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Abstract— This paper proposes a gate drive power supply
method for a Marx circuit with high-voltage output. The
conventional gate drive power supply method has a
disadvantage that the gate drive requires expensive and huge
DC-DC converters to secure the insulation distance because of
the high-voltage operation of the Marx circuit. In this paper, the
gate drive power is supplied through a transformer inserted into
the charging path of the Marx capacitor in order to overcome
these problems. The inserted transformer also plays a role in
suppressing the rush current during the charging operation of
the Marx circuit. The proposed power supply method reduces
the gate circuit volume and improves efficiency. In this paper,
the parameter design for obtaining the desired gate drive power
is explained. Then, it is verified that a driving power of 1 W or
more is obtained by simulation and prototype. The charging
current flowing during charging is suppressed by 75%, and the
loss during charging was reduced.

Keywords—Marx circuit, Gate drive circuit, Power supply
method,

L INTRODUCTION

In recent years, regulations on NOx gas emissions have
been tightened in each country to prevent global warming. The
popularization of EVs, which has no emission of NOx gas, is
one of the solutions against global warming. However,
vehicles with gasoline or diesel engines are still mainstream
since the energy density of batteries is lower than fossil fuels.
For gasoline or diesel engines, NOx emission reduction is
essential to comply with the regulations. In order to reduce the
NOx emission, a catalyst has been used. However, it will not
be enough to comply with the regulations, which will become
stricter in the future.

The Marx circuit, as a pulse power source, has been widely
studied for medical purposes, sterilization, and NOx reduction
applications [1-15]. The plasma generated by the Marx circuit
produces ozone. The NOx gas emission is suppressed by
reacting the ozone generated by the Marx circuit with the NOx
gas. For automotive applications, the Marx circuit should be
mounted on the vehicle.

This paper focuses on a pulse power supply for an exhaust
gas treatment system for vehicles with a diesel engine. As
requirements for ozonizers, lighter weight, smaller size, and
higher efficiency are required. However, rush current occurs
during charging. The heat occurs by the rush current prevents
miniaturization. [2]. The rush current occurs in the circuit
when the capacitor in the Marx circuit discharges and
recharges. The equivalent circuit of the Marx circuit during
the charging operation is a series circuit of the input power
supply, the capacitors connected in multiple stages, and the
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on-resistance of the power devices. Therefore, the power
device may be damaged due to an excessive rush current. In
particular, improving the efficiency of the Marx circuit by
using SiC or GaN devices is expected as a recent trend.
However, the reduced on-resistance of the device will increase
the rush current.

There are some literatures that employs a current source as
the input power supply for a Marx circuit to suppress rush
current or adding resistance and inductance to the path [3-11].
However, the rush current occurs in the circuit due to the
voltage fluctuation of the capacitors on each stage. The
additional components must increase the volume of the Marx
circuit. However, rush current occurs between each stage due
to variations in the capacitor capacitance of each stage.
Therefore, the suppression of rush current is not sufficient in
[3-11].

Regarding the gate drive circuit of the Marx circuit, the
Marx circuit uses three power devices in each stage. The on-
board Marx circuit needs 10 or more stages. All that device
requires expensive and large isolated DC-DC converters.
Therefore, the gate circuit area must be large. In order to
reduce the area of the gate drive circuit of the Marx circuit, a
method of transmitting the gate signal and the drive power at
the same time has been studied [12-13]. The system is useful
because the signals of the Marx circuit are synchronized.
However, since power is supplied to multiple devices, there
are concerns about power imbalance. In [14-15], a method has
been proposed in which gate drive power is supplied from the
main circuit using a transformer. The use of this method in the
Marx circuit has the effect of suppressing the rush current.
Therefore, The gate circuit is miniaturized.[16-18]

In this paper, the circuit configuration for the power supply
of the gate driver using the transformer in the charging path of
the Marx circuit is proposed. The rush current is suppressed
by the proposed power supply method. Since the current
flowing through the inserted transformer is used to supply
power to the gate drive unit (GDU), the number of isolated
DC-DC converters for gate drivers is reduced. This features
contribute to miniaturize the Marx circuit. Further, it is
possible to suppress the rush current between the capacitors
connected in multiple stages, which is a problem in the Marx
circuit.

II. GATE DRIVE POWER SUPPLY FOR MARX
CIRCUIT
A. Circuit Configuration

Figure 1 shows the operation of the Marx circuit with a
transformer for an auxiliary power supply and the Marx circuit.



The first stage of the Marx circuit has switches S, S>, and Se,
and C; Marx capacitors. Supplied power circuit shows the
configuration of the GDU in the proposed power supply
method in fig .2. The Marx circuit is a stack of stages with the
same structure. In this paper, the two-stage Marx circuit is
explained for simplicity, however, the proposed power supply
method will be applied to also a Marx circuit with a higher
number of stages. The auxiliary power supply supplies power
to the gate drive circuit. The two modes of the Marx circuit:
discharging mode and charging mode, are explained. In the
discharging mode, the switches S> and S4 are turns on. Then,
Marx capacitors are connected in series, and a high voltage
with high dv/d¢ is applied to the load. During the charging
mode, the switches Si, S5, Ss, and S¢ turns on. The Marx
capacitors are connected in parallel, and the Marx capacitors
are charged. In order to obtain high dv/d¢, the Marx circuit
should not have an inductance in the discharging path.
However, in order to suppress the rush current, inductance is
necessary for the charging path. The proposed power supply
method has a transformer inserted into the charging path, so it
does not affect the discharging operation. During the charging
mode, the current flows through the inserted primary coil. A
magnetic flux is generated by the current flowing on the
primary coil, and the magnetic flux is coupled to the secondary
coil to supply power.

Figure 2 shows an equivalent circuit of the Marx circuit
and the gate drive supply during the charging operation. In this
paper, analysis and simulation are performed using the circuit
shown in Fig. 2. The equivalent circuit consists of a T-type
equivalent circuit of the transformer, a rectifier, and a Marx
capacitor C;. The resistance R is the sum of the on-resistance
of the MOSFETs and the wiring resistance of the charging
current path. In this study, the gate drive voltage is constant at
16 V. The analysis is performed by assuming the output
voltage of the rectifier is constant for simplicity. The Marx
capacitor C, is discharged from the input voltage during the
discharge operation (¢ < 0). The transformer is designed by
assuming that the voltage of the Marx capacitors drops by AV
due to the discharging operation. At ¢ = 0, the charging
operation starts by turning on the switch. The current flows
through the primary winding of the transformer and the Marx
capacitor. During the charging operation, the secondary
current flows into the rectifier.

B. Transformer design

In this section, the transformer of the proposed power
supply method is designed. First, the power applied to the
secondary side is expressed as (1).

R)ut = J(swl/out J.iZ(t)dt (1)’

Where P is the supplied gate drive power, Vo is gate drive
voltage of secondary side, f is the switching frequency of the
Marx circuit, and i is the current on the secondary side. The
discharge operation causes the voltage drop on the Marx
capacitor C;. In the charging operation, current flows in order
to compensate for the voltage drop from the input power
supply. Then, a current flow on the secondary side of the
transformer. A GDU is connected to the secondary side of the
transformer and clamped by the gate drive voltage. Therefore,
the electric power obtained by one charging operation is the
product of the gate drive voltage and the integrated value of
the current flowing through the secondary side of the
transformer. This operation occurs in every discharge cycle.
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Fig. 1. Two stage Marx circuit and places to insert a
transformer for obtaining gate drive power.
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Fig. 2. Equivalent circuit during charging operation.

The switching frequency and the gate voltage are arbitrarily
determined. The current flowing on the secondary side iy is
given by the circuit equation expressed as (2),
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where Vi, is the input voltage, C; is the Marx capacitor, Vp is
the initial voltage of the Marx capacitor, R is the resistance
component including wiring resistance and on-resistance of
MOSFETs, £ is the coupling coefficient of the transformer,
Liear 18 the primary leakage inductance, and Voy is the DC
voltage of the gate driver.

Figure 3 shows the waveform of the current flowing on the
secondary side of the transformer of (2) in the red line. Also,
the simplified current waveform shown in (4) is shown by a
black line. The integral value of the current flowing on the
secondary side of the transformer shown in the (1) is
approximated to a triangle and shown in Fig. 3.
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Equation (2) is simplified as (3) due to the transformer
design. For simplicity, the on-resistance of the MOSFETs are
ignored. When the on-resistance is small enough to be
ignored, the damping by the exponential function is ignored.
The same applies to the part containing the on-resistance of
the sine function term. Terms containing the on-resistance of
the sine function is ignored. The third term of (1) is also
ignored because the time interval of the current flowing during
the charging period is much smaller than the first term. The
integrated value of the current of (1) is obtained from the
simplified current waveform of (3). At this time, the integrated
value is calculated as the area of the triangle in Fig. 3.

Note that the time ¢ and #, are approximately calculated
where the vibration term in (3) is zero and one. Therefore, it
is expressed as shown below.
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According to the above equations, the primary and the
secondary inductance should be designed with

C,RP*

=
A=) 4P = C L Fuh(V, =0, ;)] |

(8).

Note that there is an error in the output power due to the
approximation, as shown in Fig. 3. Therefore, it is necessary
to design the inductance with a margin, and it is necessary to
increase the inductance in order to obtain higher power.

Finally, the voltage drop of the Marx capacitor in one
discharging operation is described. The energy consumed by
the Marx capacitor in one discharge operation is expressed as

9).

1)0M marx
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where Poumar: 18 output power of the Marx circuit, Egp is the
power that the Marx capacitor of each stage is discharged by
one discharge operation, N is the number of stages that make
up the Marx circuit. Therefore, the voltage drop of the Marx
capacitor is expressed by (10).

Levi-te, vz <E,, (10),
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Where Vyop is the voltage of the Marx capacitor in one
discharge operation. Therefore, the voltage after discharge is
represented as (11),
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Fig. 3. Waveform approximating the current flowing in the
secondary transformer.

Table. 1 Simulation conditions.

Variable parameter Value
V; Input voltage 1000 V
Vot =0) Marx capacitor voltage 960 V
c, Marx capacitor capacity 0.22 uF
Vout Gate drive voltage 16V
Primary inductance
Ly of transformer 105 uH
Secondary inductance
L, of trans former 10.5uH
Coupling coefficient 0.95
R ON resistance 02Q
Ly Wiring inductance 100 nH

III. EXPERIMENTAL VERIFICATION

A. Suppression of rush current

In this section, the validity of simulations, theoretical
formulas, and approximated formulas are verified using a
prototype. First, the effect of suppressing the rush current is
evaluated.

Figure 4 shows the prototype. Fig. 4(b) is the transformer
for the gate drive power supply. This transformer is connected
to o in Fig. 1 to supply power to the gate circuit. In the
experiment, the resistive load is used.

Table 2 shows the experimental conditions. The input
voltage Vi, is 100 V, and the voltage of the C; capacitor drops
by 30 V during the discharge mode. A primary inductance of
the transformer must be 10 uH or more, according to (7).

Figure 5 shows the effect of suppressing the rush current by
the proposed power supply method. The charging current that
flows in the first stage is indicated. Fig. 5(a) shows the
charging current generated in the Marx circuit without a
transformer for an auxiliary power supply in the charging path.
The waveforms are the gate signal of S) (charging signal of
Marx circuit), charge current, and output voltage from the top.
The charging current reaches to 40 A. When the Marx circuit
consists of N stages, N times larger charging current for the
capacitors on each stage will flow through S; and S at the
bottom. The charging current will exceed an absolute
maximum rating of the power devices. The rush current must
be suppressed for avoiding the circuit from the breakdown.



(b) Transformer for auxiliary power supply
Fig. 4. Prototype of Marx circuit and auxiliary power supply.

Table. 2. experimental condition.

Variable parameter Value
V; Input voltage 100V
Vot =0) Marx capacitor voltage 70V
C, Marx capacitor capacity 0.22 uF
Vout Gate drive voltage 16V
Primary inductance 10.5 uH,
Ly of transformer 23.7uH
L Secondary inductance 10.5 pH,
2 of trans former 23.7 uH
k Coupling coefficient 0.95
ON resistance 0.04 Q2
S51~Se Continuous Drain Current 60 A
Drain - Source Voltage 1200 V

Figure 5(b) shows the waveforms when a transformer with
a primary inductance of 10.5 pH is inserted into the o shown
in Fig. 1. Similarly, Fig. 5(c) shows the waveform when a
transformer with a primary inductance of 23.7 pH is used.
Experimental results show that the proposed power supply
method suppresses the peak of the charging current to 10 A
approximately. The charging current is suppressed to 75%
using the proposed power supply method. Note that too much
large primary inductance causes a problem in the operation of
the Marx circuit. The charging period becomes longer when a
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Fig. 5. Suppression effect of charging current by the
proposed circuit.

transformer with a large primary inductance. The Marx
capacitor C; will not be fully charged during the charging
period. It will affect the discharge operation, so there is a
limitation on the primary inductance. In other words, the
maximum power obtained from the Marx circuit is limited.

B. Gate drive in the proposed power supply method

Figure 6 shows the operation waveforms of the proposed
power supply method. In the experiment, the two transformers
are tested. The primary inductances are 10.5 uH or 23.7 uH,
the turn ratio is Ny = N,. The waveforms are the gate signal of
S1 (charging signal of Marx circuit), the current through the
secondary side of the transformer, output voltage, and the
voltage of the Marx capacitor of the first stage. The peak
current flowing on the secondary side of the transformer is
about 8 A. The convergence time is about 1.6 ps. This is
consistent with the simulation shown in Fig. 3. During the
discharge period, the proposed gate drive power supply does
not affect the operation of the Marx circuit. In the current
waveform of Fig. 6(b), the current peak is 8 A and it takes 2
pus to converge. As inductance increases, more power is



delivered since the period of the oscillation term in (4)
becomes slower, then the integrated value of the current
increases. Note that the increase in the inductance has a
limitation because a long oscillation period causes a problem
that the next discharging operation will start before the
primary current converges to zero. It means that the Marx
circuit shuts the inductor current off at the start of discharging
mode.

Figure 6 (c) shows the experimental waveform when the
proposed circuit is operated in a steady state. The waveforms
are the gate signal of Ss, the gate signal of Si, the current
waveform flowing to the secondary side during charging
operation, and the load voltage from the top. The proposed
gate drive system supplies the power to the switch Si. From
the experimental results, stable driving power is supplied
during the charging operation.

Figure 7 shows the relationship between the primary
inductance value of the transformer and the output power. In
this graph, the inductance values of the primary side and the
secondary side of the transformer are the same, and the turn
ratio is N; = N,. The validity of (8) is shown from the results
of experiments and theoretical calculation. Fig. 7 shows that
the supplied power increases as the inductance on the primary
side and the secondary side increases. Moreover, since the
power required for gate drive is about 1 W when the gate
voltage is 16 V, the power required for gate drive is supplied
by the proposed power supply method. However, if the gate
voltage is 20 V, sufficient power cannot be obtained. This is
explained by the decrease in the current peak shown at (7).
Therefore, to obtain more power, it is necessary to increase the
output of the Marx circuit and reduce the capacitor capacity
and insert a transformer with a large primary inductance value.

Figure 8 shows operation waveforms when the input
voltage Vi, is increased from zero to 100 V. The DC voltage
of the gate driver of S; is automatically charged through the
proposed system by the switching of low-side switches S and
Se. It takes 50 ms for the voltage of the gate driver to rise from
zero to 16 V with a smoothing capacitor of the gate driver Coy,
of 20 puF. After 50 ms from the start of the system, the
proposed gate circuit operates stably. The starting time
depends on the capacitance of the smoothing capacitor. It
takes 160 ms when the capacitance C,, of the smoothing
capacitor is 320 pF. From Fig. 8, the proposed system does
not need an additional circuit to help the start-up.

From the experimental results, GDU is driven by the
proposed power supply method.

IV. CONCLUSIONS

In this paper, an auxiliary power supply for the gate drive
using a transformer during the charging operation of the Marx
circuit has been proposed. First, the design of the transformer
inserted into the proposed circuit is described in this paper.
Then, we confirmed the validity of the design method of the
system through simulations and experiments. The gate drive
power of 1 W or more is supplied using the designed
transformer. Therefore, it is found that the gate drive is
performed without the additional DC-DC converter.

Moreover, the proposed system has an additional role as
suppressing the rush current, which occurs during the
charging operation of the Marx circuit. The proposed system
supplies the power to the gate driver without an effect on the
discharge operation of the Marx circuit. The rush current

generated during the charging operation is suppressed with the
proposed Marx circuit. It is confirmed that the rush current is
suppressed by 75% as compared with the conventional
configuration without the auxiliary power supply. As future
plans, further suppression of rush current, experiments at rated
load, and volume comparison will be performed.
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