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Abstract. Recently, the pulsed power and pulsed electric field systems have had wide
applications in various industries. Therefore, using pulsed power generators that provide
the advantages of compactness, high flexibility, high repetition rate, and cost efficiency,
in addition to responding to the needs of the users, seems inevitable. In this study, a
hybrid solid-state pulsed power generator is introduced that is modular and very flexible.
This converter, which is a combination of Marx generator and capacitor diode voltage
multiplier, is capable of producing high-voltage pulses with varying amplitudes at different
frequencies. The advantages of high reliability, low cost, low weight, and simplicity of
structure offer a wide area of applications of the proposed converter. In this paper, after
introducing the proposed topology, its analytical design is described. Then, it is verified
by the simulation results in MATLAB\SIMULINK and the measurement results derived
from the experimental prototype in low voltages.

(© 2020 Sharif University of Technology. All rights reserved.

1. Introduction

Nowadays, Pulsed Power Systems (PPSs) and Pulsed
Electric Field (PEF) have found wide applications.
These systems are used in medical applications [1,2],
water and air cleaning [3,4], food treatment, synthesis
of metal nanoparticles [5], etc. One of the most
important components of PPS is pulsed power gener-
ator. Various generators are used in PPS. However,
generators that use power semiconductor switches,
having compactness, high pulse repetition rate, high
reliability, high flexibility, and long life, have drawn
considerable attention [6-8].

Various topologies of solid-state converters are
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used in pulsed power applications such as the fly-
back, forward, push-pull, half-bridge, and full-bridge
converters [9-14]. Capacitor Diode Voltage Multiplier
(CDVM), Marx topology, Blumlein generator, and
pulse network forming topology are also other topolo-
gies utilized in solid-state pulsed power generators [15—
18].

Among these topologies, Marx generator is the
most common and reliable topology for pulsed power
applications [19]. Functioning of the conventional Marx
generator is based on charging capacitors in parallel
and discharging them in series into the load. Figure 1
shows the basic topology of Marx generator circuit.
During the charging mode, capacitors are charged in
parallel. Then, the switches 51,55, --,5, are closed
and the capacitors are discharged in series into the
load. The output voltage is obtained by the following
equation:

‘/vload:‘/;:l+vc2+"'+‘/cn~ (]-)

The solid-state Marx modulators are a new class
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Figure 2. Solid-state Marx generator.

of modulators for the generation of high-voltage
pulses [16]. Figure 2 shows an n-stage solid-state
Marx generator.  When switches S¢1,S¢, -, Scn
are closed and Sg1,S42, - ,S4, are opened, the ca-
pacitors C1,C5,---,C, are charged by the power
supply through opening S.1,Sc2, - ,Sc, and closing
Sa1,Sa2, - ,San. These capacitors are discharged in
series into the load.

Marx generators provide the ground for a wide
area of research on the use of semiconductor switches.
Acharya and Shrivastava employed a main Marx unit
and a corrector Marx unit in their presented topology
to reach a relatively flat pulse [16]. Elserougi et al.
suggested charging the capacitors in Marx topology
sequentially by a relatively low voltage supply [19].
Adachi et al. used a simple semi-conductor Marx
generator with four stages and the switches employed
in all the four stages were MOSFETSs [20]. To increase
the blocking voltage capability of each stage in Marx
generators, series connection of the devices can be ap-
plied. Voltage distribution should be controlled either
actively or by passive elements [21]. The topology

suggested by Sakamoto and Akiyama was also based
on a completely solid-state Marx-type circuit using full-
bridge switch-capacitor cells series connection [22].

On the other hand, charging the capacitors to a
relatively high voltage is one of the challenges of PPSs
such as Marx generators. Any pulsed power applica-
tion requires a capacitor charging system, which can
charge capacitors fast to the target voltage. Therefore,
production of such chargers with compact size, high
power density, high efficiency, and safe performance has
become an urgent need [23-25].

CDVMs with high efficiency, low voltage stress on
diodes and capacitors, compactness, small size, simplic-
ity, and low cost are the best option for high-voltage
applications [8,26-28]. The basis of the performance
of these inverters is charging the capacitors by low
input voltage in a specific time interval and discharging
the stored energy to the load in a short time. In two
basic CDVM topologies, the output voltage comes from
either a series of capacitors or only a single capacitor.
Figure 3 shows samples of these topologies.

Many papers have been published on CDVM
topology in non-pulsed power applications [29-32].
There are also a number of papers on the use of CDVM
circuit in pulsed power applications. Redondo used
the CDVM circuit fed by the AC grid, where the
output voltage came from a single capacitor [§]. A
combination of a boost DC-DC converter and CDVM
fed by AC low voltage and low frequency for water
treatment application was also proposed [27]. Zabihi
et al. designed an LC resonant circuit supplied by an
H-bridge inverter [33]. A simple one-stage Cockcroft-
Walton CDVM circuit was also connected in cascade
to the capacitor in the LC circuit in order to escalate
the amplitude of voltage oscillation and to rectify the
oscillating voltage to dc voltage. Mao et al. used the H-
bridge inverter along with CDVM aimed at improving
the rise time and decreasing the response time [34].

In all of the aforementioned CDVM topologies,
increase in voltage is achieved by increasing the number
of stages. In these converters, accordingly, the voltages
of the semiconductor and the capacitor are increased
stage by stage. This is considered as the main drawback
of these topologies as it imposes limitations to increas-
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Figure 3. Two types of capacitor diode voltage multipliers.
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ing the output voltage. Rezanejad et al. proposed
a new topology of CDVM by adding semiconductor
switches to CDVM circuit [15]. In this topology,
which was fed by AC grid, in discharging mode, a
number of capacitors in CDVM circuit were connected
in series. Rezanejad et al. also proposed a new topology
by combining CDVM and resonant circuit [35]. In
this topology, a number of CDVM capacitors were
also connected in series during the discharging mode.
Although higher voltages were obtained in these struc-
tures, there were still restrictions on the number of
stages. These structures were not completely modular
as well.

This paper proposes a novel topology that has
the advantages of Marx and CDVM topologies. The
proposed generator has a modular structure that can
be fed by a low DC or AC input voltage. Input
voltage is multiplied by CDVM modules and output
capacitors are charged to a relatively high voltage.
Then, the output capacitors are connected in series to
discharge into the load. After introducing the structure
of the proposed generator, its performance with two
modules of one-stage multiplier is described. Finally,
the proposed approach will be experimentally validated
in order to confirm its viability.

This study is an extension of the work presented
by Kebriaei et al. [36]. Here, some switches are removed
from the previous topology for making improvements
in it. In this paper, the design process is described and
switching losses are analyzed. Removing a number of
switches will have the following benefits:

1st n-stage voltage multiplier l

o By removing each switch, its losses are also elimi-
nated and efficiency of the generator increases;

e Reducing switches simplifies topology as much as
possible;

e In the modified topology with fewer switches,
smaller solid-state driver circuit will be required and
the control system will be simpler;

e The final cost of the modified generator will be
reduced.

2. Combination of Marx and CDVM

2.1. Proposed topology

Figure 4 shows the schematics of the proposed gener-
ator, which is a combination of Marx generator and
CDVM. As the figure demonstrates, this topology is
completely modular and very flexible. It consists
of an AC-DC converter, a full-bridge converter, m
modules of n-stage voltage multipliers, (2m — 1) power
electronic switches, and a controller. FEach voltage
multiplier consists of relatively-low-voltage diodes and
capacitors. Syu1,S5m2, -, Smm are charging switches
and Sp1,Sp2,+, Sh(m—1) are pulsing switches. When
the charging switches are closed and pulsing switches
are opened, the capacitor can be charged. When
charging switches are opened and pulsing switches are
closed, the output voltage can be obtained from the
following equation:

‘/load = chln + ‘/6271, R chmrr (2)

Ssi

2nd n-stage voltage multiplier

AC/DC )\

Controller

mth n-stage +
voltage multiplier \
| ¢mn

Figure 4. Schematics of the proposed topology.
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The output voltage is determined by the following
factors:

e Number of voltage multipliers (m);
e Stage of voltage multipliers (n);
e Control of the full-bridge converter;

e Output voltage of AC-DC converter.

In the proposed model, which is shown in Figure 4, m
is the number of voltage multipliers or the number of
Marx generator stages and n is the number of stages of
voltage multipliers. The rating of Marx generator (the
voltage of output capacitor of each voltage multiplier)
depends on n and the voltage of input power source,
and it is restricted by rating of output capacitors and
discharging switches. The output frequency can be
controlled by controlling the full-bridge converter and
switching the charging and pulsing switches. It is
obvious that AC-DC and full-bridge converters can
be removed and low-voltage, low-frequency supply
is directly connected to the voltage multipliers. In
this case, however, the output voltage will become
uncontrollable and high-output frequency cannot be
achieved.

2.2. Functional modes

To introduce the principles of the operation of the
circuit, a simple circuit of the proposed topology with
two modules of one-stage voltage multiplier is studied.
In this circuit, the full-bridge converter is connected
to an inductor before applying the voltage multiplier
modules. This creates a resonant circuit with the volt-
age multiplier capacitors and the full-bridge converter
can operate in a Zero-Current Switching (ZCS) mode.
The resonant circuit used in this structure can reduce
the stress on switching element and increase the output
voltage [37]. It has three switching modes, as shown in
Figures 5-7. These modes are described in detail in the
following. V. in these figures is the output voltage of
AC-DC converter. The results for the presented circuit
in these figures can be extended to more modules and
stages:

1. The first switching mode. As shown in Figure 5,
S and S,,2 are on and D5 and Dys conduct cur-
rent. In this mode, the inductor L and capacitors
Ci1, C1a, C51, and Cys make the resonant circuit.
For simplicity, the capacities of the capacitors are
considered to be equal. The resonant frequency can
be obtained by the following equation:

012011 022021
Ceog1 = =C, 3
a Ci1+Ciz Co + Co 3
1 1
Wr1 (4)

" V/ICw VIC

In the above equation, w,; is resonant frequency

1f T »t
D 1
Cus ADy; 12 VU‘_]»CQ
Srm —g
T Sy S
Sai Sai

sz
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Figure 7. Switching status in discharging mode.

(rad/s) in the first switching mode. With the initial
zero conditions;

Vo () = Veu(t) = 5V, (0
1
= §Vdc(1 — cos(writ)). (5)

It is clear that at time t = 7V LC, voltage on all
capacitors will be equal to V. and inductor current
will be zero;

2. The second switching mode.  Status of power
switches and diodes in this mode is shown in
Figure 6. D15 and Doy are turned off and Dy, and
D5y are turned on. The resonant circuit in this
mode includes the inductor L and capacitors C7y
and Cs;. The resonant frequency is calculated as
follows:

Ceg2 = C11 + Cy1 =20, (6)
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where f.o is the resonant frequency in the second
switching mode. In this mode, the voltages of Ci4
and Cao do not change, but after 7/2LC seconds,
the other capacitor voltages reach their maximum
value (3Vy.).

After this switching mode, the first switching
mode should be repeated. With the new initial
values, the following holds for this state:

V012 (t):V022 (t):%Vdc(l—cos(wrlt))+Vdc. (8)

fr2

(7)

After v LC seconds, the voltages of C'12 and Cao
reach 4Vy.. The minimum required time for the
output capacitor voltages to reach their maximum
value (4Vy.) can be calculated as follows:

Tc,min =avVLC+av2LC+ W\/R’
=21VLC+ nV2LC. (9)

As shown in Figure 1, resistors are used in the con-
ventional Marx generator to charge the capacitors
in parallel. The resistance should be high enough
to prevent an objectionable loss of energy during
the erected or discharge mode. The high value of
resistance dictates a long charging period [38]. Tc,
min is the time taken to charge the Marx generator
in the proposed model. It is quite obvious that the
charging time in this model is less than that in the
conventional Marx.

3. The third switching mode (discharging mode). For
pulsing, S,,; and S,,5 are turned off and Sj; turned
on, as shown in Figure 7. The output voltage can
be obtained from the following equation:

Viead = Vo2 + Viooe = 8V, (10)

where Vo and Voo are the output voltages of
multipliers and Vj,.q is the load voltage. For the
n-stage voltage multiplier, the output voltage of
each multiplier after the last switching step reaches
4nVy.. For m modules of n-stage voltage multiplier,
the maximum output voltage can be written as
follows:

‘/load = 4mnvdc~ (11)

2.3. Design considerations

The proposed generator produces exponential pulses in
resistance load. If all the energy stored in the output
capacitors is discharged, the energy of the output pulse
is obtained by the following equation:

C112 022

C .
E ulse = 57~ o~ N Ve +Ver 2:* Voa 27 12
e = g7 (Vour +Vom)” = 4 (Vieas . (12

where E,,. is the energy in Joules. In practice and
for system design, the capacitance of circuit is obtained
by Eq. (12) with regard to the voltage and the amount
of energy required per pulse. The maximum achievable
output frequency by the generator is obtained by the
following equation;

1

fmax = 3
Tc,rnin + Tload + Tdelay

(13)

where Tjoqq is pulse duration and T'ge,,y is the required
delay time both in seconds. 1. min is obtained by
Eq. (13) with the desired pulsed repetition rate and
pulse duration. The value of inductance, L, is obtained
from Eq. (9).

The power losses on the solid-state switches and
diodes are an issue that should also be considered in the
design. Total power loss of each solid-state element
is the sum of turn-on and turn-off losses (switching
losses), conduction losses, and off-state losses. Neglect-
ing the losses in the off state, the total power loss is
given by:

P =P, + P, (14)

where P; is the switching loss and P, is the conduction
loss. During the full-bridge switches, the switching loss
is negligible because turn-on and turn-off commutation
occurs with ZCS. For these switches, the power loss can
be obtained by the following equation:

VLC V2LC
Py =2f / L () Vewradt + / Lot (6)Viar ot
0 0
VvILC
+ / ISL(t)‘/sat,bdt ) (15)
0

where f is the pulsed power generator {requency, I, (t)
is the maximum inductor current in the first mode,
Vsat,p is the saturation voltage of full-bridge switches,
I, (t) is the maximum inductor current in the second
mode, and I37(t) is the maximum inductor current
in the first mode for the second time. Since the two
switches are turned on in each mode, the expression is
multiplied by 2. In a similar way, for the losses on the
CDVM diodes, S,,1 and S,,» can be written as:

\/771 \/2L(i
P =2f / S (Vo adt + / Do (1)Vor
0 0
VTCI
+ / 5]3L(t)Von7ddt , (16)
0
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\/%‘ \/T?
P =2f / S (Vs i+ / T3 (Vi
0 0 (17)

In the above equations, Py and P, are the total
power loss on the CDVM diodes and total power loss
on Sp1 and Sp,2, respectively. V,, 4 is the on-state
voltage of diodes and Viq¢ ., is the saturation voltage
in the on state of S,,; and 5,,2.

During the Marx switching (Sp1), having a resis-
tance load, the power losses are given by:

Py, = Psp + Pep, (18)
Py, = fEs, (19)
t,
Vioad(t
Pch = f/‘/sat,hi()dtv (20)
4 Rload

where E; is the switching energy loss provided by the
manufactory and V5 is the saturation voltage in the
on state of Sy;.

3. Simulation and experimental results

To evaluate the performance of the proposed topology,
the values in Table 1 were used for simulation in MAT-
LAB/SIMULINK. Simulation results for the inductor
current, the capacitor voltage, and the output voltage
are shown in Figure 8. It is clear from the inductor
current that switching is done in zero current. At the
end of any cycle, the voltage of output capacitor of

1511

each voltage multiplier reaches 4V;. and the output
voltage, which is the sum of the voltages of the output
capacitors at the start of pulsing, is equal to 8V,.

By reducing the duration of the first and second
switching modes, different output voltages can be
achieved. However, the maximum output voltage by
this circuit is 8V,.

A setup prototype is developed to practically
investigate the concept of this circuit. The prototype is
composed of a full-bridge converter, an inductor, two
one-stage voltage multipliers, semiconductor switches
as shown in Figure 5, a resistive load, MOSFET
and Insulated Gate Bipolar Transistor (IGBT) drivers,
isolated DC-DC converters for drivers, a DC power sup-
ply, and a microcontroller board. The microcontroller
controls the full-bridge converter so that switching
is done in zero current. Low-rating MOSFETSs are
used as power switches in the full-bridge converter and
conventional IGBTSs such as IXGH40N60 are used in its
structure. The component specifications are addressed
in Table 1. In the prototype, a simple plasma load
model has been used. This model is a resistance in the
range of a few ohms that represents the load resistivity
in the period of the plasma reaction [39].

The experimental test is conducted in the low-
voltage range because of the voltage restrictions on
the input DC power supply and the measurement
instruments. The input voltage is adjusted to 28 V.
The results of inductor current and capacitor voltage
are shown in Figure 9 and the output voltage is
shown in Figure 10. V1o and Vige reach 104 'V oand
the output pulse frequency is 4.17 kHz. As these
measurement results show, the capacitor voltage is

Table 1. Circuit parameters in simulation.

Vdc L(H) Cll(F) Clz(F) Cz]_(F) sz(F) Load
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Figure 8. Simulation results for inductor current and capacitor voltage.
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Figure 10. Output voltage of experimental hybrid solid
state pulsed power generator.

almost four times the input voltage and the summation
of voltages across C5 and Cys appears across the load.
The output voltage is almost eight times the input
voltage. There is a difference of almost 8.5% between
this measured voltage and the expected voltage in ideal
case (8Vy,), which is due to non-ideal characteristics of
elements such as forward voltage of diodes, saturation
voltage of switches, and resistance of elements.

This simplified model can be extended to more
stages and more modules, and the generated voltage
can be increased. When designing a higher-voltage
generator, the Marx switches (Sp1,Sha, Shs, --) in-
crease and it is required that these switches act si-
multaneously. It is possible to use diodes in each
Marx stage that can bypass the switch and capacitor
in that specific stage (Figure 11). In this way, if
a switch cannot be turned on in time, its diode

Figure 11. Output modifications for deal to high
voltages in asynchronous operation of Marx switches.

provides a freewheeling path so that the switch does
not cause significant damage at high voltages. Also, it
is necessary to use isolated or optocoupler driver and
isolated power supply for control and driver circuits
to avoid considerable damage to the circuits at high
voltages.

4. Conclusion

In this paper, a new pulsed power generator based on
the combination of Marx topology and capacitor diode
voltage multiplier topology has been proposed for wide
pulsed power applications. This topology is completely
modular and very flexible. The maximum output
voltage of this combination is dependent on the number
of multipliers, the number of modules, and input
voltage while the output voltage can be changed easily.
Therefore, the maximum output voltage can be easily
increased by adding modules. Conventional solid-state
switches and capacitors can be used in the proposed
topology, while high-voltage and high-frequency pulses
are accessible. Simulations and experimental tests were
carried out and the obtained results verified proper
performance and operation of the proposed generator.
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