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Abstract—Reducing the cost of a Marx circuit as a high-voltage 

power supply for NOx decomposition for diesel vehicles is 

required. The Marx circuit with MOSFETs has an advantage in 

size compared to the Marx circuit with gap switches. However, the 

Marx circuit with MOSFETs needs gate drive circuits on the gate 

of each MOSFET. The gate signal and drive power must be 

supplied to each gate with isolation in a low-cost way. However, 

the transformer for the isolation with high-withstand voltage, such 

as 10 kV or more, is typically high cost because of the low demand. 

This paper proposes the self-powered gate drive circuit using 

the charging path of the Marx circuit. The proposed gate drive 

circuit only requires a low withstand voltage because the power 

for the MOSFET on the n-th stage is supplied from the (n - 1)-th 

stage via a low-voltage transformer. Besides, the gate signal is 

transmitted through pairs of LEDs and photodiodes instead of 

high-cost optical fibers. The proposed gate drive circuits are 

developed and implemented into a prototype of the Marx circuit 

with an output voltage of 4 kV. From the experiments, it is 

demonstrated that the proposed drive circuits provide both drive 

power and gate signal. 

 
Index Terms—Driver circuits, pulse power systems, isolation 

technology 

 

I. INTRODUCTION 

N recent years, nitrogen oxide (NOx) gas emitted by diesel 

vehicles has been a critical issue because it accelerates global 

warming. In response to this, the regulations on NOx gas 

emission have been tightening in each country or region. Thus, 

reducing NOx gas emissions is a crucial problem for 

automotive companies. A lean NOx trap catalyst (LNT catalyst) 

has been used to reduce the emission of NOx gas [1]. However, 

the performance of the catalyst deteriorates when the exhaust 

gas temperature is low. The performance degradation leads to 

the risk of not satisfying emission regulations. In order to 

improve the performance of the catalyst even in low exhaust 

gas temperature, mounting ozonizers onto the diesel vehicle is 

one of the solutions to help NOx decomposition [2–3]. The 

generated ozone reforms NO into NO2, which is highly reactive 

by the LNT catalyst. 
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The Marx circuit is used as a power supply for the ozonizer 

[4–7]. The Marx circuit outputs high voltage by switching the 

connection of Marx capacitors on each cell from the parallel to 

the series connection. Especially, silicon carbide (SiC) 

MOSFETs have been used in the Marx circuit with the progress 

of SiC semiconductor technology in recent years instead of 

mechanical switches or conventional silicon (Si) MOSFETs. A 

SiC-MOSFET provides a good feature to the Marx circuit that 

a SiC-MOSFET achieves a fast switching of high-voltage 

devices, such as 1.2 or 1.7 kV, due to their high electron 

mobility and high bandgap voltage [8–9]. The fast switching 

improves ozone production performance. 

The Marx circuit with semiconductor switches has the gate 

drive circuits for each MOSFET. Each gate drive circuit 

requires an isolated power supply for the gate drive and isolated 

signal transmission function, which communicates with the 

central controller to adjust the switching timings of the 

MOSFETs. In the Marx circuit, high voltage isolation is 

required because the source terminal voltage of each MOSFET 

becomes high when the Marx capacitors are connected in series.  

For signal isolation, optocouplers are used in the field of low-

voltage power electronics. However, the typical value of 

common-mode reduction (CMR) is less than 50 kV/s. The 

CMR of the optocouplers is not enough to employ the SiC-

MOSFET, which turns on and off with less than ten 

nanoseconds, for a 10-kV output voltage of the Marx circuit. 

For high-voltage applications in power electronics, optical 

fibers are also used. However, an n-stage Marx circuit requires 

2n optical fibers1 . In automotive applications, many optical 

fibers are not a realistic option from a cost and reliability 

perspective.  

In terms of drive power of MOSFETs, the isolated DC-DC 

converters with high withstand voltage between the primary 

and secondary sides must be employed because the drain 

voltage of the high-side MOSFETs rapidly varies due to the 

operation of the Marx circuit. The typical withstand voltage 

between the DC-DC converter is less than 5 kV. Thus, the 

reinforced insulated DC-DC converters with high-withstand 
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voltage must be used for the Marx circuit with 10 kV or more 

output voltage. It is also not a realistic option from a cost 

perspective. In [10–11], the self-powered gate drive system has 

been proposed. The gate drive power is supplied with the gate 

signal through a pulse transformer. However, the transformers 

used in the j-th stage must have a withstand voltage j times 

greater than the input voltage. 

This paper proposes a self-powered gate drive circuit with a 

low-voltage transformer, which supplies gate drive power from 

(n-1)-th stage to n-th stage, to reduce the required isolation 

voltage and cost of the gate driver circuits. The low-voltage 

transformer can be employed for the gate drive power supply in 

the proposed circuit. Besides, the gate signal is communicated 

by pairs of LEDs and photodiodes with an air gap of 50 mm. 

Due to these gate drive circuit configurations, the cost of the 

gate drive power supply for the in-vehicle Marx circuit is 

reduced. The rest of this paper is as follows. First, the circuit 

configuration of the Marx circuit and its gate drive circuits are 

explained. Next, the design of the transformer for the power 

supply is discussed. Finally, a 4-kV prototype with the proposed 

gate drive circuits is demonstrated. 

II. GATE DRIVE CIRCUIT FOR MARX CIRCUIT 

A. Circuit Configuration 

Fig. 1 shows the n-stage Marx circuit with the proposed gate 

drive circuits. The Marx circuit has multiple stages with two 

MOSFETs, the diode and the Marx capacitors. When the 

switches for a charge SCn turns-on, the Marx capacitors are 

connected in parallel. The Marx capacitors are charged by the 

input voltage Vin through the diodes Dn. When the switches for 

a discharge SDn are on, the Marx capacitors are connected in 

series. The high voltage is applied to the load. The MOSFETs 

are turned on or off by the gate drive circuits connected between 

the gate and source terminal. The gate drive circuits need 

auxiliary power with the isolation for the gate drive because the 

source terminals of the MOSFETs are dynamically changed by 

the switching. 

In the proposed circuit, the drive power is supplied from the 

transformers, which are connected to the low-level stage. The 

rush current for charging operation is suppressed by the 

transformers because the transformers are on only the charging 

path of the Marx circuit. In other words, the discharging 

operation of the Marx circuit is not affected by the transformer. 

Besides, the gate signal must be transmitted from the central 

controller on a low-voltage side to the gate drive circuits with 

signal isolation. The isolation distance between the controller 

on the low-voltage side and the high-voltage side must be 

ensured to satisfy the safety standard, such as IEC60664-1. 

B. Gate Drive Circuits with Isolation 

Fig. 1(b) shows the details of the gate drive circuits of the 

Marx circuit, as shown in Fig. 1 (a). Fig. 1(b) is illustrated by 

focusing on one set of switches SCn, SDn, and its gate drive 

circuits. In Fig. 1(b), the thick wires are part of the main path of 

the Marx circuit. Other lines are for gate drive. Fig. 1(c) shows 

the prototype. On the main circuit side, each PCB has a three-
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Fig. 1.  Marx circuit with proposed gate drive circuits. 
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stage Marx circuit and six gate drive circuits with the optical 

receivers. On the controller side, six amplifiers and LEDs are 

mounted on each PCB. On the low-voltage side, the controller 

outputs two kinds of signals. One is the charging signal for the 

MOSFETs SCn. The other is the discharging signal for the 

MOSFETs SDn. The signals are amplified to drive the LEDs, 

which emit invisible light. The optical signal is transmitted 

from the controller to each gate drive circuit via an air gap of 

50 mm. The air gap plays a role in electric isolation. The optical 

receiver on each gate drive circuit detects the optical signal with 

the photodiode, which has the same wavelength band as the 

wavelength of LED. The detected gate signal is amplified and 

used to drive the MOSFETs in the gate drive circuit. The pairs 

of LED and photodiode are cost-effective in comparison with 

optical fiber, mainly for automotive applications. The required 

footprints of the diodes and LEDs do not significantly change 

from the transmitter and receiver of the optical fibers. However, 

it should be noted that the degree of freedom of installation of 

LEDs and photodiodes is inferior to that of the optical fiber 

because the LEDs and photodiodes must be placed on the same 

plane. 

The drive power for SCn and SDn is supplied through the 

transformers Tr(n-1), as shown in Fig. 1 (b). At the start of the 

charging operation of the Marx circuit, the rush current flows 

through Dn-1, Cn-1, Tr(n-1), and SC(n-1). The current charges the 

Marx capacitor during the charging operation. The induced 

voltage on the secondary side of Tr(n-1) is rectified in the gate 

drive circuit. The DC voltage is clamped and maintained at 16 

V by the Zener diode.  

Besides, the DC line of the gate drive circuit for SC(n-1) is 

connected to the drive circuit for SD(n-1) through the bootstrap 

diode. During the charging operation, the current for the drive 

flows through the bootstrap diode and bootstrap capacitor CB(n-

1), Tr(n-1), and SC(n-1). 

 The gate drive circuit for SDn is driven using the charge of 

the bootstrap capacitor CB(n-1) as a power supply. It is the same 

operation as the bootstrap gate-drive circuit for inverters [12–

13]. Note that the bootstrap diode plays a role in preventing the 

reverse voltage to the gate drive circuit from the main circuit. 

Thus, the reverse blocking voltage of the bootstrap diode must 

be higher than the DC voltage of each Marx capacitor.  

Note that the isolated power supply is required in the gate 

drive circuit for only SC1 and SD1 for a start-up of the Marx 

circuit. The required isolation voltage for these switches is 

relatively small because the maximum voltage potential of the 

source terminals of the SD1 and SC1 is equal to the input voltage 

and zero, respectively. 

At the start-up of the Marx circuit, only the two switches 

SC1 and SD1, with the isolated gate drive circuits, are 

switched. The switching of SC1 and SD1 provides the drive 

power for SC2 and SD2. Then the drive power is sequentially 

supplied to the switches on the highest stage: SCn and SDn. 

C. Comparison of the Number of Gate Drive Supplies 

In this section, the number of isolated gate drive supplies is 

compared between the conventional DC/DC converters and the 

proposed isolation topology. For comparison, it is assumed that 

the volume of the proposed topology, which consists of the 

transformer and the rectifier, for each MOSFET is equivalent to 

the volume of the isolated DC/DC converter, which ensures the 

isolation of the input voltage of the Marx circuit. In addition, it 

is assumed that the isolation for the MOSFETs on the j-th stage 

is ensured by the series connections of the isolated DC/DC 

converters in the conventional system. Note that manufacturers 

do not guarantee the series connections of the isolated DC/DC 

converter. In the ideal condition, the common-mode voltage is 

equally divided among the series-connected DC/DC converters. 

On the contrary, the common-mode voltage is not equally 

divided because the parasitic capacitance between a primary 

and a secondary winding has a variation in practice. 

First, the required number of isolated power supplies for the 

conventional system Nc is (1) for the n-stage Marx circuit, 

where n ≥ 2. 

( )
2

2 1
n

c

j

N j
=

= −  (1) 

On the other hand, the required number of isolated power 

supplies of the proposed topology is Np = 2(n - 1). For this 

reason, the volume of the proposed drive power supplies will 

be smaller than the conventional DC/DC converters connected 

in series. Note that the isolated power supply is required in the 

gate drive circuit for SC1 and SD1 regardless of the proposed or 

conventional method, as described above. Thus the power 

supplies for these switches are not counted into Nc and Np. 

III. DESIGN OF THE TRANSFORMER USED FOR POWER SUPPLY 

A. Modeling of Charging Current 

In this section, the charging current for the gate drive circuit 

is modeled to design the transformer in order to supply the 

required power for gate drive circuits. The required gate drive 

power for each MOSFET is  

drive sw g gsP f Q V=  (2), 

where fsw is the switching frequency of the Marx circuit, Qg is 

the total gate charge of each MOSFET, and Vgs is the gate-

source voltage during turn-on. The transformer supplies a sum 

of twice the power of (2) and power loss on the gate drive and 

optical receiver. 

Fig. 2 shows the equivalent circuit at the start of the charging 

operation of the Marx circuit. In this consideration, it is 

inV
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VCn

RGD

 
Fig. 2.  Marx circuit with proposed gate drive circuits. 
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assumed that the primary inductance equals the secondary 

inductance for simplicity. The equivalent circuit consists of the 

input voltage Vin, the T-type equivalent circuit of the 

transformer Trn, the Marx capacitor Cn of each stage, the on-

resistance R of the MOSFETs, and the load resistance 

emulating the gate drive circuit RGD. The switch turns on at t = 

0 at the start of charging mode. Here, the output power is 

expressed as 

( )2GD sw D t
P f V i dt=   (3), 

where PGD is the supplied power to the gate drive circuits, fsw is 

the switching frequency of the Marx circuit, VCn is the Marx 

capacitor voltage, VD is the DC voltage of the gate drive circuit, 

i2(t) is the current flowing on the secondary winding of the 

transformer in each stage. 

The circuit equation is developed  

( )

( )

( )

1 21
1 1 10

2 1 2
2

1 2

1
in leak MCn

n

D M leak

M

d i idi
V V L L i dt Ri

dt dt C

d i i di
V L L

dt dt

L k L L

 −
− = + + +




−
= +


 =

  (4) 

during the transient state, assuming the voltage drop of the 

Marx capacitor due to the previous discharging operation, 

where R is the equivalent resistance emulating the power 

consumption on the gate drive circuits, L1 is the primary 

inductance, L2 is the secondary inductance, LM is the mutual 

inductance of the transformer, and VCn(0) is the Marx capacitor 

voltage after the voltage drop by the discharging operation. 

From (4), the secondary current i2(t) during the transient state 

is  

( )( ) 2

0
2

2( )
2

1

1
sin

2

2

R
tin D Cn

D
t

n leak M

n

k V kV V R kV
i e t t

C L LR

C



 

−− −  
= − − 

+  
−  
 

 (5), 

where  is  

1( )leak M ML L kL = + −  (6), 

VD is the output voltage for gate drive circuits, and L1leak is the 

leakage inductance of the primary inductance L1. 

The initial voltage of the  Marx capacitor before the charging 

operation VCn(0) is needed for the calculation of the i2(t). The 

voltage drop of each Marx capacitor is determined by the 

number of the stage. The theoretical output voltage without a 

load is  
1

_

1

n

out theory in FD

j

V nV V j
−

=

= −   (7), 

where VFD is the forward voltage of the diodes, j is the number 

of times it passes through the diode. The forward voltage of the 

diodes should be considered because the voltage drop affects 

the charging current. During the charging period, the Marx 

capacitors are charged through multiple diodes. As a result, the 

Marx capacitor voltage of the upper stage is dropped due to the 

forward voltage drop of the diodes. When the capacitive load 

Cout, such as an ozonizer, is connected to the output of the Marx 

circuit, the output voltage is dropped due to the conservation 

law of the amount of charge. From the conservation law, (8) is 

developed. 

( ) _

1 1
1n out theory out in FD n out outC V C V n V C C V

n n

 
+ − − = + 

 

 (8), 

where Vout is the output voltage of the capacitive load Cout. From 

(8), the output voltage of the Marx circuit is  

( ) 
( )

_ 1n out theory out in FD

out

n out

C V nC V n V
V

C nC

+ − −
=

+
 (9). 

As a result, the voltage drop of the capacitors after the 

discharging operation in each stage is 

( )
_

0

out theory out

incn

V V
V V

n

−
= −  (10). 

B. Design of Inductance for Transformer 

The minimum inductance of the transformer is calculated 

from the current (5). The current i2(t) is approximated to solve 

the required inductance L analytically. As the approximation, 

the voltage drop by the on-resistance of the MOSFETs is 

ignored. Moreover, the proportional term to t in (5) is also 

ignored because the charging period of the Marx capacitor is in 

several microseconds. The effect of the proportional term is 

relatively small compared to the resonant term. The 

approximated current is  

( )( )0
2

2( )
2

1
sin

2

R
tin D Cn

t

n

n

k V kV V
i e t

CR

C





−− −


 
−  
 

 (11), 

Figure 3 shows the calculated current i2 expressed as (5) and 

its approximated current expressed as (11). In Fig. 3, the time 

when the approximated current takes the maximum and the 

maximum value are   

1

2

( )

2

leak M M nL L kL C
t

+ −
  (12), 

( )(0)

max 2

1

2

in D Cn

leak M M

n

k V kV V
i

L L kL R

C

− −


+ −  
−  
 

  (13). 

The time when the current takes the zero is 

1 1( )leak M M nt L L kL C  + −  (14). 

The supplied power PGD for two gate drive circuits is 

approximately calculated from the integral highlighted by the 

diagonal line in Fig. 3 with the base of t1 and height of imax. 
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Fig. 3. Charging current and its approximation. 
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The supplied power to the secondary side is approximated as 

(15).

( )(0)

12

1

( )

2

in D Cn

GD sw out leak M M n

leak M M

n

k V kV V
P f V L L kL C

L L kL R

C


− −

= + −
+ −  

−  
 

 

 (15) 

Since the self-inductance is the sum of leakage inductance 

L1leak and mutual inductance LM, the required self-inductance for 

the transformer is transformed from (15). 

( ) ( ) 

2 2

1 2
2 2

(0)4 1

n GD

GD sw n out in D Cn

C R P
L

k P f C V k V kV V
=

 − − − −
  

 (16) 

IV. EXPERIMENTS OF MARX CIRCUIT 

In this chapter, the Marx circuit with the proposed gate drive 

circuits is demonstrated. Table I shows the specifications of the 

prototype. 

A. Steady-State Operation 

Fig. 4 shows the output voltage of the seven-stage Marx 

circuit with the proposed gate drive circuits. As the output 

voltage of the Marx circuit, an output voltage of 4 kV is 

obtained. Figs. 4 (b) and (c) are the expanded waveforms 

focusing on the positive and negative-going edge. The output 

voltage rises and falls within 100 ns. These results show that the 

proposed gate drive circuits are operating with high-output 

dv/dt. 

Fig. 5 shows the charging operation of the gate drive circuit. 

At the start of the charging operation, the current flows on the 

secondary winding of the transformer as expressed by (5). Note 

that the positive current of i2 at the start of the charging period 

is an unexpected current. Theoretically, the positive current 

never flows on the transformer at this time. Thus, the cause of 

the positive current is not known. However, it is possible that 

the noise caused by the high dv/dt at the start of the charging 

operation is interlinked on the current probe and observed as a 

current.  

Fig. 6 shows the relation between the power and primary 

inductance when the gate drive voltage VD is 16 V. The 

theoretical line calculated by (15) is drawn by the solid line and 

the simulation result is plotted by an open triangle. The circuit 

simulator PLECS (Plexim) is used for the simulation. The 

calculation and experimental results show that higher 
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Fig. 4. Output voltage of the Marx circuit. 
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TABLE I 

SPECIFICATIONS OF PROTOTYPE 

Input voltage

GDU voltage

on-resistance of MOSFETs

Coupling coefficient

Primary leakage inductance

Secondary leakage inductance

Parameters Symbols Value

Vin

VD

R

k

Lleak1

Marx capacitor Cn

L1

600 V

16 V

0.22 µF

0.5 W

0.95

(1-k)L1

(1-k)L1

Switching frequency fout 10 kHz

Primary inductor 10.5 µH

Lleak2

nNumber of stage 7

Discharging time

C3M0065100J (CREE)

6 µs

Magnetic core for trans. PC44 (TDK)

MOSFETs

500 pFLoad

LED SFH4542 (OSRAM)

Photodiode SFH2505 (OSRAM)

Cout

 7.7 × 6.0 × 4.8 mm

 7.7 × 6.0 × 4.8 mm
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inductance allows for supplying more power. This is because 

the current conduction time on the secondary side increases. 

The simulation results show good agreement with the 

theoretical curve. It means that the effects of the approximation 

related to (15) can be ignored. The obtained power in the 

experiments is slightly smaller than the simulation and the 

theoretical curve. In the above experiments, an inductance of 

10.5 H is used because the required gate drive power is less 

than 1.0 W for two MOSFETs.  

B. Start-up Operation 

Fig. 7 shows the start-up operation of the Marx circuit and 

the gate drive circuit. The start-up operation is tested with the 

reduced input voltage and reduced number of cells because of 

the limitation of the output current of the DC power supply. At 

40 ms, an input voltage of 100 V is rapidly applied to the input 

of the Marx circuit. The MOSFETs SD1 and SC1 simultaneously 

start to switch because the gate drive circuits for SD1 and SC1 

have the isolated DC-DC converter. Due to the charging current 

of the Marx capacitor C1 by the switching of SD1 and SC1, The 

gate drive power is supplied through the transformer Tr1. After 

about 160 ms from the start-up, the gate drive voltage for SD2 

reaches the nominal voltage: 15 V. Then, the drive power is 

sequentially supplied to the upper cell. These results show the 

proposed gate drive circuit does not need the isolated DC-DC 

converter except at the lowest stage. 

C. Optical Isolation of Gate-drive Signal 

Fig. 8 shows the gate signal transmission using LEDs and 

photodiodes. The LEDs and photodiodes are separately placed 

with an air gap of 50 mm. The air gap ensures the isolation 

distance between the controller on the low-voltage side and the 

gate drive circuits. The charging and the discharging signal are 

transmitted by the LEDs and photodiodes, as shown in (a). Fig. 

8 (b) is the expanded waveforms of (a). The gate-source voltage 

for charging and discharging is about 500 ns delayed from the 

original signal from the controller.  

V. CONCLUSION 

In this paper, the self-powered gate drive circuits to reduce the 

cost for the Marx circuit of ozonizers have been proposed. The 

Marx circuit does not need an isolated auxiliary power supply 

for the gate drive circuits. The proposed self-powered gate drive 

circuits receive the drive power from the charging path of the 

Marx circuit. The proposed gate drive circuit only requires a 

low withstand voltage because the power for the MOSFET on 

the n-th stage is supplied from the (n - 1)-th stage via a low-

voltage transformer. Besides, the gate signal is transmitted 

through pairs of LEDs and photodiodes instead of optical fibers. 

The proposed gate drive circuits are developed and 

implemented into a prototype of the Marx circuit with an output 

voltage of 4 kV. From the experiments, it is demonstrated that 

the proposed drive circuits provide both drive power and gate 

signal. 
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