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Abstract: This paper presents a circuit for detecting and protecting against short circuits in E-mode
gallium nitride high-electron-mobility transistors (GaN HEMTs) and analyzes the protection performance
of the circuit. GaN HEMTs possess fast switching characteristics that enable high efficiency and power
density in power conversion devices. However, these characteristics also pose challenges in protecting
against short circuits and overcurrent situations. The proposed method detects short-circuit events by
monitoring an instantaneous drop in the DC bus voltage of a circuit with GaN HEMTs applied and
uses a bandpass filter to prevent the malfunction of the short-circuit protection circuit during normal
switching and ensure highly reliable operation. Using this method, the short-circuit detection time of
E-mode GaN HEMTs can be reduced to 257 ns, successfully protecting the device without malfunctions
even in severe short-circuit situations occurring at high DC link voltages.

Keywords: GaN HEMT; short-circuit protection; reliability

1. Introduction

Power semiconductors have been extensively studied as essential components of
various power conversion devices for a long time. Among them, research has been focused
on silicon (5i)-based power semiconductors, which are applied in various fields to enhance
the efficiency and power density of power conversion devices. However, due to the physical
limitations of Si-based power semiconductors, research efforts are actively pursuing new
components that can overcome these limitations. Recently, there has been an increasing
demand for GaN HEMTs, which possess wide-bandgap (WBG) characteristics, among
power semiconductors [1].

GaN HEMT generates a two-dimensional electron gas (2DEG) structure based on the
heterojunction of AlGaN and GalN. This results in high charge mobility and density, as
well as reduced parasitic capacitance within the device, leading to advantages such as
high-speed switching and low switching losses compared to Si power semiconductors.
Therefore, the application of GaN HEMT in power conversion devices effectively enhances
device efficiency and power density. However, the high-speed switching characteristics
of GaN HEMTs can pose significant drawbacks in terms of systems with short-circuit and
overcurrent aspects. GaN HEMTs typically have very low gate-source threshold voltages,
making them susceptible to faulty turn-on due to high dv/dt and di/dt resulting from high-
speed switching, thereby increasing the risk of short-circuit occurrence. The short-circuit
performance of GaN HEMTs has been evaluated in [2], and although the duration varies
depending on the applied voltage magnitude, the short-circuit withstand time of GaN
HEMTs is very low on the order of hundreds of nanoseconds. Additionally, GaN-based
power semiconductors have much smaller package sizes compared to conventional Si
power semiconductors, which provides an advantage in terms of power density. However,
due to the difficulty in dissipating heat through the package in the event of a short circuit,
it is necessary to protect the device from short-circuit situations before critical failures or
permanent performance degradation can occur.
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Various power semiconductors with short-circuit withstand times can be seen in
Figure 1. Examining the short-circuit withstand times tested up to a DC bus voltage of
400 V, E-mode GaN HEMTs can withstand durations of 520 ns and 400 ns at 350 V and
400 V conditions, respectively.
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Figure 1. Short-circuit withstand times with voltage at 600 V /650 V for power semiconductors [3-6].

Additionally, at DC bus voltages below 350 V, E-mode GaN HEMTs exhibit relatively
superior short-circuit endurance times (Tsc > 10 ps). Cascode GaN HEMTs demonstrate
shorter short-circuit withstand times compared to E-mode GaN HEMTs at voltages below
300 V. However, at voltages of 350 V and above, Cascode GaN HEMTs exhibit short-circuit
withstand times in the range of 1~2 us [3-6].

Therefore, for GaN-based power semiconductors, which require very fast short-circuit
protection compared to Si-based power semiconductors, it is generally challenging to
apply commercially available gate drivers with saturation protection functions that require
response times of 1 us or more. Therefore, several short-circuit detection and protection
techniques applicable to GaN-based power semiconductors have been explored. Incor-
porating a Shunt Resistor into the power loop in series to detect short-circuit currents
presents a simple and universally adaptable solution for all systems. This current sensing
method necessitates high-precision resistors and swift ADCs to ensure signal accuracy and
detection speed. Refs [7,8] demonstrate the application of Shunt Resistors for short-circuit
detection and protection in systems employing SiC and GaN devices, with detection and
protection times recorded at 150 ns and 60 ns, respectively. However, the primary dis-
advantage of using Shunt Resistors for current sensing lies in power loss; high currents
in high-power systems can lead to significant power loss across the Shunt Resistors, and
low-power systems might require larger resistors to maintain signal accuracy, thereby
reducing efficiency in low-power applications. Additionally, incorporating Shunt Resis-
tors can increase parasitic inductance within the circuit, potentially affecting switching
performance. Another method is to detect the high di/dt that occurs during a short
circuit using the stray inductance inside the power semiconductor package. In [9-11],
short-circuit protection is based on the stray inductance inside the SiC MOSFET package,
and the times required for short-circuit detection and final protection are 60 ns, 140 ns
and 1 ps, respectively. Although this approach can be used to achieve fast short-circuit
protection, it requires a device with a Kelvin source to use the internal stray inductance
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and requires the measurement of the internal stray inductance. In addition, unlike the SiC
used in the reference, GaN devices have very small packages and have an internal stray
inductance close to zero, making it difficult to apply the method even if a Kelvin source is
present. Another short-circuit protection method is the use of Rogowski coils. In [12,13],
a PCB-based auxiliary Rogowski coil is used to implement short circuit and overcurrent
protection by di/dt measurements. The time required for the final protection is about
700 ns [12]. The method using a Rogowski coil allows fast operation by directly measuring
the current, but the Rogowski coil current sensor requires an integrator circuit, making
the circuit and implementation complex, and an output offset voltage is also generated
due to the operational amplifier characteristics of the integrator circuit. In addition, the
Rogowski coil has to be shielded as switching noise affects the current measurement. To
detect overcurrent situations, refs. [14,15] utilize a portion of the power loop inductance.
This is achieved by optimizing the PCB layout and reducing detection loss. The time
required for short-circuit protection using this method is approximately 370 ns and 250 ns,
respectively. The power loop inductance is implemented using PCB traces to minimize
volume impact. When a high rate of change in the current is applied to the circuit due to a
short circuit, the voltage induced in the power loop inductance exceeds a preset threshold,
resulting in protective action. However, the practicality of this method is limited due to
the inability to directly detect the current amplitude and voltage variability induced in
the coil under different short-circuit conditions [16]. Another commonly used method is
desaturation protection, which senses the drain-to-source voltage of a device. Desaturation
protection can be easily implemented using commercially available gate driver devices.
Refs. [17,18] utilized desaturation protection to achieve protection within 360 ns and 125 ns.
However, this desaturation protection method was delayed due to the blanking time to
avoid failure [19], and the additional diodes added capacitive load in parallel with the
output capacitance on the power semiconductor, increasing switching losses [20]. Further-
more, the temperature dependence of Ry, o, makes it challenging to define reference levels
for desaturation protection [21]. Recently, research has been conducted on short circuit
detection methods based on the DC bus voltage drop. In [6,22,23], short-circuit protection
is performed based on the DC bus voltage, which is the voltage across the high-side device
drain and low-side device source. The DC bus voltage exhibits an instantaneous voltage
drop when a short circuit occurs because a high di/dt current flows through parasitic
inductances present in the power loop. This voltage drop is used to detect whether a short
circuit has occurred, and the response time of the detection circuit can be within hundreds
of nanoseconds. In [22,23], the circuit is protected from a short circuit within 280 ns and
370 ns, respectively. However, when using DC bus voltage sensing, the voltage dip caused
by the normal switching of the device can result in false short-circuit protection behavior.

In this paper, short circuits are detected by monitoring instantaneous drops in the DC
bus voltage. In addition, a method is proposed that uses a bandpass filter to distinguish
between voltage drops that occur during normal switching and short circuits. Section 2
of this paper explains the instantaneous voltage drop that occurs during a short circuit
due to parasitic inductance in the circuit. Additionally, a bandpass filter is introduced
to distinguish this from similar voltage drops that occur during normal switching. All
analyses are performed based on PSPICE simulations.

Section 3 presents a short-circuit detection and protection circuit by applying the con-
tent covered in Section 2, and the operation of the circuit is confirmed through the PSPICE
simulation. Experimental results with the proposed circuit are presented in Section 4.
Section 5 concludes the paper.

2. Short Circuit Detection Method Based on DC Bus Voltage Drop

A half-bridge structure circuit is commonly used in power converters and has the
structure shown in Figure 2. Among the components constituting the circuit, the DC-Link
Capacitor serves to balance the instantaneous power difference between the input power
and output load and minimize the voltage change in the DC-Link, and electrolytic capaci-
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tors with relatively large capacitance are mainly used. Additionally, filter capacitors are
placed near power semiconductors and DC-Link Capacitors to minimize the stray induc-
tance components in the power loop. Ceramic capacitors with excellent high-frequency
characteristics are preferred for this purpose.
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Figure 2. Short-circuit test circuit based on GaN HEMTs.

Stray inductance components denoted as Lsjray, are mostly formed by the PCB layout
and can interfere with the stable operation of high-speed-switching GaN devices. Conse-
quently, various research efforts are underway to minimize these components to ensure
reliable operation. Despite these stray inductance components inevitably disrupting normal
system operation, they can be effectively utilized to detect short circuits within the circuit.

2.1. Instantaneous Voltage Drop Due to Short Circuit

To measure the drop in the DC bus voltage during a short circuit, it is crucial to
minimize the influence of stray inductance. This can be achieved by measuring the high-
side device drain and low-side device source sides, as depicted in Figure 3a. Under normal
switching conditions, as shown in Figure 3b, the DC bus voltage remains equal to the input
voltage Vpc. However, during the occurrence of a short circuit, an instantaneous large
di/dt current flows through the half-bridge, resulting in an instantaneous voltage drop in
the DC bus voltage, as illustrated in Figure 3¢, due to the circuit’s stray inductance. The
amplitude of this voltage drop is proportional to the voltage across Lsray1, which is equal to
Equation (1), and the stray inductance in the circuit is determined during PCB fabrication,
so the amplitude of the voltage drop is determined by di/dt.

di
VL_strayl = LStrayl dt 1

The slope at the time of a short circuit is determined by the switch’s turn-on time, which
depends on the gate resistance value. Therefore, when detecting a short circuit through
a drop in the DC bus voltage, it is essential to consider the gate resistance value used in
the circuit. Although some power semiconductor datasheets may provide a correlation
between the gate resistance value and switching time, this information is not available
for the G5-065-011-1-L from GaNsystem used in this paper. Therefore, the SPICE model
provided by the manufacturer can be used to determine the main phenomena that occur
during a short circuit. Therefore, in this paper, an LTSPICE-based simulation circuit was
constructed using the SPICE model of the device, as shown in Figure 4. Then, an analysis
was performed on the instantaneous voltage drop that appears in the DC bus voltage [24].
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Figure 3. DC bus voltage-based short-circuit detection method (a) detection point. (b) DC bus voltage
waveform during normal operation. (¢) DC bus voltage waveform when a short circuit occurs.
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Figure 4. Simulation circuit diagram based on LT spice.

First, a simulation was performed to determine the instantaneous drop in DC bus
voltage that occurs in a short circuit situation. Figure 4 shows the circuit used in the
simulation, where the high-side GaN HEMT is always on, and the low-side GaN HEMT
turns on 20 ns after the start of the simulation. There may be differences in simulation
results depending on the presence or absence of parasitic resistance components present
in the circuit. However, because the parasitic resistance components present in the PCB
pattern and DC power connection line are sufficiently small, they do not have a significant
impact on the simulation results. Therefore, the resistance component was not considered in
the simulation. Additionally, because the size of the capacitor in the circuit was sufficiently
large, changes in stray inductance components except Lsiray1 did not affect the DC bus
voltage drop. Therefore, in the simulation, the voltage drop level of the DC bus voltage
was checked by changing the values of Lsiray1 and Crijter, which are key components that
directly affect the instantaneous drop in the DC bus voltage.

Table 1 displays the main parameters used in the simulation, and Figure 5 shows the
results. Figure 5a illustrates the effect of changing the value of Lgyay1, the stray inductance
between the filter capacitor and the half-bridge in the circuit, on the voltage drop, and it
can be seen that the value of Lsiay1 directly affects the magnitude of the voltage drop that
occurs at the moment of the short circuit, and the larger the value of Lsiray1, the larger the
amplitude of the voltage drop. Figure 5b shows the voltage drop waveform at the short
circuit according to the value of the filter capacitor, and it can be seen that the value of the
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filter capacitor does not affect the magnitude of the voltage drop at the short circuit, but it
does affect the magnitude of the voltage in the saturation region after the instantaneous
voltage drop.

Table 1. Simulation parameter.

Lstray1 Lstray2 Crilter Cpc-Link
0.2 nH 0.2 uF
0.5 nH 0.5 uF

Value 1nH 35nH 1 uF 100 uF
1.5nH 1.5 uF

400.5V-

399.6V 400.0V

399.2V+
398.7Vv+
398.4V—
397.8v+
397.6V+
396.9V+ 396.8V

396.0V+ 396.0V—

395.1V+ 395.2V

394.4V4

304.2V
Lsirayt 393.6V Chritter

393.3v—

0.2nH InH 392.8V 0.2uF = TuF
392.4V .
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@) (b)

Figure 5. Simulation results of DC bus voltage drop by parameter changes in (a) stray inductance
(Lstray1)- (b) Filter capacitor (Cijter)-

The simulation results show that the value of Lsray1 and the gate resistors present in
the circuit have a significant impact on the instantaneous voltage drop of the DC bus voltage
used in the short-circuit protection circuit. In PCB design, the value of Lgiay1 typically
ranges from a few to tens of nanoHenrys. Additionally, the gate resistor is selected based on
factors such as the dv/dt, di/dt, and EMI of the circuit. Depending on the values of these
factors, an instantaneous drop in the DC bus voltage is expected to provide meaningful
results for short-circuit detection. Figure 6 illustrates the amplitude of the DC bus voltage
drop as a function of gate resistance and the Lsiray1 value when the input voltage is 400 V.
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Figure 6. DC bus voltage drops depending on gate resistance and Lsiray1-
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2.2. Instantaneous Voltage Drop Due to Normal Switching

However, the instantaneous voltage drop in the DC bus voltage does not only occur
during short-circuit conditions. Figure 7a illustrates the situation when the power semi-
conductor device under test (DUT) is turned on during a typical double pulse test. At
this point, the current flows through the load inductor to form the test current waveform.
Figure 7b illustrates that when the DUT is turned on while the upper device is already
on, the short circuit current flows through both the upper and lower devices, causing an
instantaneous voltage drop similar to that observed earlier. Figure 8 shows the simulation
results of implementing a typical double pulse test, observing the DC bus voltage at the
moment the low-side device turns on. Similar to the voltage drop observed during a short
circuit, a voltage drop is also identified during normal switching operations. It is important
to differentiate between the voltage drop in the DC bus voltage that occurs during normal
switching and that which occurs during a short circuit.

. .

&

RG RG
| |
. Lload - LLoad
Rc = Re =
o Current — Current
j DUT Path J— DUT Path
A4 N
(@) (b)

Figure 7. Current path when DC bus voltage drops: (a) double pulse test; (b) short circuit situation.
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Figure 8. Double pulse tests waveforms: (a) full waveform; (b) zoomed waveform.
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Figure 9a shows the voltage drops observed by SPICE simulations during switching
and short-circuiting events. It can be seen that the voltage drop during a short-circuit
condition is of a higher magnitude compared to the voltage drop during a switching
condition. Bandpass filtering can be used to distinguish between these two voltage drops.
Figure 9b presents the FFT analysis of the DC bus voltage during switching and short
circuit events. Since the difference between the two voltages is greatest in the 20~30 MHz
frequency range, the voltage drops can be distinguished by selecting the appropriate
frequency band as the bandwidth using a bandpass filter. Therefore, the bandpass filter
is designed to pass this frequency range. Figure 10 shows the schematic of the proposed
bandpass filter, which consists of components Cq, Ry, Cy, and Ry.
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Figure 9. Comparison of switching and short circuit events (a) DC bus voltage drop; (b) fast Fourier
transform (FFT).
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Figure 10. Bandpass filter for short circuit signal detection.

The bandpass filter is composed of a combination of low-pass and high-pass filters,
which are utilized to detect voltage drop signals while blocking the DC voltage and high-
frequency switching noise. As shown in Figure 10, the first stage of the circuit consists of a
passive RC high-pass filter. This filter allows signals with frequencies above the low cutoff
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frequency (f.1ow) to pass while attenuating signals with frequencies below f. jo,. The low
cutoff frequency is given by Equation (2).

1

fcflow = m (2)

The second stage of the circuit is a passive RC low-pass filter. This filter allows signals
with frequencies below the high cutoff frequency (fchign) to pass while attenuating signals
with frequencies above f. hign. The high cutoff frequency is calculated using Equation (3).

¢ B 1
c—high — 27R,C,

3)

The specific frequency range through which a bandpass filter allows signals to pass is
called the bandwidth. The bandwidth is calculated as the difference between the high and
low cutoff frequencies, as described by Equation (4).

Bandwidth =f;_pigh — fc 10w )

In Figure 9b, the high-pass frequency is set to 20 MHz, and the low-pass frequency is set
to 30 MHz, resulting in a bandwidth of 10 MHz. As can be seen from Equations (2) and (3),
there are infinite combinations of resistors and capacitors that can satisfy the relevant frequency.
Therefore, among the combinations that can satisfy the corresponding frequency, C: 790 pF,
Ry: 10 ), Ry: 1 Q) and C;: 5.3 nF were promoted. However, to apply this value, since there
were no exact matching values among commercial products, resistors and capacitors with the
closest values among commercial products were used. The filter element values of the final
bandpass filter used were C;: 750 pE, R1: 10 (), Ry: 1 Q) and Cj: 5.1 nE Therefore, the actual
applied high-pass frequency was 21 MHz, and the low-pass frequency was 31 MHz.

3. Proposed Short-Circuit Protection Circuit

This section presents a proposed fast protection method based on DC bus voltage
detection using the proposed detection signal and detection circuit, as shown in Figure 11.
The voltage detected in the detection circuit is transferred to the input of the comparator.
When a short circuit occurs, a voltage drop in the DC bus voltage is detected, which triggers
the detection signal in the comparator. Since the voltage drop in the DC bus voltage that
occurs during a short circuit is transient, a logic control circuit such as an SR latch can be
used, as shown in Figure 11. Finally, the generated error signal is applied to the disable pin
of the gate driver to disable it.

To verify the proper operation of the proposed circuit, SPICE-based simulations were
performed to simulate normal switching and fault conditions and confirm the fault signal
detection and protection actions. Figure 12 shows the simulation results using the double-
pulse test circuit, where the switching instance of the DC bus voltage and the occurrence of
the fault signal are observed. At approximately 2.05 s, the low-side device was turned on,
resulting in an instantaneous voltage drop in the DC bus voltage. However, the fault signal
detected by the sensing circuit, shown as Vgenge, only dropped to —1.8 V and did not fall
below the —2 V threshold. Consequently, the signal required to disable the gate driver was
not generated.

Figure 13 shows the waveform that confirms the DC bus voltage and short-circuit
signal generation during a short circuit using the same circuit. Since the high-side device
is always turned on, a short circuit occurs at 20 ns when the low-side device turns on. At
this time, an instantaneous voltage drop in the DC bus voltage and the short-circuit signal
Vsense detected by the short-circuit detection circuit drops below the —2 V threshold. The
short-circuit signal finally generates a protective operation signal through the comparator,
and the signal is formed 93 ns after the short-circuit occurs and is applied to the gate
driver’s disable pin to protect the circuit from short-circuit.
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The simulation results show that when a short-circuit occurs in a circuit using GaN
HEMT, the protection based on the short-circuit detection circuit proposed in this paper is
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performed correctly. The simulation waveform shows that the final signal for short-circuit
protection is formed 93 ns after the short-circuit occurs, and it takes only 105 ns to turn off the
GaN HEMT. The proposed circuit is more efficient in protecting against short circuits than the
existing desaturation method, as it requires a much shorter time for short-circuit protection.

4. Experimental Results

To verify the feasibility of our proposed circuit, a test board was fabricated like the
circuit in Figure 14 using the same structure as in the simulation. The test board used
in the experiment is shown in Figure 15a, and the complete test bed setup is shown in
Figure 15b. The parameters used in the experiment are detailed in Table 2. The test bed
enables the execution of double pulse and short circuit tests, and the GaN system’s GS-065-
011-1-L device is used for the experiment. The experiment was carried out at an ambient
temperature of 25 °C.

LStray3 LStrayZ LSh’ayl Ci

— MM, rrN I e AAA—o

Gate Driver Rg l
IN ON !_ Ru C
OFF — Lioad
+
<> p— — Vi
T Cpc-LINK Crilter Re
IR S —<
! +
DIS OFF Lo
F Comparator
AV Latch IC gg

Figure 14. Circuit diagram of the board used in the experiment.

_________________ —

DC Power Supp];’;

Figure 15. Experimental setup: (a) test board. (b) Test setup.
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Table 2. Experimental parameter.
Parameter Cpe-Link Cerilter LS’trayl LStrayl
Value 100 uF 4 uF 1.5nH 35nH
Parameter Vbe Liocad RG on Von/Vors
Value 400V 100 uH 150 6V/-3V
Parameter Ry Cy Ry Cy
Value 10 O 750 pF 10 51nF

6V
-3V

400V

ov

Figure 16 shows the protective operation of the proposed circuit. Channel 1 (CH 1)
represents the gate—source voltage of the low-side GaN HEMT, while Channel 2 (CH 2)
represents the DC bus voltage. Channel 3 (CH 3) is the output signal of the bandpass filter,
which detects voltage drops, and Channel 4 (CH 4) represents the fault signal applied to
the disable pin of the gate driver.

A0\ TELEDYNE LECROY
P /M ‘ Everywhereyoulook™
LCH 1+ Vg 1w (2V/div)
-50 ns $ 50ns 100 ns 150 ns 200ns 259 ns 300ns 350 ns
fl .ﬁ,
/t 0 Al it ol e et JAMAA A~
CH 2t Vs (10V/div) | .
ns 1 ns 100 ns 150 ns ns ns ns n
A “r“‘
“‘ ‘g,\\\’/v\/‘\\/\//\/\/\/\,,A e i = '(_/\/ SR, PRSI S |
4 1 r 200 ns 25 s r
i
o e e .
4
. /
! cH4: VPault Signal (1V/le)
Lot t; t, [50ns/div]
-50 ns 0$S 50ns 100 ns 150 ns 200 ns 250 ns 300 ns 350 ns

Figure 16. Experimental waveforms when a short circuit occurs.

As the gate voltage of the low-side GaN HEMT, corresponding to CH 1 in Figure 16 rises
from —3 V to 6V, the low-side device turns on. At point t;, when the low-side gate—source
voltage exceeds the device’s threshold voltage, the short-circuit current begins to flow, and
distortion occurs in the DC bus voltage. At time t,, the instantaneous voltage drop in the DC
bus voltage corresponding to CH 2 appears the largest. At this time, there is a voltage drop
of 25V from 400 V to 375 V. This voltage drop passes through a bandpass filter and appears
on CH 3. The output of the bandpass filter maintains Vgense at 0 V in a normal condition.
However, when a short circuit occurs, the voltage shows an instantaneous drop similar to the
DC bus voltage, decreasing to —2.2 V at time t,. This is 10 ns after the device is turned on
and the short circuit occurs. Since the magnitude of the voltage Vi, applied to the negative
pin of the comparator is —2 V, a fault signal is formed through the output of the comparator
when Vgense becomes less than Vy,. The fault signal is initially generated from the comparator
output, proceeds through the latch circuit to maintain the high signal and is then applied to
the gate driver’s disable pin. It appears in fault signal CH 4 and rises from 0 V to 5 V after
177 ns from t,, and the delay that appears between t; and t3 is caused by the propagation
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delay of the comparator and latch IC. After the fault signal is applied to the disable pin of
the gate driver, about 50 ns later, the low-side gate source voltage of CH 1 begins to decrease.
It takes about 20 ns, and the device is completely turned off at time t4. Therefore, it can be
confirmed that the device is completely turned off a total of 257 ns after the short circuit occurs,
thereby protecting the circuit.

Since it has been confirmed that the proposed short-circuit protection circuit operates
normally during a short circuit, it has been confirmed that the short-circuit protection
circuit does not operate during normal switching operations. The experiment can be seen
in Figure 17. Figure 17 is an enlarged waveform of the moment when the second pulse is
applied during the double pulse test operation. CH 1 represents the gate-source voltage of
the low-side GaN HEMT, CH 2 represents the DC bus voltage, CH 3 represents the voltage
drop detection signal, and CH 4 represents the fault signal. At time t;, the gate-source
voltage of the low-side GaN HEMT exceeds the threshold, causing distortion of the DC
bus voltage. At tp, the DC bus voltage drop reaches its maximum, and the voltage, which
is maintained at 400 V in the normal state, decreases by 22 V to 378 V. The Vgepee Voltage
of CH 3 shows a similar form to the DC bus voltage and has the lowest value at time t;,
but it can be seen that it is greatly attenuated after passing through the bandpass filter. In
the normal state, the voltage is maintained at 0 V but decreases to —1 V at time t;. The
Vsense Voltage is applied to the positive pin of the comparator and does not become less
than —2 V, which is the voltage being applied to the negative pin. Therefore, the output of
the comparator continues to remain at 0 V and no fault signal is formed.

Y
6V ot Everywhereyoulook e
L CH1: Vg 0w (2V/div) j
-3V
-100 ns -80 ns -60 ns -40 ns -20ns obs 20ns 40ns 60 ns 80 ns 100 ns
N
00V e e
. T
CH 2 % VBL'S (10V/le) /
|
-100ns 0ns -60 ns -40ns -20ns s 20ns 40 ns 60 ns 80 ns 100 ns
e i SR S ’\\ 7 R e S e
|
100 ns 0ns 0ns 40 ns ns {s n 40 ns 60 ns ns 100 ns
CH4: VFault Signal (1V/le)
oV —— S| —_ SR
[ t; t [50ns/div]
80ns

100 ns

100 ns
Figure 17. Experimental waveforms during normal switching.

During a short circuit, the DC bus voltage drops by 25 V, while during normal switch-
ing (turn-on), the voltage drop is 22 V, which is larger during a short circuit. However,
after passing through a bandpass filter, the voltage drop decreases to 2.2 V during a short
circuit and 1 V during normal switching. As such, it can be seen that there is a significant
difference in the attenuation level of the DC bus voltage that appears as it passes through
the bandpass. It is confirmed that the proposed circuit can distinguish between short-circuit
and normal switching and effectively provide short-circuit protection.

Table 3 compares the proposed short-circuit protection method with an existing study
related to short-circuit protection of wide-bandgap power semiconductors. In the existing
study, various methods were applied to protect SiC and GaN-based power semiconductors,
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and the time required for short-circuit protection was on the order of hundreds of ns.
The proposed method did not have the fastest protection operation speed compared
to the existing study. However, it had an above-average protection operation speed.
And it can also be implemented with fewer elements compared to the average number
of elements used. In addition, the proposed short-circuit protection method effectively
prevents malfunctions during normal switching through a bandpass filter, achieving the
high reliability of short-circuit protection operations.

Table 3. Comparison with existing studies.

Reference Device Protection Method (PSSZEEZ::S;) Pr(,}tiitelon
[7] SiC Shunt Resistor 4/3 150 ns
[8] GaN Shunt Resistor - 60 ns
[9] SiC Package Internal Inductance 5/4 60 ns
[10] SiC Package Internal Inductance 6/7 100 ns
[12] SiC Rogowski coil 4/5 700 ns
[13] SiC Rogowski coil 8/5 -
[14] GaN Stray inductance - 250 ns
[15] GaN Stray inductance 3/5 250 ns
[17] GaN Desaturation 4/4 360 ns
[18] GaN Desaturation 8/5 125 ns
[22] GaN DC bus voltage 4/3 280 ns
[23] GaN DC bus voltage 8/5 370 ns

Proposed GaN DC bus voltage 5/2 257 ns

5. Conclusions

In this paper, a short-circuit detection and protection circuit for GaN HEMT is proposed
and verified. GaN HEMT has a shorter short-circuit withstand time compared to other
types of power semiconductors, so it requires a short-circuit protection circuit that has
high reliability and operates at high speeds. The proposed short-circuit protection method
uses a method of detecting the DC bus voltage for fast short-circuit protection. The high
di/dt current that appears during a short circuit causes an instantaneous voltage drop in
the parasitic inductance present in the circuit. Therefore, when a short circuit occurs, an
instantaneous voltage drop occurs in the inductance component present in the power loop,
and an instantaneous voltage drop also occurs in the DC bus voltage, which remains the
same as the DC link voltage in the normal state. This DC bus voltage drop is a quick and
clear indicator of the occurrence of a short circuit and can be used to effectively protect the
circuit from short circuits. However, similar voltage drops can occur in normal switching
situations as well. In the proposed short-circuit protection method, the frequency analysis
of the DC bus voltage drop was performed based on the SPICE simulation. Based on that
analysis, a bandpass filter was used to effectively distinguish between the two types of
voltage drops. When using the proposed short-circuit protection method, short-circuit
protection was finally completed 257 ns after the short-circuit occurred. In practice, after a
short circuit occurs, it takes 10 ns for the output signal of the bandpass filter to be compared
to the comparator threshold. Therefore, it is expected that short-circuit protection will be
possible at a faster rate if the propagation delay of the comparator IC and latch IC used
in the experiment is reduced. Future research should be conducted to improve the time
required for short-circuit protection in the proposed method.
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