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Gate Driving Circuit With Active Pull-Down
Function for a Solid-State Pulsed Power Modulator

Chan-Hun Yu, Sung-Roc Jang, Hyoung-Suk Kim, Student Member, IEEE, and Hong-Je Ryoo

Abstract—This paper proposes a new gate driving circuit for the
solid-state pulsed power modulator (SSPPM) based on semicon-
ductor devices. The proposed circuit can be easily implemented by
applying a short gate signal to the bypass insulated gate bipolar
transistor (IGBT), i.e., switches connected in parallel with the load
instead of a pull-down resistor. The IGBT_BPs are turned ON at
the end-point of the pulse. It can quickly discharge the pulse volt-
age applied to the load. In addition, it can operate as bypass diode,
which is used to protect the semiconductor switches when the gate
signal malfunctions, by using the antiparallel diode of the IGBT.
Moreover, power loss in the pull-down resistor used to achieve fast
falling pulses can be eliminated by turning OFF the IGBT while
applying the pulse state. Thus, the proposed circuit can be used for
implementing SSPPM with small values of falling time and high ef-
ficiency. The circuit configuration, operational principle, relevant
analysis results, and a PSpice modeling are presented and verified
by the 10-kV SSPPM.

Index Terms—TFast falling time, gate driving circuit, pulsed
power applications, solid-state pulsed power modulator (SSPPM).

I. INTRODUCTION

ECENTLY, research on a solid-state pulsed power modu-

lator (SSPPM) has increased for highly repetitive and/or
long pulse width pulsed-power applications such as in water
or gas treatment, plasma-source ion implantation, linear parti-
cle accelerators, klystrons, magnetrons, and gyrotrons [1]-[6].
The SSPPM is clearly more suitable for pulsed power appli-
cations compared with a pulsed power modulator using me-
chanical switches because of its long lifespan, ease in control-
ling the pulse width/repetition, and rectangular pulse waveforms
[71-[12].

The basic configuration of the SSPPM is divided into three
forms such as high-voltage direct switching (HVDS) method,
using a step-up transformer for high-voltage pulse, and power
cell-based solid-state pulse modulator. The HVDS method of-
fers advantages such as a simple structure and compact design of
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Fig. 1.

the SSPPM. However, it is very difficult to design and requires
complex circuit to protect the semiconductor devices from the
frequent arcing condition of load, which occurs frequently dur-
ing the pulsed-power application. The advantage of the SSPPM
implemented using the step-up transformer is that it can apply a
high-voltage pulse to the load with a relatively low primary volt-
age, even though the rising time of the pulse is limited because
of the leakage inductance of the transformer and additional cir-
cuit is required to prevent transformer saturation. In addition,
the size of the power supply increases because of the additional
pulse transformer, and the pulse width variation is limited [11],
[12]. At present, the power cell-based pulsed power modulator
is widely used for SSPPM [13]. It has many advantages such as
fast rising time of the pulse voltage and is capable of generating
a high-voltage output pulse using a capacitor charger with a
relatively low output voltage rating. In addition, it can protect
the main semiconductor switches during the malfunctioning of
the synchronization of switches. Inversely, serial stacking of the
semiconductor switch is required, and the pull-down resistor is
required in highly repetitive and/or long pulse width applica-
tions for small falling time [14]-[18].

The power cell-based pulsed power modulator is composed
of the capacitor charger part and pulse generator part as shown
in Fig. 1. Generally, the real load consists of resistors and ca-
pacitors in pulsed power applications. The main insulated gate
bipolar transistor (IGBT) in the pulse generator part is used to
apply pulse to the load, and the bypass diode is used to protect
the main IGBT during malfunctioning of the gate signal. The
gate driving circuit was developed to obtain a synchronized and
isolated power supply for the main IGBT [19]. In [19], the gate
driving circuit has good synchronization characteristics and the
power supply to the main IGBT is isolated.

Meanwhile, the load in pulsed power applications is com-
posed of a capacitor and resistor. It causes limitation of the
repetitive rate and slow falling time of the pulse because the
applied pulse voltage to the load is stored in the load capacitor.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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To solve this problem, connecting a pull-down resistor with load
in parallel is a well-known method. The pull-down resistor can
discharge the applied voltage to the load. Thus, it can achieve
fast falling time of the pulse voltage. However, additional loss in
the pull-down resistor occurs because the current continuously
flows through the pull-down resistor during pulse ON state. It is
sharply increased according to increase pulse width and repeti-
tive rate. Therefore, the high power resistor, which has large size
due to high power, is needed. Furthermore, the additional utility
of high-voltage isolation is required for applying real applica-
tions because the pull-down resistor is installed in parallel with
real load. It causes increased complexity of the system as well as
additional loss. To overcome large losses, the push—pull circuit
is considered to achieve fast falling time without additional loss
[20]. In this method, the pull-down resistor is changed by sim-
ple stacked switches. It can achieve fast falling time without the
pull-down resistor. Therefore, there is no additional loss from
the pull-down resistor. However, the SSPPM with push pull cir-
cuit has complex structure due to following reasons. First, the
external circuit for voltage balancing is required in this method.
In case of simple stacked switches, there is a lot of voltage dif-
ference between each switch from manufacturing error which
causes variety junction capacitance of switches. Accordingly,
the simple stacked switches must have to use external balancing
circuit for reliable operation. Second, the additional circuit is
also needed to protect main switches. Without protection cir-
cuit, total output voltage applied to the asynchronous switch
when gating signal synchronization fails. It makes main switch
broken.

In this paper, a new gate driving circuit and power cell struc-
ture are proposed. In case of the SSPPM with proposed circuit,
it can be easily implemented by replacing the bypass diode with
the bypass IGBT (IGBT_BP). Also, the IGBT_BP can be simply
operated by the proposed gate driver by using the ON/OFF signal
that is used for operating the main IGBT. Therefore, IGBT_BP
turn ON at the end of pulse to achieve fast falling time. More-
over, the additional loss generated by the pull-down resistor
is eliminated by turning OFF the IGBT_BP during the applied
pulse state. Furthermore, the voltage balancing problem does
not occur due to power cell structure which clamps the voltage
between switch at the voltage of one output capacitor as well as
protecting their main IGBT.

II. PROPOSED CIRCUIT

A. Concept

Fig. 2 shows the overall structure of the 10-kV SSPPM. It
mainly consists of the high-efficiency series resonant-type ca-
pacitor charger inverter with six power cells connected in series
and charged through a power loop transformer. Each power cell
consists of voltage-doubled rectifier, two main IGBT, and com-
ponents for protecting the main IGBTs. The power cell can be
charged in parallel through primary winding at 1600 V. Then,
charged voltage in the power cell can be discharged in series to
the load by turning ON the main IGBTs. When several switches
are malfunctioning due to synchronization problems, voltage of
the asynchronous main IGBT is clamped at one output capacitor
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Fig. 2. Overall structure of the solid-state pulsed power. (a) Schematic of
the conventional SSPPM-based 10-kV modulator. (b) Schematic of the SSPPM
with the 10-kV modulator based on the proposed circuit.

voltage due to bypass path. The detailed operation of protecting
main IGBT is mentioned in Section III-C. As shown in Fig. 2(a),
in the conventional SSPPM, bypass diodes (D_BP1-D_BP12)
are used to protect the main IGBT during the malfunctioning
of the gate signal and the pull-down resistor is connected in



242

Pulse Modulator
—o0 o

b

- - — Discharging path

Pull-down Resistor

Bypass
Diode I

Load

MN

()
Pulse Modulator
—o0 o

Main IGBT

...

IGBT BP

o_o

Load

- - =  Discharging path
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parallel with the load to achieve fast falling of the pulse. On
the other hand, the SSPPM with the proposed circuit replaces
the bypass diode with the IGBT_BPs as shown in Fig. 2(b).
Thus, the SSPPM with proposed circuit is easily implemented
by changing bypass diode to IGBT with proposed gate driver
circuit in power cell. Therefore, it can help to achieve fast falling
time without drawbacks caused by the discharging resistor.

The applied pulse voltage in the load capacitance has to dis-
charge quickly for fast falling of the pulse. Fig. 3 shows the dis-
charging path of the pulse voltage in the simplified conventional
and proposed circuits. In the conventional circuit, the pull-down
resistor is connected in parallel with the load for discharging the
pulse voltage quickly. In this method, the current continuously
flows thorough the pull-down resistor during pulse ON state as
well as discharging voltage applied to the load. Therefore, a
high power pull-down resistor is required and additional loss is
generated. The proposed circuit uses the IGBT_BP for achiev-
ing fast-falling pulse without the pull-down resistor as shown in
Fig. 3(b). In proposed method, the current only flows at the end
point of the pulse to discharge voltage applied to the load. The
IGBT_BP is turned ON at the end of the pulse voltage. It can
discharge the pulse voltage quickly. Moreover, it can eliminate
the additional loss from the pull-down resistor.

B. Operational Principle of Gate Driving Circuit

Fig. 4 shows the schematic of the proposed gate driver and
the basic waveforms of the gate signal and ON—OFF pulse signal.
The main concept of the proposed gate driving circuit is that the
turn-ON pulse signal is transferred to charge the C2 designed for
the turn-ON hold mode and the main IGBT input capacitance
simultaneously via the transformer TX1. In this case, only one
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Fig. 4. Schematic of the proposed gate driver circuit. (a) Proposed gate driver
circuit. (b) Waveforms of ON/OFF pulse signal, gate signal of the main IGBT,
and gate signal of the IGBT_BP.

power source can be used for synchronizing the gate signals of
a number of series-connected main IGBT stack and IGBT_BP
stack. Hence, two problems concerning the isolated gate driver
and synchronized gating signal are solved. Furthermore, the gate
driver for the added IGBT_BPs is easily implemented using a
simple circuit that uses the same pulse signal for driving the
main IGBTs. Thus, it contributes toward decreasing the falling
time as well as eliminating the additional loss from the pull-
down resistor. The operational principle can be analyzed based
on the operation modes, as shown in Fig. 5.

1) Turn-ON pulse mode—When a turn-ON pulse signal is
applied to the TX1, C2 is charged with a clamped voltage
by the zener diode. Simultaneously, C1 is also charged so
that U1 can conduct at the same time, and Q2 conducts
sequentially. Finally, the voltage across RS is applied to
the input capacitor of the main IGBT. Therefore, the main
IGBT switch conducts. Meanwhile, the gate signal of the
IGBT_BP is turned OFF.

2) Turn-ON hold mode—Once the U1 is made to conduct, the
drain-to-source resistance of U1 is low enough to allow the
main IGBT to conduct because of the energy stored in C2.
Even though high instantaneous current is supplied during
the turn-ON pulse mode, the total power consumption in
the gate driver is low. Therefore, the capacitance of C2
can also be used to keep the main IGBT turned ON during
the turn-ON hold mode. In this mode, the IGBT_BP is still
turned OFF.

3) Turn-OFF pulse mode—During the turn-OFF pulse mode,
C2 continues to charge through D2 and D6. On the other
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Fig.5. Operation modes of the proposed gate driver circuit. (a) Turn-ON pulse
mode. (b) Turn-ON hold mode. (c) Turn-OFF pulse mode.

hand, C1 is discharged through D3 so that Ul cannot
conduct anymore. Thus, Q1 conducts to discharge the
input capacitor of the main IGBT. Therefore, the main
IGBT is turned OFF. Meanwhile, the turn-ON pulse signal
is applied to the gate driver for IGBT_BP because the
winding is in the opposite direction of the gate driver for
the main IGBT. The pulse signal is applied to the gate of
Q3 through the differentiator composed of R12 and C3.
In an instant, Q3 conducts and L1 can build up energy
for driving the IGBT_BP. Finally, the energy stored in L1
charges the input capacitor of the IGBT_BP. Therefore,
the IGBT_BP switch conducts.
Thus, synchronized gate signal and an isolated power supply
for the IGBT_BP as well as the main IGBT can be achieved by
using the proposed circuit.

C. Design and Implementation

The design factors of proposed circuit are storage capacitor
C2, zener diode D4, differentiator R12, and C3 in Fig. 4(a).

The other parameters do not influence the overall operation of
the proposed gate driving circuit much. The storage capacitor
C2 can be adjusted according to the output pulse width. It has
large value for long output pulse width because stored energy of
C2 with ON/OFF pulse signal has to maintain gate voltage with-
out external energy source. The developed SSPPM has long
output pulse width of 300 us. The capacitance of storage ca-
pacitor C2 is 1 pF to maintain gate voltage of main IGBT for
300 ps. On the other hand, the zener diode D4 can limit voltage
of the storage capacitor C2 for driving IGBT. The developed
SSPPM is adopted FGL40N120AND FAIRCHILD IGBT for
their main switches, which has saturated at 15 V between gate
and emitter of IGBT. Therefore, we select 15 V zener diode to
drive main IGBT properly. It can adjust gate voltage according
to switch model. Meanwhile, the differentiator of gate driver
can determine gate delay of IGBT_BP. The single pulse signal
is used for main switch and bypass switch with single toroidal
core. Therefore, their switches can be shorted without delay
circuit, which causes destruction of switches due to high cur-
rent from output capacitor through shorted line. To prevent this
problem, 150 ns delay is applied to the driver circuit with 3 nF,
50 © of C3 and R12.

On the other hand, the voltage rating of IGBT_BP is deter-
mined by charged voltage of one output capacitor from capacitor
charger. The voltage of each IGBT_BP is clamped at charged
voltage of one output capacitor when the IGBT_BP is turned
OFF. Also, it is their maximum voltage. Therefore, the charging
voltage of output capacitor can determine the voltage rating of
the IGBT_BP.

The detailed implementation of the proposed gate driving
circuit is described for operating the stacked switches as well as
achieving fast falling pulse based on the analysis of the concept
and operational principle of the proposed circuit.

As mentioned above, achieving an isolated power supply is
important for driving the stacked switches. The proposed gate
driver circuit was implemented by using the toroidal ferrite
core (cross-section area: 18 mm?) with a turn ratio of 1:2 for
preventing core saturation and supplying isolated power to the
stacked switches. The ON/OFF pulse signal generated by the full-
bridge inverter-based ON/OFF pulse generator passed through
this toroidal core with one turn and was transferred to each gate
driver circuit. The switches (main IGBTs and IGBT_BPs) were
attached directly to the gate driver Printed Circuit Board (PCB)
for reducing the undesirable effect from the parasitic inductance
between the gate driver circuit and the gate pin of the switch.
The proposed circuit is implemented as depicted in Fig. 6. The
main IGBTs and IGBT_BPs were located on the PCB and the
heat sink was attached for radiating the high temperature of the
switches.

III. DISTINCTIVE FEATURE OF THE PROPOSED
POWER MODULATOR

A. Effective Pull Down

The falling time is proportional to the resistance connected
in parallel with the load. In the proposed circuit, IGBT_BPs
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Fig. 6. Photograph of the implementation of the proposed gate driving circuit.

are turned ON at the end of the pulse. In this state, the parallel
resistance is very small compared with the pull-down resistor.
As a result, the proposed circuit has a small falling time com-
pared with the conventional circuit because of the IGBT’s small
ON resistance. Indeed, a pull-down resistor with a small value
can be used to achieve fast-falling pulses. However, the applica-
tion of the pull-down resistor is limited because of the resistor
power rating and additional loss, which increases with decrease
in resistance. Therefore, the SSPPM with the proposed circuit
provides fast-falling pulsed voltage applied to the load without
the pull-down resistor.

B. Additional Loss Comparison at Load Side

When applying a pulsed voltage to the load, there are two
additional losses at the load-side. First, a continuous loss oc-
curs during the applied pulse state because of the high voltage
applied to the pull-down resistor. Second, an instantaneous loss
occurs because the energy stored in the load capacitance dis-
charges through the pull-down resistor or the IGBT_BP. Two
additional losses can be expressed in the following equation. In
this equation, the additional loss from the gate driving circuit
for operating the IGBT_BP in the proposed circuit is ignored
because it is very small compared with the loss from the load-

side:
2 2
L _ Vpulse X WPUISC CLO&d X ‘/pulse r
OSSLoad —side — X
Rpullfdown 2

)]
where V], ,1s¢ 1s the pulse voltage, W), ,1s. is the pulse width, and
F is the repetition rate of the pulse.

Rpuil—down in case of the SSPPM with the proposed circuit
has a value close to infinity because the IGBT_BP is turned
OFF during the applied pulse state. In this case, the first ad-
ditional loss is approximately zero. Fig. 7 shows the additional
losses occurring at the load-side of the SSPPM with and without
the proposed circuit. As shown in Fig. 7, the SSPPM without
the proposed circuit has large loss from the pull-down resis-
tor caused from the first additional loss. For these reason, the
SSPPM has limitations of pulse width and repetition rate due to
the large loss from the pull-down resistor. However, in case of
SSPPM with proposed circuit, the load-side loss is independent
of pulse width as shown in (1). Moreover, the generated loss in
the second term of (1) is extremely smaller than first term of (1).
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On the other hand, in case of conventional circuit, the voltage
of load capacitor v, (t) is derived as

—t
o ) = Vo (1~ ) )

From the (2), the falling time Tt,);, which is defined as the
time to reach ten percent of initial voltage from ninety percent
of initial voltage, can be calculated as

Tfall =22x Rpull—down X CLoad-

3

To obtain similar falling time with proposed circuit, 100 €2 re-
sistor can be used for the pull-down resistor. However, it causes
exceeding loss in the pull-down resistor. Accordingly, it is dif-
ficult to apply in real system due to very big size and high cost.

C. Protection of Semiconductor Device

The SSPPM with the power cell based structure guarantees
reliable operation even if the gating signal synchronization fails
[13]. As shown in Fig. 8, in the normal operation mode, the
voltage across each main IGBT (IGBT; —IGBTy) is always
clamped to the corresponding storage capacitor (C; — C'y) volt-
age. The sum of each capacitor voltage (NV ;) can be applied
to the load when all the switches are simultaneously turned ON.
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When one or several switches are malfunctioning because of
the gate driver circuit or signal synchronization problems, the
SSPPM with the power cell based structure operates without
damaging the devices, as shown in Fig. 9. For example, even
if IGBT4 turns OFF while the other switches are ON, the pulse
current flows through the antiparallel diode D4 and the volt-
age across IGBT4 is clamped to the capacitor C4. That is, the
SSPPM with the proposed circuit does not require an exactly
synchronized gate signal.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The simulation model of a pulse gate driver is presented in
Fig. 10. It was designed for reliable operation. The value of
all the parameters in a gate driver was determined from the
simulation results. Fig. 11 shows the simulation results of the
driver circuit. The IGBT_BP was turned ON with the OFF pulse
signal as soon as the main IGBT was turned OFF.
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Fig. 12. Experimental wavefroms of ON/OFF pulse and gate signals of the
main IGBT and IGBT_BP. (a) At 50 s per division. (b) At 2 us per division.

The experiments were performed using the 10-kV SSPPM
with 0.85-nF reactor load to verify the proposed work. The fea-
sibility of the proposed circuit was confirmed by the fast-falling
pulses observed in the experimental results. The main IGBT and
IGBT_BP were staked for 10-kV pulse voltage. All the IGBTSs
used FGL40N120AND (1200 V/40 A). As shown in Fig. 12,
the proposed gate driver shows reliable normal operation. The
main IGBTs were turned ON with the ON pulse signal and were
maintained for 300 us by using the storage capacitor of gate
driver. At that time, the output pulse was applied to the load
through the main IGBTs. As applying OFF pulse signal, the
main IGBTs were turned OFF and the gate signal was applied to
the IGBT_BPs as shown in Fig. 12(b). Then, the stored energy
in load capacitance can be discharged through the IGBT_BPs.
Fig. 13 shows a comparison between the falling times of the con-
ventional and proposed circuits. In the case of the conventional
circuit, the pulse voltage applied to the load was discharged
according to (3). As shown in Fig. 13(a), the pulse voltage of
the conventional circuit has a slow falling time and exhibits
an exponential waveform. In the case of the proposed circuit,
the applied pulse voltage was discharged quickly through the
IGBT_BPs. The output voltage in proposed circuit has ringing
because of nonzero dv/dt. It is caused from resonance between
load capacitance and parasitic inductance. However, the ringing
does not influence the system much because of following rea-
sons. First, the magnitude of ringing is not so much high because
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the parasitic inductance of the SSPPM has small value. More-
over, the ringing is attenuated quickly as shown in Fig. 13(b).
For reducing the ringing, the parasitic inductance can be de-
creased by increasing the wire cross-sectional area and/or by
reducing the wire length. Thus, the pulse voltage of proposed
circuit had a falling time about ten times smaller than that of the
conventional circuit.

V. CONCLUSION

This paper proposes a new gate driving circuit for the SSPPM.
The SSPPM with the proposed circuit can be easily implemented
by replacing the bypass diode of the conventional circuit with
the IGBT_BP and adding a small number of components for
driving the replaced IGBT_BP. The IGBT_BPs are turned ON
with the OFF pulse signal as soon as the main IGBT is turned
OFF. It can quickly discharge the pulse voltage applied to the
load. In addition, it can operate as a bypass diode using the
antiparallel diode. Moreover, the power loss in the pull-down
resistor, which is used in the conventional SSPPM to achieve
fast-falling pulses, can be eliminated. The experiment results
confirm that the proposed circuit can widely be used by the
SSPPM with fast-falling time in various applications such as in
water or gas-treatment system.
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