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A Solid State Marx Generator with a Novel
Configuration

S. Zabih, Sudent Member, |EEE, Z. Zabihi, Sudent Member, |EEE, F. Zare, Senior Member, |EEE

Abstract— A new pulsed power generator based on Marx
Generator (MG) is proposed in this paper with redued number
of semiconductor components and with a more efficie load
supplying process. The main idea is to charge twora@ups of
capacitors in parallel through an inductor and takeadvantage of
resonant phenomenon in charging each capacitor upttwice as
the input voltage level. In each resonant half a ©je, one of those
capacitor groups are charged, and eventually the ehnged
capacitors will be connected in series and the sunation of the
capacitor voltages are appeared at the output of gsed power
converter. This topology can be considered as a mified MG
which works based on resonant concept. Simulated rdels of this
converter have been investigated in Matlab/SIMULINK platform
and a Lab prototype has been implemented in a labatory. The
simulation and test results verify the operation ofthe proposed
topology in different switching modes.

Index Terms—High voltage stress, Marx Generator, Pulsed
power supply, Resonant converter, Solid state

I. INTRODUCTION

M pulsed power technologies. The structure and
control simplicity beside being more efficient afhelxible in
supplying various
applicable in comparison with other topologies IMagnetic

range of applications make it enor

voltage level, and then connecting them in semesrder to
have the summation of capacitor voltages at thputuif the
power supply. In this way, the aggregation of cépac
voltages which is a high level of voltage will app@cross the
load with a fast rising time. As can be seen in. Higeach
stage of this generator is composed of a capaditdnjgh
voltage switch, and two power diodes.

Recently solid state technology has been utilizedarx
configuration instead of magnetic switches whichreve
traditionally in use. Insulated Gate Bipolar Tratsi (IGBT),
Metal-Oxide—Semiconductor Field-Effect Transistor
(MOSFET), Silicon-Controlled Rectifier (SCR), andat@é
Turn-off Thyristors (GTO) are the semiconductor pow
switches utilized in recent pulsed power investarat. A
high-voltage bipolar rectangular pulse generatargua solid-
state boosting front-end and an IGBT based H-briolggut
stage is presented in [6] and the generated patgesitended
to be used in algal cell membrane rupture for xitation. In
another study, an all-solid-state pulsed-power gdoe
consists of a Marx modulator based on discrete ISBAd a

arx modulator is a popular power supply amongst af,,gnetic pulse-sharpening circuit, which is emptby®

mpress the rising edge of the Marx output pudsgroposed
in [7] in order to reduce the influence of relativelow turn-
on speed of the IGBT on the pulse rise time of Kferx
modulator. An MG topology based on commutation witrés

Pulse Compressors (MPC)[1], Pulse Forming Networkis, proposed in [8, 9] that utilizes IGBTs and SCR

(PFN)[2], and Multistage Blumlein Lines (MBL)[3]. d#vever
a new topology has been recently proposed in [4¢than the
positive buck-boost converter concept and extendg8] to

have more skills in supplying loads with differetegmand in
pulse shapes. This converter is an efficient aexilfle pulsed
power supply having merit to supply wide rangeazfds with
high repetitive pulses.

A general configuration of the conventional Marpagy
is shown in Fig. 1. The initial concept of this tbpgy is
charging a number of capacitors in parallel uphe input
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simultaneously. On the other hand, an experimeavitalwith
MOSFET switches was used in [10] to generate pubsgput
voltages of up to —1.8 kV in order to produce Pdls&®wer
Microplasma discharge in,Ngas and BINO gas mixture for
atmospheric pollution control purposes. In anotigglication
this MG is used for the surface treatment by mikeema of
PEN (polyethylene naphthalate) film using Ar gasd an
mixtures of Ar with N and Q [11]. Improving Indoor Air
Quality (IAQ) through decomposition of formaldehyde
(HCHO) by a microplasma reactor is another subject
investigated in [12] at a discharge voltage of KVM3using a

| Controller I:

Fig. 1: Conventional MG.
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Fig. 2. The block diagram of proposed convertéhwinew Marx configuration,

high voltage amplifier and an MG with MOSFET swigéshas
pulsed power supplies. The semiconductor technoi®@so
exploited in low power applications of MG such aslar
transmitter and receiver. High power variable nacoad
differential pulses generators for ground penetgatiadar
(GPR) systems based on avalanche transistor and B&ark
are investigated theoretically and experimentaly [iL3].
Using avalanche transistor as the switch of Marsuii, a new
type of all-solid-state low-power pulse generatordsearched
in [14] that can generate short unipolar pulses.

By utilizing power semiconductor switches, espégiaigh-

shown in Fig. 2 comprises an ac-dc converter irfithret side,
a voltage regulator, a dc-ac converter and an Mgdlogy
with a new configuration. The full bridge rectifiegctifies the
grid voltage and supplies the modulator with a ditage. A
large capacitor at the output of the rectifier lages input
voltage fluctuations and provides the rest of tigotogy with
a smooth and continuous voltage level. Subsequémtthe
next stage, this dc voltage is inverted to an @éteve voltage
waveform through a single leg inverter. The reabehind
using a half bridge inverter is utilizing fewer iaet power
switches however a full bridge inverter could sypile MG

voltage IGBTs, as main switches, Marx modulatory¥eha with more flexibility enabling the symmetrical adjment of
demonstrated many advantages such as variable lguigh generated voltage level [16, 17]. This alternatieétage that
and pulse-repetition frequency, snubberless omeratand has three levels of +V, —Vy. and zero, is applied to an
inherent redundancy [7]This has substantially improved inductor in the entrance of Marx topology. The d¢guafation
Marx performance in terms of efficiency and flektyi presented in this paper as Marx topology uses a new
however there are still other technical issues Wwisicould be arrangement of capacitors, power diodes and staié power
considered in order to have a more efficient poagpply. switches. This topology consists of bidirectionalodz-
Although configuration and control simplicity hasem known capacitor units which are connected together thrdug solid
as an advantage for this topology, extra lossesethhy using state switches with opposite directions. In thisfiguration
many active and passive components in charging aedch two stages of MG is composed of two capagcitars
discharging passes can be counted as a disadvdotatiés diodes and two power switches.
method. Additionally, admstmg the qutput voltglgagl with B. Switching States
respect to loads demand is feasible in conventisoldd state o o o )

A simplified four-stage MG shown in Fig. 3 is siratéd in

MG by changing either input voltage level or theitshes k s ; ) !
duty cycle. In this case, an adjustable dc powemplsuis this paper to investigate its operation features$tancarry out
further analyzes on its performance. The approachesbe

required at the input to vary the input voltageeleut also - ] >
should be considered that triggering switches wtiiksy are extended and be considered for a multi-stage M@sidering
supplied voltage levels through the inverter to tHdarx

conducting current increases the switching losses. ’ \ el
A new pulsed power generator based on MG is prapase conflggratlon, +\e, —Vdc. and zero levels, three principal
this paper that improves Marx topology in termsusing OPeration modes are deflneq for.th|s tqpology. _
fewer components and having less conduction anttising 1) Positive charging mode: (Si:on, S;:off, Sion, S;:off)
In this switching state given in Fig. 4(a), theener’s high

losses. In this proposal, a dc-ac converter is teeipply a . X h - : k
r'5|de switch, § is on while the low side switch,,3s off. The

new configuration of switches, diodes and capagito - '
operating in resonant modes. Resonant phenomenon PRSItive voltage, +\, appears at the output of the inverter,

considered in power electronics in order to mininizVin(t), (across the inductor and the Marx circuit) dioe
switching losses. The concept of the resonant atevéias conduction of § Dy, Ds and Iy (S's anti-parallel body
been developed in such a way that switching tratsieappen
when the current being conducted passes througtzehe
level, in order to keep the switching losses in fimver
switches to a minimum [15].

Il. TOPOLOGY

A. General Configuration
A block diagram of the proposed pulsed power supply 3. The four-stage simulated model of propdde
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diode) are forward biased in this mode and consgtuthe
capacitors ¢and G are in the current circuit. Therefore the
inductor and the capacitors are charged througksanant
phenomenon. The stored energy in the inductor théh be
delivered to the capacitors however there will het an
opposite energy transmission due to the presenttedafiodes
in the resonant circuits. As a result of this laafycle resonant
between the inductive and the capacitive componehthe
circuit, the capacitors are charged up to two tiriesinput
voltage while the inductor is completely dischargdde
components behavior during the resonant is expdebseugh

Dy

G

_+| !

Equations (1)-(3). + - s}T[ + -
C, ==GC, Cy== C,4
Ces =G, +C, (1) l i ' l
= t ) © Vou s
Ve(t) =V @~ COT) (c)
Vv eq+ Fig. 4: The switching states of proposed MG (&8ifR@ charging mode (b)

Negative charging mode (c) Load supplying mode,

1(t) = E?J%Jﬂn ©)

t
JLK@+)

2) Negative charging mode: (S;:0ff, Sy:on, Sy:on, Sy off) The ;irnulation results are provided in this _sgcttpwerify

In this switching state, the high and the low sideerter the validity of proposed topology. The specificagoof the
switches, $and $ are turned off and on respectively in ordegimulated model are presented in Table I. With eesfo the
to supply the MG with negative voltage level g VS, is also current variation in the resonant circuit, Equat{8 it can be
switched on simultaneously to complete the ciréngapath. S€en that the amplitude of the inductor curreniesebn the
The other two diodes, Dand D, conduct in this time interval size of the inductor and the equivalent capacioproportion
and let the rest of capacitors, @nd G, be charged up to Of the inductor and the capacitor sizes is seledtedhe
twice the input voltage, however with reverse vgét@olarity. simulations to keep the stored current in an aat¥gtrange.
The associated circuit is indicated in Fig. 4(b).

I1l.  SIMULATION RESULTS ANDANALYSES

TABLE |
A SPECIFICATIONS OF THEMODELLED CIRCUIT
3) Load supplying mode: (S;:off, S;:off, Ss:off, S;:on) v, 3 Cs n -

In this stage, the inverter switches, &d $, and also $
are tuned off. $is switched on in the load supplying mode in 200 v 100pH 1uF 10 kHz 11.2 kHz
order to connect the capacitors in series and kst t
aggregation of voltages across all the capacitopears at the
output of the topology. All diodes are bypassedhis mode,
so the energy will be delivered to the load jusbtigh S.
This high voltage pulse which is eight times thpuinvoltage
level, Vy, is applied to a load connected to the pulsed pow!
supply. Consequently there will be a break downmphgenon ; i
at the load side due to excitation of the loadHig high level T0M less power loss while supplying the load. Gate
of voltage and as a result high amount of instaeas power SWitching signals, the voltage and the current i@ves of
will be delivered to the load. Fig. 4(c) illustraténe relevant thiS Marx topology are shown in Fig. S.
circuit to this state.

A. Control strategy

The control simplicity of Marx concept has beeratiekely
maintained in this configuration. Just an extrateiing state
has been accommodated that causes the converfaofio
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B. Sngle Shut and Repetitively Operated Results { | | | |

The simulations are conducted with this model iro tw
situations. A single shut generator is simulatetiaity that
has been extended then to investigate the capabilithe
modulator in generating high repetitive pulses. Himined
simulation results for the single shut and the tigpely
operated generator are presented in Fig. 6(a) afid 6
respectively. The input voltage and the inductorrremnt
waveforms are demonstrated in two initial frameevah in
Fig. 6(a) and 6(b), respectively. The capacitord e output
voltages are depicted in the last frames of Fig) @hd 6(b).
As is apparent in Fig. 6(a),;@nd G are charged during first
half a cycle of the input voltage,i\\t), while G and G are
charged in the next half cycle; both due to theomest
between the capacitors and the inductor. Ultimatatgording
to the load supplying mode of the converter, thgregation
of capacitor voltages which is also depicted irhdast frames
of Fig. 6(a) and 6(b) appears at the modulator wutphe
breakdown phenomenon caused by the excitationeohiph
dv/dt across the load discharges the capacitonget at the .
last sequence. The extended simulations for a itiwedt x 10
operated generator revealed that the modulatorl@nad Fig. 6: Simulation results of proposed topologg) (Single shut, (b)
supply the applications that demand high frequetdgs. Repetitively operation
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o
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C. The voltage stresses across the diodes and the current

through the power switches

The voltage across and the current through all palicales
and switches are given in Fig. 7(a) and 7(b) retbpelg. The
maximum voltage across the switches and the dicdésur
times the input voltage in this case and the norcuatents

frequency cannot be more than the resonant frequamniess
the inverter switches have anti-parallel diodestamswvn in Fig.
8. In this case the inductor charge and consequeh#
capacitor charges will be different in two half B& unless
the inverter switches duty cycles vary. It indicatbat the
capacitor’'s symmetrical charging and accordinglye th

through the switches and the diodes are 28A and 14Wjustment of the generated voltage level are ivelgt

respectively. There is also a current spark upbtéA through

impossible in this way. The simulation results,agivin Fig.

the middle switch, § during the load supplying mode which12(a) clarify that the capacitor residual chargierahe load

is the delivery current to the load.

D. The Generated Voltage Adjustability

As can be inferred from the circuit analyzes, Eiuret (1)-
(3), and the simulation results, the inverter's tehing

supplying mode will be different in this case whishdue to
the asymmetrical initial charges and may causeunetion in
normal performance of the power supply. To gives thi
feasibility to the modulator, two hardware solusomre
available. The first is using a full H-bridge interinstead of

frequency should necessarily be less than the ae$onthe half bridge one and controlling it via unipotaodulation

frequency to have maximum potential voltage geiaraat
the output of the converter, however the inverterstching
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A A A
» t
ipy A /\14A
» t
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-14A

N\
\V4
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Fig. 7: The components voltages and the current®ipdes, (b) Switches,

method [16, 17]. The second is providing a reserath for
the current that can be accomplished by installiag
bidirectional solid state switching connection show Fig. 9
in the junction of the inverter and the inductorgagen in Fig.
10. In this way a reserve path will be creatediercurrent to
be flowed through it once both the inverter switclhbecome
off during a resonant half a cycle. That is how thepolar
method can be adopted for a single leg inverteorarer to
supply the inverter's load with zero voltage levéts the
middle of positive and negative voltage level ingds. In this
way the stored current in the inductor has sufficieme to be
delivered to the capacitors and the inductor wél foee of
charge for the next resonant half cycle. Theseodsvare just
triggered for voltage adjustability purposes. Thmuation
results given in Fig. 12(b) confirm that how preatiis this
solution in the symmetrical charging of the capasit The
two extra switching states according to this cdnrethod are

demonstrated in Fig.11.
Cyo ko oy
Dl D2 D3 D4
+ - S, + -
TCI =, Cy=
-

Fig. 8: Using switches with anti-parallel body dés in the inverter,

Ss Dss

Dss Se

Fig. 9: The bidirectional solid state switchindgtpa
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Fig. 10: The proper installation point of the mesepath
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Fig. 11: The extra switching states associatedh wie unipolar control
method of the half bridge inverter
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Fig. 12: Simulation results for the convertershwft). anti-parallel body
diodes (b). the reserve path.

IV. EXPERIMENTAL RESULTS

A four-stage laboratory prototype set up is implated to
investigate the concept of this circuit practicaiymd to
compare the simulation and the hardware resultsIERON
IGBTs such as SK25 GB 065 and SK50 Gar 065 are ased
power switches in the power board. SK25 GB 065aekage
of two IGBTs in series, is utilized as, @nd $ while two
SK50 Gar 065s act asz;&nd Q. TIF28335 DSP is the
microcontroller used to run this set up. Skyper p8@-
(SEMIKRON) gate drives generate the switching plse
trigger the IGBTs and provide the necessary ismtatietween
switching signal ground and the power ground. A egeh
overview of the prototype including the power bgatde
control modules and the gate drives is shown in E& The
components specifications are addressed in Table I

TABLE Il
SPECIFICATIONS OF THEMPLEMENTED CIRCUIT
Vin L C1,2,3,4 finv 1:r
30V 445pH 10 nF NA 53.3 kHz
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Fig. 13: The hardware set up

Experimental tests are conducted in low voltageyeatiue
to the voltage restrictions of the input dc powepgy. The
input voltage is adjusted to 30 V and the resoffi@guency
determined through the capacitor and the inductasss 53.3
kHz. The resonant time spam shown by the induatmeat in
Fig. 14(a) and the current amplitude, 200mA, verihe
energy exchange process between the inductive bad
capacitive components of the circuit according toe t
anticipations. As can be seen in Fig. 14(a), thgaciors are
charged up to 50V each, and the summation of vestaghich
is 200 V appears at the output at the last stagieeobperation.
The summation of voltages acrossddd G (n=4 in this case)
is appeared across the load during initial two nsodde rest
of voltages (\é.+...+Vcn.1) are added to this level by triggering
on S (and its multiple switches) at the third mode. Th
voltages across ;Sand Q are shown in Fig. 14(b). This
simplified model can be extended to have more stage the
generated voltage level can be increased by supplihe
Marx topology through the rectified grid voltage.

V. STRUCTURE ANDPERFORMANCECOMPARISON

In comparison with the conventional solid state Mar
topology, the generated voltage in each stageicetthe input
voltage due to the resonant between the passiveauents
(an inductor and capacitors); therefore the nunadfereeded
stages to generate similar voltage levels is retlucehalf of
the conventional Marx stages. Furthermore, evemntimber
of diodes for each stage is decreased to one diompared to
two diodes in the conventional configuration. Thast only
the initial cost will be dropped but also there Iwlile a
noticeable power loss reduction in the capacitdrarging
process. Although the number of solid state swialeenained
the same as the conventional MG (one switch in estahe)
the type of power switches can be varied. In cotivaal MG,
all switching devices should necessarily be fastchas like
IGBTSs, whereas slow switches such as GTOs or S@Rde
utilized such as S(and its multiple switches) in this topology.
Therefore a fast and a slow switch can be emplayeshch
two stages.

Upps T2.0U 5 i 571
CHI1= 268mA CHZ= 48.8U MILE
@)
5. B00Ls TR o R J f 0
= : = .

t

a3
»

UrrF= 86.4U
e EERER  ZRBEmA

CH2= 48.80

(b)
Fig. 14: Experimental results for (a) The capasitind the output voltages
and the inductor current (b) The voltages acrgsn8 3.

On the other hand, the number of solid state sw#cim
discharging path becomes one switch associated twith
stages. This has been two switches for two stagderiner
technology. It means that the load supplying precssl be
done with less power losses and accordingly higffeziency.
Another advantage of this topology is utilizing aeant
phenomenon as the operation method and triggermy t
switches at the instant at which the flowing cutrthrough
them is zero. That leads to keep the switchingelwss a
minimum possible level. A single-leg inverter ig thnly extra
device utilized in this method comparing to the vjimas
version. It is quite reasonable by considering bt that it
brought some advantages to this topology. In tbisverter,
the pulse generation frequency is restricted by résmnant
frequency. The smaller L and.are, the higher repetition rate
can be achieved.

VI. CONCLUSION

A new pulsed power converter is proposed in thipepa
which introduces a novel configuration as Marx Gatw.
The whole concept relies on charging two seriesapiacitors
in parallel over half a cycle resonant and thenneating the
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capacitors in series through solid state switcAdsalf bridge
inverter placed in the front side of MG supplieswith

alternative voltage levels. Utilizing less numberf o

[14] Y. Xuelin, Z. Hongde. B. Yang, D. Zhenijie, H. Qingg, Z. Bo, H.
Long, “4kV/30kHz short pulse generator based oretiomain power
combining”, 2010 IEEE International Conference olrdJwWideband
(ICUWB), Vol. 2, pp. 1-4, 20-23 Sept. 2010.

semiconductor components, substituting fast soltdtes [15] M. K. Kazimierczuk, A. Abdulkarim, “Current-sourqgarallel-resonant
switches with slow switches and consequently haJvags
driving modules in addition to less switching arahduction

losses during capacitors charging and load sum)lyirgle]

DC/DC converter”, IEEE Trans. Ind. Electron., VdR, pp. 199-208,
1995.

S. Zabihi, F. Zare, G. Ledwich, A. Ghosh, “A biditenal two-leg
resonant converter for high voltage pulsed powedlieations”, 2009

processes are the remarkable benefits of this new IET European Pulsed Power Conference, pp. 1-4523¢ebt. 2009.
configuration. Simulations and tests have beenopméd and
the obtained results verify the proper performareed
operation of the proposed converter in accomplgliasired
duties.
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