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ABSTRACT An adjustable gate driver is proposed based on the optimization of switching transient
performances. The turn-on process is optimized through an adjustable charging current, while the turn-off
process is optimized through an adjustable segmented drive current. The proposed gate drive circuit has the
advantage of reducing switching loss, delay, and total switching time, while maintaining the switching stress
and EMI noise level during both turn-on and turn-off transients. The proposed driver can be integrated into
gate driver ICs, and the switching performance can be externally adjusted to match the power device for
different applications. By combining the above techniques, an adjustable gate driver IC has been developed
using the 0.25um BCD process. The simulated and experimental results validate the proposed technique.
Compared to the conventional gate driver, the overshoot voltage has been reduced from 15.4% to 8.3%, and
the overshoot current has decreased from 20.5% to 10.2% under a 10A load condition.

INDEX TERMS Gate driver, overshoot voltage, switching transient.

I. INTRODUCTION

Power MOSFET devices play a significant role in power
applications due to their high current, voltage capability.
The performance and reliability of power MOSFETs are
directly related to their gate drive circuits [1], [2], [3]. Many
researches [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16], [17], [18] have been done, mainly based on the
consideration of switching speed, switching loss, overshoot
current, overshoot voltage, and electromagnetic interference
(EMI). Fast switching speeds produce higher current over-
shoot, voltage overshoot, and EMI, while slow switching
speeds produce longer switching delays and higher switching
losses [4]. As aresult, there is a trade-off between overshoots
and losses in the design of gate drivers [5].
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The conventional drive circuit employs a larger gate resis-
tance (Rop) to switch the power device on, and a lower gate
resistance (Roff) to switch the power device off [6]. This
compromise method is relatively simple, and cannot meet
the requirements for higher switching performance. A gate
driver circuit with adjustable gate resistance is proposed
in [7]. The specific optimization method involves using a
large gate resistance to suppress the reverse recovery current
when the external power switch current rises, and a small gate
resistance to control the decline rate when the external power
switch drain and source voltage drops, so as to reduce the
turn-on loss. However, the method of adjusting the gate resis-
tance is rough, and the resistance is generally only adjusted
once during a single switching process, making it challenging
to optimize both the switching on and switching off simulta-
neously. Similar gate drivers with a gate resistance adaptation
to different switching stages were presented in [8], [9], [10],
and [11], these methods require a complex circuit implemen-
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tation and are inflexible for use in different devices. A gate
driver with adjustable gate voltage based on drain voltage
detection was proposed in [12]. By comparing the drain volt-
age of the external power device with the reference voltage,
the gate drive voltage is adjusted based on the comparison
voltage result to achieve the purpose of adjusting di/dt and
dv/dt. However, this drain detection circuit requires a high-
voltage circuit, and the detection circuit is also relatively com-
plex. The optimizing circuits cannot be integrated on a chip;

In the existing technology, there are also many control
methods based on dic/dt and dvcg/dt closed-loop detection
to optimize the switching process [13], [14], [15], [16],
[17], [18]. However for closed-loop control, it is challenging
to control detection accuracy, and there must be a certain
feedback delay. Both detection accuracy and feedback delay
significantly impact the performance of the gate driver and
the detection circuit, making it difficult to adjust and opti-
mize. Furthermore, the gate driver cannot be integrated on a
chip.

This paper proposes an adjustable gate driver circuit based
on the transient characteristics of the gate-source voltage,
which effectively solves the above problems. The optimized
circuit is simple, externally adjustable, and can be integrated
onto the chip to directly drive the power devices. Compared
to the traditional gate drive circuit, this circuit can effec-
tively suppress the current and voltage overshoot, reduce
current and voltage peaks, improve electromagnetic interfer-
ence characteristics, optimize switching characteristics, and
enhance system safety.

Il. ARCHITECTURE AND CIRCUIT DESIGN

This paper presents an adjustable gate driver that can be
integrated on a chip. The block diagram of the adjustable
gate driver IC is shown in Fig.1. The circuit mainly includes
a turn-off optimizer, a turn-on optimizer, a reference cir-
cuit, an under-voltage protection circuit, a power-on reset
circuit, a Schmitt circuit, a comparator circuit, and output-
level series-connected NMOS transistors MN1 and MN2.
The turn-on and turn-off processes are optimized using the
turn-on optimizer and the turn-off optimizer, respectively.
In this scheme, two NMOS transistors are used to drive
external power MOSFETSs, and the upper NMOS is con-
trolled by the internal bias current in the turn-on optimizer.
By adjusting the bias current and the gate-source capacitance
of MN2, the turn-on performance of external power devices
can be optimized. By detecting the gate drive voltage, the
drive current of MN1 is controlled in two stages, enabling
segmented control of the gate drive current of the external
power MOSFETs. The internal drive current can be externally
adjusted, making it easy to optimize the switching transient
of the power MOSFETs.

A. TURN-ON OPTIMIZER

Fig.2 illustrates the circuit implementation of the turn-on
optimizer, which mainly includes an operational amplifier,
an adjustable bias circuit, and a current amplifier circuit.
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FIGURE 1. Block diagram of the proposed adjustable gate driver IC.
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FIGURE 2. The circuit implementation of the turn-on optimizer.
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FIGURE 3. Turn-on waveform of proposed circuit.

VREF] is the reference voltage inside the chip, and Vg is the
inverse of the input signal Vin. The initial bias current Ir3
is set through the reference voltage Vrgr; and resistance R3,
as shown in (1);

VREF1
Ip3 = 1
R3 R 1

After the initial bias current is amplified by the cur-
rent amplifier circuit, the drive current capacity of Vyy is
expressed as

_ VReF1N2N3Ny
R3

where N2 represents the width-to-length ratio of MP8 to
MP6; N3 represents the ratio of the width to length ratio of
MN13 to MN10; and N4 represents the width-to-length ratio
of MP13 to MP11.

V1 controls the opening and closing of the adjustable bias
circuit, and therefore the turn-on and turn-off of MN2.

The turn-on waveforms of the proposed method are shown
in Fig.3. At a time just prior to t;, Vr1 is at a low level,
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FIGURE 4. The circuit implementation of the turn-off optimizer.
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FIGURE 5. Turn-off waveform of proposed circuit.

and Vy is at high level. When the adjustable bias circuit
is turned off, MN14 turns on, and V3 is at a low level.
At time t; VL1 changes from a low level to a high level,
Vi1 changes to a low level. After time t;, the output signal
VN2 is increasing towards a high level, and the gate voltage
of MN?2 is slowly increasing towards a high value. Due to
the influence of capacitor C1, V3 slowly rises to a high
level. Thus, the output Vour of the driver rises smoothly to
the high output level, which is approximately Vcc-Vry. The
conduction speed of the internal MN2 is adjusted by changing
the size of the resistance R3 and the capacitor C1. As a result,
the turn-on transient of the external power MOSFETSs can be
optimized.

B. TURN-OFF OPTIMIZER

The turn-off optimizer is shown in the Fig.4. Vi is the
driving signal of the lower tube MN1, and Vgx is a narrow
pulse signal tiyx which represents the short-time output Voyr
higher than Vrgp, after the external MOSFET is turned off.
The drive signal Vi increases a narrow pulse width tgx
based on the Vi pulse width. First, the MUXI1 circuit and
bias circuit are controlled by a narrow pulse signal. MUX1
outputs the LDO voltage and turns MN4 on. During the pulse
time tyx, the drive signal Vi rises to a value Vypy; that is
slightly higher than the threshold voltage of MNI1. During
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FIGURE 6. The variation of adjustable parameters with input capacitance
and threshold voltage. (a) C1 versus Ciss. (b) R3 versus Ciss. (c) R1 versus
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TABLE 1. Main parameters for gate driver.

Parameters Value Parameters Value
Gate drive Voltage 12V Gate resistance  5Q
R1 14kQ R4 40kQ
R3 14kQ Vgus 48V
Cl 100pF Frequency 10KHz
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FIGURE 7. Simulated switching waveforms of proposed circuit.

the internal Vy is driven by the adjustable bias circuit, and
Vour decreases gradually. After the narrow pulse signal, the
bias circuit is turned off, causing Vi1 to become a low level.
Subsequently, the voltage Vi is rapidly raised to the VCC
voltage by MP5. The external power device is powered by a
higher current to enable rapid shutdown.

The turn-off optimizer regulates the turn-on drive current
of the MN 1 during the narrow pulse width period. Then MN1
is rapidly switched on after the internal. As a result, the circuit
can reduce the overshoot voltage and EMI during turn-off
transients.

The turn-off waveform of the proposed method for opti-
mizing turn-off transient is shown in Fig.5. At the time prior
toty, VL isatahighlevel and Vj is atalow level. Attime tp,
VL1 changes from a high level to a low level, Vx produces
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FIGURE 8. Simulated turn-on waveforms of proposed circuit.
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FIGURE 9. Simulated turn-off waveforms of proposed circuit.

FIGURE 10. The layout of proposed circuit.

a narrow pulse signal with a pulse width of Tyx. During
this pulse time, VN rises and remains at a low level voltage
ViLv1, causing the output Voyr signal of the driving circuit
to drop gradually. At time t3, the Vgx pulse signal becomes
low and the Vi signal also becomes low. As a result, VN
rapidly rises to VCC, and the output signal Voyr of the driver
circuit rapidly declines to zero with a steeper slope. Actually,
there is a delay not displayed in the figure between the driver
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FIGURE 11. Photograph of servo drive module based on proposed gate
driver.

200ns

Miller
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FIGURE 13. Measured turn-off waveforms of proposed gate driver.
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FIGURE 14. Measured overshoot voltage of proposed gate driver
compared with conventional gate driver.

output signal and the Vi signal. This delay is caused by the
response time of the internal comparator and other circuits.
Consequently, in the first stage, the external power MOS-
FET ML is in a slow discharge state, which effectively
reduces the overshoot voltage and di/dt during the turn-off.

VOLUME 12, 2024



W. Xi et al.: Adjustable Gate Driver Based on the Optimization of Switching Transient Performances

IEEE Access

Tov_C: Overshoot current of Conventional gate driver
Tov_P: Overshoot current of Proposed gate driver
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FIGURE 15. Measured overshoot current of proposed gate driver
compared with conventional gate driver.
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Eon_P/Eoff_P: Tumn-on/Turn-off switching losses of Proposed Gate Driver
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FIGURE 16. Measured switching loss of proposed gate driver compared
with conventional gate driver.
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FIGURE 17. Measured switching time of proposed gate driver compared
with conventional gate driver.

In the second stage, the ML is in the fast discharge state,
which accelerates the turn-off process of the external MOS-
FETs and reduces the switching loss.

C. ANALYSIS OF ADJUSTABLE PARAMETERS

This paper proposes separate optimization processes for
turn-on and turn-off operations, with the ability to externally
adjust the optimization parameters. During the turn-off tran-
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FIGURE 18. Measured propagation delay of proposed gate driver
compared with conventional gate driver.

sient, the drive voltage of the NMOS device on the low side
of the internal output stage is controlled to achieve segmented
switching off current. During the turn-on transient, the opti-
mization of the external power device’s switching is achieved
by controlling the gate drive current and the gate-source
capacitor of the upper NMOS in the output stage.

The drive current of the inner upper tube MN2 can be
adjusted by changing the size of the resistance R3. In addi-
tion, the turn-on speed of the upper tube MN2 can be adjusted
by changing the size of the capacitor C1. Therefore, the
switching speed of the external power device is adjusted.

The narrow pulse width can be adjusted by changing the
size of resistor R4 which determines the value of VRgp2.
During the Vyx pulse width, the drive current of inner MN2
can be adjusted by resistor R1. Therefore, the turn-off perfor-
mance of the external power device is optimized by resistors
R1 and R4.

The resistors R1, R3, R4, and capacitor C1 in the circuit can
be placed outside the drive ICs. By modifying these devices,
the optimization circuit can adapt to different power devices.
According to the requirements of the drive system for the
drive speed, these parameters can be adjusted appropriately
with changes in input capacitance and threshold voltage of
power MOSFETs, and the corresponding reference value
is shown in Fig.6. The resistors R1, R3, and capacitor C1
are mainly related to the size of the input capacitance. The
resistors R4 is mainly related to the threshold voltage of the
power device.

Ill. SIMULATION RESULTS AND MEASURED RESULTS
The proposed gate driver is implemented using the 0.25um
BCD process. The main specifications and key adjustable
parameters of the driving chip are shown in Table 1.

The overall simulation waveforms are shown in Fig.7. The
turn-on transient waveforms are shown in Fig.8. The turn-off
transient waveforms are shown in Fig.9. The power for gate
drive is 12V. The pulse width is related to the magnitude of the
load. The voltage Vgg represents the gate-to-source voltage
of external MOSFETs. The simulation waveform indicates
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that the switching process of the power MOSFETsS is smooth,
with very low stress.

Fig.10 shows the layout of proposed gate driver IC, which
is implemented on 0.25um BCD process. The turn-on opti-
mizer, turn-off optimizer, reference circuit, and LDO are
included in the driver IC.

The driver IC is used in 48V servo drive system. The driver
module based on the chip design is shown in the following
Fig.11. The servo driver module is mainly composed of a
power board and a signal board. The measured waveforms
of the gate voltage and the drain voltage of power MOSFETSs
are shown in Fig.12 and Fig.13. The drive waveforms are very
smooth, without any voltage oscillation.

The overshoot voltage and current compared with conven-
tional driver ICs (IR2308) are shown in Fig.14 and Fig.15.
The overshoot voltage and current decrease significantly
under various load conditions. Therefore, the proposed gate
driver technology significantly reduces the EMI typically
created by gate drivers.

The comparisons of the switching loss and switching time
of power MOSFETs under a 3A load are shown in Fig.16
and Fig.17. The comparisons of the turn-on delay and turn-
off delay for a load capacitance of 1nF are shown in Fig.18.
It is clearly noticeable that the switching loss, delay, and
switching time are reduced in the proposed gate driver.

IV. CONCLUSION

In this paper, an adjustable gate driver that is adaptive to
different power devices is proposed to optimize the turn-on
and turn-off processes, respectively. The proposed gate drive
circuit aims to reduce switching loss and delay while main-
taining switching stress and EMI noise levels during both
turn-on and turn-off transients. Based on the 0.25um BCD
process, the gate driver IC has been implemented. Compared
to the conventional gate driver, the proposed gate driver has
significantly lower stress and negligible EMI.

REFERENCES

[1] A. R. Hefner, “An investigation of the drive circuit requirements for
the power insulated gate bipolar transistor (IGBT),” IEEE Trans. Power
Electron., vol. 6, no. 2, pp. 208-219, Apr. 1991.

[2] H. G. Eckel and L. Sack, “Optimization of the turn-off performance of
IGBT at overcurrent and short-circuit current,” in Power Electronics and
Application, Brighton, U.K.: EPE, 1993, pp. 317-322.

[3] B. Weis and M. Bruckmann, ““A new gate driver circuit for improved turn-
off characteristics of high current IGBT modules,” in Proc. Ind. Appl. Conf.
33rd IAS Annu. Meeting, St. Louis, MO, USA, 1998, pp. 1073-1077.

[4] Y. Onozawa, M. Otsuki, and Y. Seki, “Investigation of carrier streaming
effect for the low spike fast IGBT turn-off,” in Proc. IEEE Int. Symp. Power
Semiconductor Devices ICs, Naples, Italy, Jun. 2006, pp. 1-4.

[5] V.John, B.-S. Suh, and T. A. Lipo, “High-performance active gate drive
for high-power IGBT’s,” in Proc. IEEE Trans. Ind. Appl., St. Louis, MO,
USA, Mar. 1998, pp. 1519-1529.

[6] M. A. de Rooij, J. T. Strydom, J. D. van Wyk, and P. Beamer, “Develop-
ment of a 1 MHz MOSFET gate-driver for integrated converters,” in Proc.
Conf. Rec. IEEE Ind. Appl. Conf., 37th IAS Annu. Meeting, Pittsburgh, PA,
USA, Oct. 2002, pp. 2622-2629, doi: 10.1109/IAS.2002.1042817.

[71 Y. Wang, P. R. Palmer, A. T. Bryant, S. J. Finney, M. S. Abu-Khaizaran,
and G. Li, “An analysis of high-power IGBT switching under cas-
cade active voltage control,” IEEE Trans. Ind. Appl., vol. 45, no. 2,
pp. 861-870, Mar./Apr. 2009, doi: 10.1109/TIA.2009.2013595.

69014

[8]

[9]

[10]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

S. Takizawa, S. Igarashi, and K. Kuroki, “A new di/dt control gate drive
circuit for IGBTS to reduce EMI noise and switching losses,” in Proc. 29th
Annu. IEEE Power Electron. Specialists Conf., Mar. 1998, pp. 1443-1449.
C. Licitra, S. Musumeci, A. Raciti, A. U. Galluzzo, R. Letor, and M. Melito,
“A new driving circuit for IGBT devices,” IEEE Trans. Power Electron.,
vol. 10, no. 3, pp. 373-378, May 1995.

Z. Wang, X. Shi, L. M. Tolbert, F. Wang, and B. J. Blalock, “A di/dt
feedback-based active gate driver for smart switching and fast overcurrent
protection of IGBT modules,” IEEE Trans. Power Electron., vol. 29, no. 7,
pp. 3720-3732, Jul. 2014.

A.P.Camacho, V. Sala, H. Ghorbani, and J. L. R. Martinez, ““A novel active
gate driver for improving SiC MOSFET switching trajectory,” IEEE Trans.
Ind. Electron., vol. 64, no. 11, pp. 9032-9042, Nov. 2017.

Y. Wang, A. T. Bryant, P. R. Palmer, S. J. Finney, M. Abu-Khaizaran, and
G. Li, “An analysis of high power IGBT switching under cascade active
voltage control,” in Proc. IAS, Hong Kong, vol. 2, 2005, pp. 806-812, doi:
10.1109/T1AS.2005.1518426.

S. Park and T. M. Jahns, “Flexible dv/dt and di/dt control method for
insulated gate power switches,” IEEE Trans. Ind. Appl., vol. 39, no. 3,
pp. 657-664, May 2003, doi: 10.1109/TTA.2003.810654.

N. Idir, R. Bausiere, and J. J. Franchaud, “Active gate voltage control of
turn-on di/dt and turn-off dv/dt in insulated gate transistors,” IEEE Trans.
Power Electron., vol. 21, no. 4, pp. 849-855, Jul. 2006.

H. Riazmontazer, A. Rahnamaee, A. Mojab, S. Mehrnami,
S. K. Mazumder, and M. Zefran, “Closed-loop control of switching
transition of SiC MOSFETS,” in Proc. IEEE Appl. Power Electron. Conf.
Expo. (APEC), Charlotte, NC, USA, Mar. 2015, pp. 782-788.

Y. Lobsiger and J. Kolar, “Closed-loop di/dt and dv/dt IGBT gate driver,”
IEEE Trans. Power Electron., vol. 30, no. 6, pp. 3402-3417, Jun. 2015.
L. Shu, J. Zhang, F. Peng, and Z. Chen, “Active current source IGBT
gate drive with closed-loop di/dt and dv/dt control,” IEEE Trans. Power
Electron., vol. 32, no. 5, pp. 3787-3796, May 2017.

Z. Gao, J. Zhang, Y. Huang, R. Guan, and Y. Zhou, “A closed-
loop active gate driver of SiC MOSFET for voltage spike suppres-
sion,” IEEE Open J. Power Electron., vol. 3, pp. 723-730, 2022, doi:
10.1109/0JPEL.2022.3209334.

WEI XI received the B.S. degree in applied physics
from Xi’an Polytechnic University, Xi’an, China,
in 2013, and the M.S. degree in integrated circuit
engineering from Southeast University, Nanjing,
China, in 2016, where he is currently pursuing
the Ph.D. degree in electronic and information
engineering. His research interests include power
integrated circuits, gate drive circuits, and power
control circuits.

SIYANG LIU (Senior Member, IEEE) received the
M.S. and Ph.D. degrees in microelectronics from
Southeast University, Nanjing, China, in 2011 and
2015, respectively. His research interests include
new power device design, power IC design, and
power device models.

WEIFENG SUN (Senior Member, IEEE) received
the B.S., M.S., and Ph.D. degrees in electronic
engineering from Southeast University, Nanjing,
China, in 2000, 2003, and 2007, respectively.
His research interests include new power device
design, power IC and RF device design, power
device models, and power systems.

VOLUME 12, 2024


http://dx.doi.org/10.1109/IAS.2002.1042817
http://dx.doi.org/10.1109/TIA.2009.2013595
http://dx.doi.org/10.1109/IAS.2005.1518426
http://dx.doi.org/10.1109/TIA.2003.810654
http://dx.doi.org/10.1109/OJPEL.2022.3209334

