, A.P.J. van Deursen, “Reliable protection
of electronics against lightning: some practical applications”,
IEEE Transactions on Electromagnetic Compatibility, Vol. 40,
513-520, 1998.

[7]1 LV. Grekhov, G.A. Mesyats, “Physical basis for high-power
semiconductor nanosecond opening switches”, IEEE
Transactions on Plasma Science, Vol.28, No.5, October 2000,
1540-1544.

[8] A.JM. Pemen, L.V. Grekhov, E.JM. van Heesch, K. Yan,
S.A. Nair, S.V. Korotkov, “Pulsed corona generation using a
high-power semiconductor diode switch”, IEEE Int. Power
Modulator Conf., Hollywood, CA, USA, June 2002.

[91 S.A. Nair, A.JM. Pemen, K. Yan, E.J.M. van Heesch, K.J.
Ptasinski, A.A.H. Drinkenburg, “Chemical processes in tar
removal from biomass derived fuel gas by pulsed corona
discharges”, accepted for Plasma Chemistry and Plasma
Processing, Dec.2002.

Ackowledgements - The authors greatly ackowledge
the support of the Dutch Technology foundation STW
and the Dutch foundation for sustainable energy SDE.

Author address - A.J.M. (Guus) Pemen

Eindhoven University of Technology,

department of Electrical Engineering,

P.0.Box 513, 5600 MB Eindhoven, The Netherlands,
phone: +31(0)402474492, fax: +31(0)402450735
e-mail: a.j.m.pemen@tue.nl

Pemen, A.J.M., Grekhov, I.V., van Heesch, E.J.M., Yan, K. & Nair, S.A.



