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Abstract: The solid-state Marx pulse generator is widely used in various fields such as biomedical
electroporation, food processing, and plasma material modification. In this paper, an inductor is
chosen as an isolation device and by adding a switch to the circuit, a solid-state boost-Marx pulse
generator (BMPG) is formed. On the one hand, the inductor forms a boost circuit to multiply the
output voltage gain, and on the other hand, it solves the shortcomings of conventional Marx pulse
generators where the charging speed and total efficiency during high-frequency pulse generation
are drastically affected by the isolation resistor. The selection criteria for inductors is well derived.
Based on the PSpice simulation verification, a 12-module prototype of BMPG is built. The test results
show that the circuit can achieve 10 kV high-voltage pulse output with a pulse width of 200-1000 ns
and an adjustable repetition frequency of 0-10 kHz. While the input DC voltage requirement is
only 235 V, the pulse voltage boost multiple is up to 42.5 times. Additionally, with the different
switching sequences, the proposed BMPG can realize the adjustable change of pulse rising time and
falling time.

Keywords: SiC MOSFET; solid-state Marx pulse generator; inductive isolation; boost circuit

1. Introduction

High-voltage nanosecond pulse generators are widely used in biomedical electropora-
tion, high-energy electron accelerators, and plasma material modification applications [1-5].
Different amplitudes, pulse widths, and rise times of HV pulses have different effects in var-
ious applications. Compared to DC and AC power supply, power nanosecond pulses along
the surface dielectric barrier discharge have high discharge efficiency, low gas temperature,
uniform discharge, and other advantages [6].

In recent years, many scholars have researched plasma generation by nanosecond
pulse [7-9]. The amplitude, width, frequency, and edge time of the high-voltage pulse
power used need to be flexibly adjustable. Compared with magnetic pulse compression
circuit [10,11], Blumlein [12,13], Linear Transformer Driver [14], and other pulse generation
methods, the Marx circuit has a simple structure and flexible parameter adjustment [15-18].
Therefore, it is of great significance to design a portable high-frequency nanosecond Marx
pulse generator with flexible and adjustable parameters for plasma jet research.

In [15,16], a traditional solid-state Marx pulse generation topology is proposed, which
adopts a modular design to charge and discharge the energy storage capacitor. Each
module consists of a switch, a capacitor, and two diodes.

To reduce the number of components and the need for DC charging voltage, a large
number of papers have proposed new circuit structures. In [19], using the LC resonators is
proposed to change the capacitor voltage’s polarity so that the same polarity in the series
capacitor discharge and a high voltage pulse to obtain. Or adopt the diode commutation
method to change the order of series connection of capacitors during discharge [20]. The
above two circuit structures” output pulse is not a square wave pulse with adjustable pulse
rising time, and the value of the inductor changes with the pulse frequency.
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In [21,22], a modular high-voltage pulse generator based on power electronic con-
verters was proposed. A transformer is used in each module, which increases the pulse
amplitude by increasing the number of modules and the transformer ratio. However, as the
pulse voltage and frequency increase, the transformer’s magnetic leakage and saturation
problems will affect the quality of the pulse waveform. In [23], a solid-state Marx generator
based on a novel magnetic isolated drive is built and the maximum instantaneous power
of this generator is 1.3 MW (30 kV, 43 A) with a pulse width of 3-10 ps and an adjustable
repetition frequency of 0-1 kHz. Its disadvantage is that it uses 31 levels of sub-modules
for stacking, which makes it difficult to achieve light weight and miniaturization due to its
large size and low voltage gain.

In [24], the high module capacitances are charged by the former capacitors in series,
which increases the output pulse amplification gain. Therefore, the above converters can
generate high-voltage pulses by using a low-voltage source. However, as the number of
stages increases, the voltage levels of energy storage capacitors and solid-state switches
will increase dramatically. In [25], a 21-level prototype of the proposed inverter with
32 V input voltage and high gain 10 by using four modules was proposed. Each subsequent
stage doubles the output voltage of the previous stage, resulting in a high step-up voltage
gain. However, the implementation of the multilevel converter requires multiple levels of
switch capacitor circuits, and the control strategy needs to be monitored and adjusted in
real time, which makes the implementation relatively complex and increases system costs
and difficulty.

In [26], a bipolar pulse source composed of two the boost converters for a mercury-free
far UV-C (222 nm) excimer radiation source was proposed. The bipolar pulsed output
voltage of up to 8 kV, having a pulse width of 1 us and 5 s, and a pulse repetition frequency
of up to 50 kHz is achieved. However, the system can be expensive to manufacture and
maintain and the equipment is bulky and difficult to carry. In [27], a pulse generator
using a buck-boost converter was proposed, but an HV solid-state switch is required in the
output stage to control the output of HV pulses directly. In [28], a boosted bipolar pulse
generator was realized by turning on and off multiple sets of switches. In [29], an inductive
energy storage solid-state Marx circuit was proposed, whose output pulse amplitude can
reach multiple times that of a conventional solid-state Marx circuit. However, inductance
devices need to be added to each module. Only the spike in the rising edge of the pulse
has an increase in amplitude, but the flat top of the output pulse does not increase. In [30],
a multiple toroidal transformers-based ringing circuit for a unipolar high-voltage pulse
generator is proposed. However, this design requires the use of a large number of capacitors
and spark gaps, taking up a lot of space and adding cost and complexity.

In order to output high-voltage pulses, the Marx circuit usually requires a high-voltage
DC power supply to charge the capacitor. In the case of ensuring that the pulse waveform
is a square wave, it is often impossible to reduce the number of devices in the circuit and
increase the voltage gain at the same time. This paper proposes a boosted Marx pulse
generator, whose amplitude and pulse width are flexibly adjustable, and can be widely
used in electroporation and plasma material modification applications. Compared with the
simple circuit in [15,16], the proposed circuit topology only adds a switch with the same
voltage level as other modules, as shown in Figure 1. By adjusting the inductor charging
time to change the gain multiple of the pulse amplitude, the requirement for the input DC
voltage source is reduced, and the number of circuit modules is reduced. In addition, all
solid-state switches in the topology are at the same voltage level, which is more conducive
to the stable operation and expansion of the entire system.
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Figure 1. Proposed Boost-Marx pulse generator.

The mathematical analysis and circuit component design of the proposed circuit is
introduced in detail. The theoretical feasibility is verified by PSPice simulation software.
Finally, the pulse generator is evaluated by building and simulating the actual circuit of
the parameter 1:1. It is proved that when the charging voltage is DC 235V, a high voltage
pulse of 10 kV can be obtained.

2. Topology and Operation Principle of Proposed Boost-Marx Pulse Generator

The basic circuit topology of the Boost-Marx pulse generator is shown in Figure 1.
Figure 2 illustrates the on-off timing sequence of MOSFET in the circuit propose. According
to the different operating modes of the circuit, a switching cycle T5 can be divided into four
modes, wherein DT is the on-time of My and 0T is the discharge time of the pulse circuit
when My~M,, is on. It is assumed that all semiconductor devices such as MOSFETs and
diodes in the BMPG are ideal components. When they are turned on, the voltage between
them is zero. The four operating modes in one cycle can be explained as follows:
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Figure 2. Switch on/off timing sequence.

2.1. Mode 1[0, t1]

BMPG works in inductor charging mode, as shown in Figure 3a. The switch My in

the circuit is turned on, and switches M;~M,, are turned off. The duration of this mode is

DT. The DC power supply U, charges the inductor L through My, Dy, Dy ... D,,. At this

time, the inductor voltage is equal to the input DC power supply voltage, and the charging
current can be expressed by Equation (1):

diL . LIL . Udc

dt L L

M
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Figure 3. BMPG working mode schematic (a) Inductor energy storage mode, (b) Capacitor charge
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mode, (c) Pulse discharge mode.

2.2. Mode 2 [t1, 2]

BMPG works in capacitor charging mode, as shown in Figure 3b. All switches in
the circuit are turned off, and the DC power supply U, and the inductor L charge the
capacitors C;~C, through the diodes D1~D,,. The charging equivalent circuit diagram is
shown in Figure 4. All the capacitors in the circuit are connected in parallel, the value of
the equivalent capacitor C is equal to the sum of all the energy storage capacitors, and
its value is nC. The voltage value of the equivalent capacitor Uy, is equal to the voltage of
each capacitor. The equivalent current Ieq is the sum of each branch. Consequently, the
expressions of the voltage and current of equivalent capacitor can be represented as:

duc

T ®)

ic=i,.=C
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Figure 4. Capacitor charging mode equivalent circuit.

When the pulse power supply works at a higher pulse repetition frequency, a larger
inductor is required to make it run in the CCM mode, so the energy storage capacitor is
always charged in this mode until the pulse trigger signal arrives.

2.3. Mode 3 [t2, t3]

When the pulse trigger signal arrives, BMPG works in pulse discharge mode, as shown
in Figure 3c. All the switches in the circuit are turned on, and C1~C; are discharged in
series through the switches M;~M,,. At this time, the equivalent capacitance discharged
in series is C/n. The output pulse voltage is estimated as (4). There is a short-term high
voltage on the inductor, which can be calculated by Equation (5).

Uy = nlUc 4)

Up = nlc + Uy, @)

2.4. Mode 4 [t3, t4]

After the pulse discharge is completed, all the switches are closed at the same time.
Like Mode 2, the DC power supply and the inductor charge the capacitor in parallel, as
shown in Figure 3b. The capacitor voltage can be represented by (6). The end of this process
means the completion of the entire cycle.

Lt
UcfE/Blct (6)

In one working cycle, the current through the equivalent capacitor in the capacitor
charging mode is equal to the sum of the current through C;~C,. In a working cycle, in
the charging state, the current flowing through the equivalent capacitor is equal to the
sum of the current flowing through C;~C,. In the capacitor pulse discharge mode, the
equivalent capacitor’s total current is equal to the current of each capacitor branch, as
shown in Figures 5 and 6. There are two processes of capacitor charging. The charging
voltages are represented by (7) and (9), respectively. The discharge mode can be equivalent
to discharging the capacitor to the load. The capacitor voltage drop caused by this process
can be represented by Formula (8). The three reach equilibrium in one cycle. Under normal
circumstances, the pulse voltage can reach several kV, which is much larger than the voltage
in the balanced state of the capacitor. The current, that is, the current value of the pulse
output, can be approximated as (11).

1 2
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1 t3 neT
Aucng = @/ﬂ Icqut = Uc (1 —e RC) (8)
1 MU — Uy
AU = — ————dt 9
Ceq3 Ceq /t3 i ( )
AuCqu = AuCeql + AuCeqS (10)
U, nU
Tout = ICeq = %ut = TC (11)
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Figure 5. Waveform of inductor current and voltage.

As an important energy storage element in the circuit, the voltage of the inductor
in one cycle is shown in Figure 5. According to the volt-second balance principle, the
expression can be obtained as:

T
/0 ugdt =0 (12)

U DT + Up36T = Upo(T — DT — 6T) (13)
Substituting Formulas (2), (5), and (6) into the above formula, the voltage gain § is:

Uy n

ﬁzudc_lfo(nJrl)& 14)
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Figure 6. Waveform of capacitor current and voltage.

3. Parameter Selection and Comparative Analysis

Devices such as isolating charging inductors, energy storage capacitors, and switches
directly affect the circuit’s working conditions. Therefore, this section will derive the
selection criteria for inductors and capacitors based on the working principle of BMPG.

3.1. Parameter Selection

In the solid-state Marx circuit, a resistor or inductor needs to be connected at the
input to solve the problem of high-voltage isolation between the DC power supply and the
discharge circuit. At the moment of discharge, the inductor can limit the magnitude of the
DC power supply current, which is represented by Formula (15).

1 OT
Z/o (U . + nUc)dt < Lyom (15)

In the topology proposed in this paper, the inductor not only achieves isolation, but
also acts as an energy storage element in the circuit. By changing the time of charging and
discharging, the amplitude of the output pulse can be controlled. In order to make the
pulse generator frequency reach the kHz level, a larger inductor is used to make it work in
CCM mode, which meets the Formula (9). When the pulse generator reaches a steady state,
the inductor balances charge and discharge within a period T.
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Define 7 to be the efficiency of the entire circuit. In a cycle, the energy consumed
by the load can be expressed by Equation (16). The average value of the input current is
obtained from the conservation of energy.

ST 2
EWF:/ Io x Updt ~ PYde)” 57 (16)
Jo R
Ein = udclinT (17)
I — ﬁzfsudc (18)
m — 77R

As shown in Figure 5, when the current is lower than the average current, the max-
imum inductor current ripple appears before the pulse discharge, and its value can be
calculated as:

Aty = HaeDT (19)

L
AILz < (uC udC)(Lj‘l" -D 75)’1—‘ (20)
AL o (1FDA=) =D UsT o

1-D—(n+1)s L

In order for the inductor current to be continuous, the average value of the current
must be greater than the maximum ripple current. The value of the inductor can be

derived as:
n(p—1)R 22)
B*f
In order to ensure that the output pulse is a rectangular wave and satisfy that the
voltage on the capacitor is higher than a certain minimum voltage value required, while

the Marx circuit is discharging under the maximum pulse width, the voltage drop is AU,.
the value of the required capacitor can be calculated as:

L>

C _ dTxU
Cseries >— > 0

n — AU; xR (23)

3.2. Comparative Analysis

After device parameter calculation and quantity selection, this article proceeded to
analyze and compare the results with six other similar topologies. Table 1 shows the
number of devices included in the circuit and the pulse voltage gain, where # is the number
of modules in the circuit.

Table 1. Comparison between the proposed structure and 6 other structures.

Reference [15] [16] [17] [21] [23] [25] [27] Proposed
Number of switches 2n n n n+3m n 2n+1 n+2 n+1
Number of diodes n 2n 2n n+m n n+1 2n 2n
Number of capacitors n n n 2n +2m n n+1 n n
Number of inductors 1 1 0 n n 0 1 1
Number of transforms 0 0 0 n 0 0 0 0

Pulse voltage gain n n n 1@1’) Slight larger than n 2" —2 nly \/% T-D=(n¥1)e fonH)(s
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As a conventional solid-state Marx, the structure in [15-17] is simple, and the number
of components is small. However, the pulse voltage gain is only equal to the number
of modules in the circuit. In [21], each module needs to use an inductor to increase the
single-stage output voltage. After voltage transformation and boosting, the output of
high-voltage pulses is realized through the output control module, where m is the number
of bridge arm control modules, and N is the transformer ratio. The introduction of these
inductors and transformers not only causes the complexity of the circuit and increases
the cost but also causes the pulse waveform to be distorted, which is not a rectangular
pulse wave. In [27], an inductor is used for charging and boosting, but a high-voltage
switch is also required to cut off the high voltage at the output. Therefore, in high-voltage
applications, the use of high-voltage devices such as thyristors is inevitable.

In [23], each stage of its capacitor is charged by the upper stage of the boost circuit. If
the discharge time is long, the voltage level of each level module increases exponentially.
However, if the pulse discharge time is short, the boosting effect is not obvious. In [25], the
pre-stage capacitor is used to charge the pressure, and the output voltage of the pulse is
increased when the series is connected. However, this step-up method will continuously
increase the voltage level of the subsequent modules.

On the basis of the basic solid-state Marx circuit, the circuit proposed in this paper can
realize the output of several times the pulse voltage by just adding a switch. Figure 7 shows
the comparison of the voltage levels of each module in the case of 12 modules in [23,25],
and the topology proposed in this paper. When the DC charging voltage of the three circuits
is Udc, the voltage of each module of the circuit proposed in this paper remains unchanged,
which is Udc. In order to make the output voltage of [23] have a significant gain, suppose
it works under the working condition of longer charging time, and the boost multiple
between each level is assumed to be 1.5. Through the comparison, it can be found that, with
the continuous improvement of voltage levels in [23,25], the voltage level of each module
in the topology proposed in this paper is the same, which reduces the requirements for the
voltage level of the device and is more conducive to modular expansion.

Y.
10 : T ] T I T
L ’a"
?,{
’,{
2] ’,x"
5 il
B 4ol | X ]
ap 10 <
= ”
el #
= X
- ,x”' = Y= Zhou, X. 2022
,x" Talooki, M.F 2021 |
x" ~4— Proposed

IS S S e S {
2 4 6 8 10 12
Stage

Figure 7. Comparison plots between the literature [23,25] and the module voltage levels in this paper.
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4. Simulation Results

In order to verify the theoretical feasibility of the BMPG proposed in this paper, PSpice
software is used for simulation verification and the simulation parameters are shown in
Table 2. The HBPG consists of 12-stage modules on which the different parameters of the
output pulse are compared.

Table 2. Proposed topology simulation parameter for 10 kV pulse.

Parameter Value
Input DC voltage Uy =235V
Number of module N=12
Pulse period T =100 pus
Voltage drop coefficient a=5%
Duty cycle D=0.61
Storage capacitor C=1uf
Isolated inductor L=25mH
Load resistor R =4000Q

Figure 8 shows the different pulse parameters used in plasma discharge research. The
voltage waveform under different pulse widths is shown in Figure 8a, and its range is
200-1000 ns. Because voltage gain is related to ¢, as J increases, the output voltage will
decrease slightly. By adjusting the input voltage or the duty cycle D, different pulse widths
can be achieved when the output pulse is 10 kV. Figure 8b shows the changes in the rise
and fall times of the pulses generated when the switches M;—-Mj; are adjusted in different
switching sequences. The delay time between each switch is 30 ns, which realizes the
adjustable change of pulse rising time, falling time, or the above two.

The voltage and current waveforms of the key devices in the BMPG are shown in
Figure 8c-g. Among them, Figure 8c is the voltage waveform at both ends of the inductor,
Figure 8d is the current waveform flowing through the inductor, and the inductor is in a
charge-discharge balance state within one cycle. The voltage of the energy storage capacitor
is shown in Figure 8e. In addition, Figure 8gf, respectively, show the voltage levels of the
switch M and the discharge switches M;~Mj, in each mode, proving that their voltage
levels are the same.
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Figure 8. Simulation results of BMPG circuit (pulse frequency 10 kHz, amplitude 10 kV) (a) Pulse
waveforms with different pulse widths (b) Pulse waveforms with different rising and falling time
(c) Inductor voltage waveform (d) Inductor current waveform (e) Capacitance Voltage waveform
(f) Switch M;~M;, drain-source voltage (g) Switch My drain-source voltage (h) Output pulse voltage
waveform (i) Output pulse current pulse.

5. Experimental Results

To demonstrate the functionality of the BMPG and to confirm the validity of the
mathematical analyses and simulation results, a hardware prototype was designed with
the parameters listed in Table 3. The experimental setup is depicted in Figure 9. Under the
condition that the duty cycle D is equal to 0.61 for a certain period of time, the amplitude
of different output pulses is obtained by increasing the input voltage from 90 to 235V,
as shown in Figure 10. By changing the switch discharge time, the output pulse width
is adjusted. The pulse width ranges from 200 ns to 1000 ns, as shown in Figure 11a. The
trigger delay time of 12 discharge switches is controlled by FPGA to realize the change of
falling time and rising time of the output pulse. The discharge delay time of each stage
is 30 ns, and the falling or rising time of the changed output pulse is increased to about
400 ns. Compared with isolated resistive, when an inductance device is used at the input,
the charging speed of the energy storage capacitor is faster and the loss is smaller, so it can
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work continuously at high frequency. In the experiment of this paper, the pulse frequency
is running at 10 kHz.

Table 3. Proposed topology experiment parameter for 10 kV pulse.

Parameter Value
Input DC voltage U; =235V
Number of module N=12
Pulse period T =100 ps
Voltage drop coefficient & =5%
Duty cycle D=0.61
Storage capacitor C=1upf
Isolated inductor L=25mH
Load resistor R =400Q
MOSFET part no C2M0025120D

Figure 9. Experimental setup.
T
H

i1
Measure P1-falliC1) P2:widn(C1) P3rise(C1) P4 riselC1) P5-falliC1} P6:pkokiC3) PT-ampliC3) P8:width(C1)
value 53.301ns 1.079446 us
kS ES

statue

ﬂ“ TELEDYNE LECROY
rywherey

o
.8}
a1 =
(
=

P:

2,00 kVia
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Figure 10. Output voltage dynamic response during starting.
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Figure 11. Experiment results of BMPG circuit (pulse frequency 10 kHz, amplitude 10 kV) (a) Pulse
waveforms with different pulse widths (b) Pulse waveforms with different rising and falling time
(c) Inductor voltage waveform (d) Inductor current waveform (e) Capacitance Voltage waveform
(f) Switch M;~M);, drain-source voltage (g) Switch My drain-source voltage (h) Output pulse voltage
waveform (i) Output pulse current pulse.

Figure 11c—e shows the voltage and current waveforms on the inductor when the
output is stable. Figure 11f,g show the voltages on the gates and drains of the switches
My~Mjy;. Experiments have proved that, including the switch M used for chopping, all
switches have the same voltage level. This also shows that adding a chopper switch will not
increase the voltage level of the Marx circuit switching device, which will be conducive to
the expansion of topology modularity. Figure 11h,i are the voltage and current waveforms
of the output pulse. Experiments show that BMPG can still ensure that the output pulse is
a rectangular wave. The above experimental results are also in good agreement with the
simulation results in the previous section. During the initial time of pulse output, the pulse
voltage amplitude is a growing process, and the voltage amplitude increases from nll;, to
Bnly., as shown in Figure 12.
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Figure 12. Output pulse waveform at different input voltages.

6. Conclusions

In this paper, a high-gain pulse generator topology is proposed that is suitable for
plasma jet applications. The proposed topology utilizes an inductor as the isolation device
for the solid-state Marx circuit. With the addition of only one switch, the inductor is used to
charge and discharge, resulting in a high gain of output pulse amplitude. Unlike traditional
Marx circuits, the proposed BMPG circuit does not use any inductors or magnetic core
devices such as transformers, ensuring that the output pulse is always a square wave pulse.
Additionally, the voltage levels of modules are consistent and do not increase with the
number of modules, allowing for easy expansion. The BMPG circuit provides economic
and reliable advantages while improving gain ratio and adjustment flexibility. As a result,
complex topologies such as bipolar and truncated circuits can be implemented with lower
DC input voltage or fewer circuit modules. The main contributions of the BMPG proposed
in this paper can be summarized as follows:

(1) This article uses an inductive isolator on the basis of the traditional Marx circuit, and
with the addition of only one solid-state switch to increase the gain of the output
voltage pulse.

(2) BMPG completes the isolation between the pulse generator and the DC power supply,
reducing the voltage amplitude requirements of the DC power supply, and the entire
system is modular and scalable.

(3) The amplitude of the output pulse can be adjusted by varying the duty cycle D, and a
new control method is proposed to make the adjustment more flexible. This provides
a basis for the closed-loop control of the pulse power supply in the future.
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