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Abstract—GaN monolithic bidirectional switches (MBDSs) are
ideal for single-stage on-board chargers due to their compact
size and fast switching. However, conducting a conventional
double-pulse test (DPT) on MBDSs causes destructive overvoltage
because off-state MBDSs lack passive third-quadrant conduction,
To resolve this for high-current testing, we propose a customized
DPT with a tailored gating sequence to ensure a continuous
freewheeling path. Using a low-parasitic-inductance tewstbed, we
safely evaluated the devices up to 50 A. Results show highly
symmetrical switching under both positive and negative voltage
stress. Furthermore, owing to its fast switching, minimal PCB
footprint and parasitic inductance, the GaN MBDS exhibits lower
switching losses than SiC devices and significantly reduced volt-
age overshoot compared with its non-monolithic GaN equivalents.

Index Terms—Double-pulse testing, electric vehicle charging,
GaN monolithic bidirectional switches, single-stage on-board
chargers

I. INTRODUCTION

Electric vehicle on-board chargers (OBCs) increasingly de-
mand higher power density, efficiency, and reliability. Con-
ventional two-stage OBCs cascade an active power-factor-
correction stage with an isolated DC/DC stage, requiring a
bulky intermediate DC-link electrolytic capacitor to buffer
twice the line-frequency power [1]. Conversely, single-stage
architectures reduce or eliminate the need for this capaci-
tor by integrating AC/DC conversion, isolation, and regula-
tion, thereby improving volumetric power density [2]. Conse-
quently, single-stage OBCs are attracting significant interest
from both industry and academia.

Single-stage isolated OBCs, particularly dual-active-bridge
(DAB) and AC-link topologies, require four-quadrant switches
to control bidirectional current and voltage blocking for high-
frequency power transfer and grid-current shaping [3], [4].
These switches are traditionally realized using a diode bridge
with a single switch or anti-series configuration (common
drain or common source), alongside emerging wide–band-gap
implementations [5].

Recently, GaN monolithic bidirectional switches (MBDSs)
have become highly attractive for high-density OBCs due
to their low parasitic charge, fast switching, and compact
footprint [6]. However, these high-performance attributes also
make MBDS dynamic behavior highly sensitive to device
structure, commutation quadrants, parasitics, and gate-drive
strategies, necessitating rigorous characterization.
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Fig. 1. Schematic of (a) matrix type DAB single-stage OBC, (b) GaN MBDS.

Double-pulse testing (DPT) is the de facto method for
quantifying device dynamic performance, including switching
energies, dv/dt and di/dt limits, reverse-conduction behavior,
and dynamic on-resistance [7]. While abundant DPT data
exists for conventional GaN devices, evaluating MBDS under
high-current conditions remains a critical gap, particularly for
OBC applications. Because mainstream OBCs predominantly
operate at ≥ 3 kW, full load switching currents routinely reach
tens of amperes [8]. This lack of empirical data hinders the
confident adoption of MBDS in single-stage OBCs, leaving
unresolved questions regarding commutation asymmetry, safe
operating margins, and practical gate-drive constraints.

This paper addresses this gap by:
• Refining DPT for GaN MBDS: A customized testing

approach is introduced to overcome the limitations of
traditional DPT methods for GaN MBDS.

• Designing an optimized hardware testbed: A dedicated
DPT platform with minimized parasitic loop inductance
is implemented. This layout mitigates severe voltage
overshoots during high-current hard switching, preventing
device breakdown and ensuring reliable testing.

• Conducting a comprehensive comparative analysis:
The switching performance of GaN MBDS is systemat-
ically evaluated against conventional unidirectional GaN
and SiC devices, providing practical guidance for single-
stage OBC applications.

II. DPT SETUP

A. Working Condition Analysis

Fig. 1(a) shows the schematic of a matrix-type DAB single-
stage OBC, where MBDS1–MBDS4 and S1–S4 denote the
primary- and secondary-side switches, respectively. The input
AC voltage is vAC, the output battery voltage is VB. LDAB is
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Fig. 2. Four quadrant MBDS behavior when (a) G1, G2 is low, (b) G1 is
high and (c) G2 is high.

the DAB inductor, and TX is the transformer. Each MBDS
features two independent gates, G1 and G2, as illustrated in
Fig. 1(b). vS1S2 is defined as the potential at S1 relative to
S2.

When both G1 and G2 are held low, the MBDS blocks
voltage bidirectionally-i.e., it remains off regardless of the
polarity of vS1S2

. When G1 is held high and G2 is held low,
the device provides forward-voltage blocking: it stays off for
positive vS1S2

, but conducts in the third quadrant when vS1S2

is negative and its magnitude exceeds the reverse threshold
voltage Vrev, similar to a standard GaN HEMT. Conversely,
when G1 is held low and G2 is held high, the MBDS provides
reverse-voltage blocking: it remains off for negative vS1S2

, but
conducts in the first quadrant when vS1S2

> Vrev, behaving like
a GaN HEMT connected in reverse, as shown in Fig. 2.

Similar to a GaN HEMT, Vrev is related to the gate threshold
voltage and the negative gate bias voltage in the off state

Vrev ≈ Vth − Vgs,off + I ·Rrev (1)

where Vth is the gate threshold voltage, Vgs,off is the negative
gate bias voltage in the off state, I is the current flowing
through the MBDS during off state, Rrev is the equivalent
conduction resistance. From (1), it can be inferred that, similar
to a GaN HEMT, when conducting in reverse the MBDS’s
voltage drop Vrev is much larger than the body-diode drop
of Si and SiC MOSFETs (typically about 0.7 V and 1.2 V,
respectively). Consequently, the resulting losses are substan-
tial, so this operating condition should be avoided as much as
possible.

In the single-stage OBC shown in Fig. 1(a), the two
primary-side MBDS half-bridges are both connected directly
across the AC source. When the AC input voltage is in its
positive half-cycle, i.e.

vAC(t) > 0 (2)

G1, G3, G5, and G7 are held high to avoid the reverse losses
mentioned above, while G2, G4, G6, and G8 commutate at
high frequency to form the primary-side square wave of the
DAB. On the other hand, during the negative half-cycle, their
roles swap: G2, G4, G6, and G8 stay held high, and G1, G3,
G5, and G7 serve as the high-frequency primary full bridge
signals.

When the input voltage reaches its peak, the voltage across
the devices at turn-on/turn-off is at its maximum, i.e.

vsw,max = vAC,max =
√
2vAC,nom. (3)
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Fig. 3. (a) Circuit diagram and (b) gate drive signal of a conventional DPT
for unidirectional devices.
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Fig. 4. Operation Mode Analysis of Conventional DPT on MBDS. (a) Pulse
1. (b) Freewheeling period.

where vAC,nom. is the nominal RMS voltage of the mains power
supply. Owing to the PFC behavior of the single-stage OBC,
the AC-side current also peaks at that instant.

B. MBDS DPT Customization

As shown in Fig. 3, in a conventional DPT configuration
for unidirectional devices, the circuit primarily consists of
the Device Under Test (DUT), a freewheeling device, a load
inductor, and an external DC power supply. The freewheeling
device can be a standard diode or an active switch i.e. a
MOSFET. When an active switch is utilized, it remains in the
off-state and conducts in the third quadrant, exhibiting reverse
conduction characteristics similar to a diode. The freewheeling
device is connected in parallel with the load inductor, and this
combination is placed in series with the DUT. The external DC
power supply (VDC) is applied across the entire branch. During
the DPT process, the gate drive signals are exclusively applied
to the DUT. The freewheeling device does not require an active
gate signal, as it relies entirely on its third-quadrant conduction
capability. The testing sequence involves three specific stages:

1) First Pulse: The DUT is turned on, and the DC voltage
(VDC) is applied across the inductor, causing the inductor
current to ramp up linearly to the desired test current
level.

2) Freewheeling Period: The DUT is then turned off.
During this interval, the continuous inductor current
freewheels through the third quadrant of the freewheel-
ing device.
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Fig. 5. (a) Positive-voltage and (b) negative-voltage DPTs circuit diagrams
and (c) (d) their gate signal respectively.

3) Second Pulse: A second, shorter pulse is applied to the
DUT. The transient voltage and current waveforms dur-
ing the switching transitions of this pulse are captured to
evaluate the turn-on and turn-off dynamic characteristics
of the DUT at the established current level.

However, the conventional DPT methodology is fundamen-
tally inadequate for characterizing the switching performance
of GaN MBDS. When performing DPT with a GaN MBDS
as the DUT, adopting the conventional driving logic will lead
to critical system failures. In a standard DPT sequence, the
DUT is completely turned off during the freewheeling period.
However, based on the analysis in the previous subsection,
the MBDS cannot passively conduct in the third quadrant
when it is in the off-state. The third-quadrant conduction
characteristics of the MBDS allow it to be modeled as an
equivalent circuit comprising a pair of common-cathode diodes
each in parallel with a body capacitance. Consequently, the
inductor current abruptly loses its continuous freewheeling
path. Under this condition, the entire inductor current is forced
to charge C1 , as shown in Fig. 4. This process causes
an uncontrollable and rapid surge in the device’s voltage,
ultimately resulting in severe overvoltage and the catastrophic
destruction of the device.

To address this critical limitation and avoid catastrophic
device failure, adapts the DPT method with a customized gate
drive sequence tailored for GaN MBDS devices. As shown
in Fig. 5 (a), both the DUT and the freewheeling device
utilize MBDS. Under a positive voltage supply, the low-side
MBDS acts as the DUT while the high-side MBDS serves
as the freewheeling device. Gates G1 and G3 are held high
throughout the test to provide a continuous freewheeling path
for the inductor current and to emulate realistic operating
conditions. A standard 2-pulse signal, identical to that used
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Fig. 6. (a) Lateral view, (b) top view of the optimized PCB layout using
mutual inductance cancellation method.

Fig. 7. DPT setup for the non-monolithic bidirectional switches half-bridge,
the MBDS half-bridge and the SiC half-bridge.

in a conventional DPT, is applied to G4 to control the turn-on
and turn-off of the DUT, as illustrated in Fig. 5 (c).

Furthermore, as established in the previous subsection, the
MBDS half-bridge in an OBC experiences alternating positive
and negative voltage stresses during AC grid half-cycles. A
comprehensive DPT methodology for MBDS must therefore
include bipolar test conditions. Accordingly, a complementary
negative-voltage test is performed, as shown in Fig. 5 (b): the
high-side MBDS becomes the DUT, and the low-side MBDS
acts as the freewheeling device. Gates G2 and G4 are held
high throughout the test, and the 2-pulse signal is applied to
G1, as shown in Fig. 5 (d).

C. Optimized Hardware Testbed Design

The MBDS device used for testing is the NV6428 from
Navitas. For the gate driver of each MBDS, the NSI6602A-
DSPNR isolated half-bridge driver from NOVOSENSE is
selected, each of which can output two isolated gate drive
signals to drive one MBDS, sourcing 4 A and sinking 6 A
peak current. To address the issue of false turn-on caused by
the low turn-on gate voltage threshold Vth of GaN HEMTs, the
drive power supply adopts a negative off-state voltage bias,
where the gate voltage is -3.8 V during the off state. Three
different gate resistor values (i.e. 20 Ω, 33 Ω, and 47 Ω) are
selected to test the differences in MBDS dynamic performance
under different gate resistances.
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Fig. 8. (a) The key waveforms of the positive-voltage DPT under 375V&50A
condition and detailed waveforms of (b) turn-on, (c) turn-off transients.

Fig. 6 shows the layout of the MBDS half-bridge power
loop and gate drive loop, minimizing parasitic inductance in
the power loop to reduce hard-switching voltage overshoot [9].
The direction of the power loop on the top layer is from right
to left, and it enters the second layer through vias located on
the left side of MBDS2. On the second layer, the direction
of the power loop is from left to right. The power loop
directions on the top and second layers are opposite, and the
parasitic inductances in the loops generate mutual inductance
that cancels each other out, resulting in a lower total loop
parasitic inductance. Vertically, there is no area overlap and
mutual coupling between the gate drive loop and the power
loop, which prevents the generation of parasitic capacitance.
An air core inductor with an inductance value of 14 µH was
selected for the DPT experiment, so as to avoid saturation.
According to (2), for an input of 85-265 VAC, the maximum
peak voltage is approximately 375 V; therefore, the DPT power
supply voltage VDC is set to 375 V. Taking into account the
6.6 kW OBC power rating and the rated current of NV6428,
the switching current for the DPT is set to 50 A max.

For comparison, additional DPTs are conducted on a SiC
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Fig. 9. (a) dv/dt, (b) di/dt and (c) switching energy of the turn-on transient
under different operating currents and gate resistance.

half-bridge and on a four-quadrant switch half-bridge formed
by connecting four GaN HEMTs in two common-drain anti-
series pairs (hereinafter referred to as non-monolithic GaN
bidirectional switches), both of which adopt UCC5350, a
single channel isolated driver that can source 5 A and sink 5
A, as the gate driver. A gate resistor value of 33 Ω is selected.
As shown in Fig. 7, from left to right are images of the DPT
test platforms for the non-monolithic GaN bidirectional switch
half-bridge, the MBDS half-bridge, and the SiC half-bridge.
All three DPT platforms adopt the same mutual inductance
cancellation method mentioned above, and loop parasitic in-
ductance is minimized. A Rogowski coil is used for current
measurement, while high-voltage differential probes with high
Common Mode Rejection Ratio (CMRR) are used for voltage
measurement.

III. EXPERIMENTAL RESULTS

The key waveforms at 50 A switching current in positive-
voltage DPT are shown in Fig. 8. VDUT denotes the voltage
across the DUT, Vopp the voltage across the other MBDS used
for freewheeling inductor current, IDUT the current flowing
through the DUT, and PDUT the product of VDUT and IDUT,
which is used to calculate the DUT’s switching losses

Eloss =

∫
VDUT · IDUT =

∫
PDUT (4)
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Fig. 10. (a) dv/dt, (b) di/dt and (c) switching energy of the turn-off transient
under different operating currents and gate resistance.
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Fig. 11. Switching energy loss of SiC.

The positive-voltage and negative-voltage DPTs are con-
ducted under different switching current and gate resistance,
and the switching dv/dt, di/dt and energy loss in both tests
are as shown in Fig. 9 and Fig. 10. From the experimental
results, the following conclusions can be drawn:

• The MBDS exhibited good symmetry i.e. at the same
switching current, the switching dv/dt, di/dt and energy
loss in both positive-voltage and negative-voltage DPTs
were nearly identical.

• During turn-on, the increasing of switching current has
little effect on turn-on speed. As the switching current
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Fig. 12. (a) dv/dt and (b) vDUT overshoot of monolithic and non-monolithic
BDS.

increases, the MBDS turn-on dv/dt decreases slightly
and di/dt increases slightly, but both changes are small;
therefore, turn-on loss increases significantly with higher
switching current. In addition, reducing the turn-on gate
resistance markedly increases the MBDS turn-on speed,
leading to a significant reduction in turn-on loss. Thus,
a smaller turn-on gate resistance is recommended for
MBDS.

• During turn-off, larger switching current leads to higher
turn-off dv/dt, di/dt, and switching loss. Comparing the
dv/dt during turn-on and turn-off shows that MBDS turns
off much faster than it turns on. Reducing the turn-off
gate resistance has little impact on turn-off di/dt and
turn-off loss, but it results in a higher dv/dt. However,
an excessively large turn-off gate resistance can cause
unintended turn-off of the device, leading to device
failure. Therefore, a moderate turn-off gate resistance is
recommended for MBDS.

Performing a DPT on the SiC half-bridge shown in Fig. 5
yields the switching losses at different switching currents, as
shown in Fig. 11. Comparing the results of MBDS and SiC
indicates that MBDS, as a GaN device, inherently exhibits
faster switching speed and therefore lower switching losses.

Before the advent of MBDS, the non-monolithic bidirec-
tional switch shown in Fig. 7 was a mainstream implemen-
tation of a four-quadrant switch. Compared with it, MBDS
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inherently saves half the PCB area and, because its power loop
is only half as long, features lower loop parasitic inductance,
resulting a lower hard switch voltage overshoot. A DPT on
the non-monolithic bidirectional switch shows that its turn-
off speed is not as fast as that of an MBDS with a 47 Ω
gate resistor, whereas its voltage overshoot is far greater than
that of MBDS, as shown in Fig. 12. This verifies MBDS’s
advantage in parasitic parameters.

IV. CONCLUSION

This paper proposes a customized DPT with tailored gate
sequence to safely evaluate GaN MBDSs up to 50 A and
375 V, preventing the destructive overvoltage inherent in
conventional DPT setups. Using an optimized testbed with
mutual inductance cancellation, the results demonstrate that
GaN MBDSs exhibit highly symmetrical switching under
bipolar voltage stress. The MBDS exhibits lower switching
losses compared to SiC devices and significantly reduced volt-
age overshoot compared to non-monolithic GaN equivalents.
Finally, the characterization reveals that utilizing a small turn-
on gate resistance and a moderate turn-off gate resistance
optimizes dynamic performance, providing practical guidance
for adopting MBDSs in high-density single-stage on-board
chargers.
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