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Abstract— A solid-state circuit breaker (SSCB) needs to have
very high efficiency comparable to its mechanical counterpart,
and GaN offers highest conduction loss reduction at cryogenic
temperatures. So, cryogenic cooling of future EAP is leveraged to
design a 750V/100A SSCB module with an efficiency target higher
than 99.9% and high over-current capability. The cryogenically
cooled SSCB module design is developed in this paper, including
key components selection and module design considerations.
Experimental results are provided to validate the capability of the
designed SSCB module to interrupt 10x of rated current at
cryogenic temperatures (<-153°C).

Keywords— GaN HEMTs, paralleled GaN HEMTs, solid-
state circuit breaker, cryogenic.

L INTRODUCTION

Future Electrified Aircraft Propulsion (EAP) system requires
power electronic systems with high efficiency, high power
density, low weight, and high reliability. The emerging wide-
bandgap (WBG) semiconductors, such as silicon carbide (SiC)
and gallium nitride (GaN), can improve power electronic
performances compared to the Si counterparts, e.g., lower loss,
faster switching, smaller size, and wider temperature capability.
Besides, the cryogenic coolant in the future EAP system can be
utilized to further reduce the loss and increase the power density
of the power electronics systems. Future EAP systems are
expected to use an MVDC power distribution system due to
high power requirements. Fast fault protection is essential for
such a system due to higher voltage and lower line inductance.
SSCB must be utilized to achieve sufficient fault clearance
speed. Compared to the mechanical and hybrid breakers, SSCB
has advantages of fast current interruption, size and weight
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reduction, and providing additional functions [1][2], but offers
lower efficiency. This work aims at improving efficiency and
over-current capability of SSCB significantly by utilizing
cryogenic cooling and superior performance of WBG devices.

GaN High Electron Mobility Transistor (HEMT) is
reported to offer more conduction loss reduction at cryogenic
temperature (<-153°C) compared to Si and SiC devices [3].
Several GaN based SSCBs have been reported [4]-[7].
However, none of these leverage the large conduction loss
reduction of GaN device under cryogenic cooling and the
power ratings are relatively low in comparison to future EAP
system requirements, which is expected to be medium voltage
and MW power levels [8].

This article proposes a cryogenically cooled GaN-HEMT
based SSCB module which can achieve higher than 99.9%
efficiency and high over-current interruption capability using
only two GaN dies in parallel. The designed SSCB module is
rated at 750 V/ 100 A and can be connected in series and/or
parallel for higher power ratings. The maximum current
interruption for each module is 1 kA, which is 10x of the rated
current. Moreover, the SSCB module is designed to be cooled at
cryogenic temperature using liquid nitrogen (LN2), i.e., -180°C
during rated current operation.

This paper is organized as follows. Section II presents the
selection criteria of main components including power
semiconductor devices and voltage clamping circuits. In
section III, the design of the proposed SSCB module would be
addressed. Section IV demonstrates the test result of the
designed SSCB module. Section V concludes the paper.
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II. MAIN COMPONENTS SELECTION

A typical SSCB topology is shown in Fig. 1, which consists
of the power devices, voltage clamping circuit or energy absorb
unit (EAU), gate driver, auxiliary power supply and sensing
circuits. In a typical SSCB switching operation, semiconductor
devices stay in ON-state during normal conditions. When any
overload or fault is detected, devices are turned off and the
voltage is built up by the residual energy remaining in the system
inductances. Once the voltage reaches a certain value, the
voltage clamping circuit is activated to keep the voltage at a safe
level for semiconductor devices, and also to take up the
remaining energy until the system current reduce to zero.

The power devices and the EAUs are two of the main
components that handle the power in SSCB. Thus, the selection
of these main components is critical to achieve high efficiency
and required voltage and current ratings of the application.

SSCB

Voltage Clamping Circuit &
Energy Absorb Unit

Ls
I}

1Yl
Semiconductor
Switch

Auxiliary Gate
Circuit driver

Auxiliary
Power

Fig. 1. Typical SSCB in a DC system

A. Power Devices

WBG devices such as SiC MOSFETs and GaN HEMTs are
known for their low specific on-resistance compared to Si
counterparts, which is beneficial to the SSCB applications.
However, SiC MOSFETs are reported to have an increased on-
resistance with decreased temperatures, different from Si
MOSFETs and GaN HEMTs [9]. The increased on-resistance
generates a higher conduction loss. On the other hand, GaN
HEMTs, compared to Si MOSFETsS, exhibit lower specific on-
resistance both at room temperature and low temperature range.
Moreover, GaN HEMTSs do not exhibit the carrier freeze out
effect, which prevents the on-resistance of Si MOSFETSs from
further reducing at lower temperatures. Besides, GaN HEMTs
also show a constant breakdown voltage from room
temperature to cryogenic temperatures, while Si MOSFETs
show reduced breakdown voltage. As a result, GaN HEMTs
have the lowest specific on-resistance and stable breakdown
voltage when temperatures drop, which are suitable for the
cryogenically cooled circuit breaker applications.

The low on-resistance of GaN HEMTs at low temperature
results in low conduction loss thereby high efficiency when the
SSCBs operate at the normal condition. Moreover, the positive
temperature coefficient of on-resistance is also beneficial for
device parallelization to increase the overall current rating of
the SSCB module. Fig. 2 shows the I-V characteristic and the
on-resistance of the candidate 650 V, 150 A GaN HEMTs, GS-
065-150 from GaN Systems at different temperature with 6 V
gate voltage, measured by Keysight BIS05A. Fig 2(a) shows

that these GaN HEMTs are saturated ~300 A at the room
temperature. As the temperature decreases, the slopes of I-V
curve increase and stay in the ohmic region, which indicates the
reduction of the on-state resistance. Also, a steeper [-V curve
shows the device can allow higher current at lower temperature
without any saturation. The higher current capability at lower
temperature enables GaN based cryogenically cooled SSCBs to
withstand more transient current when the fault occurs. Fig.
2(b) presents the positive temperature coefficient of on-
resistances of GaN HEMTs. The resistance is reported to be
around 11.5 mQ at room temperature and 2.3 mQ at -180°C,
which is about one-fifth of that at the room temperature.

For the SSCB module rated at 100 A with 10x current
interrupting capability, only two paralleled GS-065-150 are
required. Although paralleling more devices can have better
efficiency and higher current capability, more cost and
complexity would be added to the circuit design. With more than
two devices in parallel, circuit must be carefully designed to
prevent non-identical loop or extra loop inductance. Since GaN
HEMTs are very sensitive to parasitics, these non-identical loop
and extra parasitics introduced from the circuit can result in
current unbalance among devices, or even create unwanted
ringing during transitions that can potentially lead to the device
failure. With two GaN-HEMTs in parallel, the overall on-
resistance would be 1.15 mQ with cryogenic cooling. The
efficiency of the 100 A SSCB module could be greater than
99.9%.
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Fig. 2. Characteristics of GS-065-150 (a) I-V at different temperature (b)
Rds(on) versus temperature.
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B. Voltage Clamping Circuits

The SSCB requires voltage clamping circuits to withstand
the voltage across the semiconductor switch whenever the
breaker turns off. Furthermore, it should also be capable of
absorbing the residual energy in the system inductance. The
design of the voltage clamping circuit should consider clamping
voltage, peak current, and energy absorbing capability. Typical
options of the voltage clamping and energy absorption circuits
can be categorized as linear components as snubbers circuits,
and non-linear solutions such as metal oxide varistor (MOV) and
transient voltage suppression (TVS) diode [10].

An RC snubber is the simplest voltage clamping solutions.
However, the voltage drop across snubber resistors will also
reflect on the voltage stress across the power devices. Adding a
diode in parallel with the resistor can avoid the additional
voltage drops but would also increase the complexity of design
and might reduce the reliability [11], [12].

MOV and TVS diodes are two non-linear solutions for
voltage clamping and energy absorption. MOVs utilize the
characteristics of nonlinear resistance as a function of voltage.
The resistance of the MOV is very high at low voltage and drops
to very low value once the voltage enters the clamping region.
When the breaker turns off, the voltage reaches the clamping
region and the energy is dissipated in the MOV. Then the
breaker voltage gradually decreases until it goes back to the
system voltage. With the proper design, MOV can assure a safe
clamping voltage for power semiconductor devices. However,
MOVs have the degradation issue in the energy absorption
process [13]-[15]. The limited lifetime and reliability issue of
MOVs might be undesirable in aviation applications. The TVS
diode, on the other hand is more attractive compared to the
commonly used MOV due to the faster response speed, lower
clamping ratio, and higher reliability without degradation.

The high power TVS diode has foldback characteristics
shown in Fig. 3, where the voltage reaches a peak value initially
and falls to an average clamping voltage. The high clamping
ratio between the peak and the average voltage results in a longer
interrupting time and higher voltage stress on switching devices.
However, the clamping ratio of the high power TVS diode
decreases at cryogenic temperatures, as shown in Fig. 4. At
cryogenic temperature, the lower peak clamping voltage can
reduce the voltage stress on semiconductor switches, and the
higher average clamping voltage can accelerate system current
to zero. In this design, two TVS diodes AK3-430C and AK3-
150C from Little Fuse are connected in series. The designed
peak clamping voltage is 640 V, which is slightly lower than the
devices 650 V rating. The average clamping voltage is around
473 V for each GaN device at -180-C.

C. RC Snubber

During the high current fault condition, the hard switching of
the GaN HEMT can lead to large power dissipation that causes
damage to the GaN dies. Fig. 5 shows the high current turn-off
failure of the GaN HEMTs. Although an RC snubber can also
be used as EAU in the SSCB application, it is designed here to
limit the dv/dt during turn-off and the peak voltage across the
power device. Also, by slowing down the voltage rising rate, the
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transient power dissipation can be reduced in the device. This
can prevent possible thermal failure when turning off a high fault
current, e.g., 10x fault current. Fig. 6 shows the device turn-off
waveforms with and without the snubber. It can be noted that the
voltage rise without snubber is steeper with some oscillation,
and the peak voltage can reach over 600 V. The power
dissipation is also reduced significantly. Another benefit of
adding the snubber is to mitigate the instability issue of
paralleled devices [16]. Introducing the snubber capacitor can
alleviate hard-switching stress at high current turn-off that is
prone to have the instability. Since a single C snubber may
oscillate with the stray inductance, an additional small resistor is
added to damp the oscillations. In this design, a snubber with 0.5
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Fig. 3. Test waveforms of GaN HEMT turning off high currents
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Q resistor and 150 nF capacitor is selected considering the
requirement of interrupting the high fault current up to 1 kA.

III. SSCB MODULE DESIGN

Fig. 7 shows the schematic diagram of the proposed SSCB
module design. Two GaN HEMTs are in parallel to increase the
current ratings. Two sets of such paralleled power devices are
in series to increase the voltage ratings. The voltage clamping
circuit, which consists of a TVS diode set and an RC snubber,
is in parallel with each device to form a cell. The cell design
can prevent uneven loop inductance between paralleled devices
and TVS diodes, or RC snubber, when assembling the
clamping circuit only at one side, as shown in Fig. 8. The
uneven loop inductance would introduce unwanted ringing
when current commutating from devices to the voltage
clamping circuit, which may lead to device failures.

The layout of the GaN based circuit should be carefully
designed to minimize the gate-loop and power-loop inductance.
As shown in Fig. 9, the gate-drive circuit is placed in the middle
of paralleled GaN HEMTs to ensure the identical gate loop. An
RC snubber and TVS diode are placed close to each power
device to reduce the power-loop inductance. The selected TVS
diodes AK3-430C and AK3-150C are packaged with long lead,
with its 3D view shown in Fig. 9. In order to minimize the effect
of the lead pins, a “V-shape” alignment is designed in this
module. One end of the two TVS diodes can be soldered
directly on the drain and source pads, while the other two ends
can be tied together. This eliminates the extra traces on the PCB
to prevent additional stray inductance.

SSCB module

Gate Driver
Circuit
Auxiliary
Power& Circuit
Gate Driver
Circuit

o
YV
W

Fig. 7. Schematics of SSCB
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Fig. 8. The loop inductance between devices and the voltage clamping
unit (a) single voltage clamping circuit (b) voltage clamping circuit on
each device.

== 2 Gate loop
inductance

Fig. 9. Layout of the proposed SSCB

IV. EXPERIMENT RESULT

The proposed 750 V/ 100 A SSCB module is built and shown
in Fig. 10(a). Each GaN HEMT die is in parallel with series
connected TVS diodes (AK3-430C and AK3-150C) and RC
snubber. The compact design of the SSCB aims to minimize the
gate loop and the power loop, and to shrink the module size.
The functionalities of the SSCB module are tested at both room
and cryogenic temperature. The test setup is shown in Fig.
10(b). LN2 is utilized as a coolant to fill in the chamber. The
SSCB module is placed in the chamber to emulate the
temperature of the cryogenically cooled system.
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Fig. 10. (a) Designed SSCB module (b)Test setup of prototype SSCB module
turn-off test

Fig. 11 shows the test results of the proposed SSCB
interrupting 200 A current at room temperature and at
cryogenic temperature. The peak TVS voltage recorded is 688 e
V at room temperature, which is slightly higher than the device i I i ]
ratings. Since the selected device can withstand 750 V for 1ps, 1;,5’,‘32’,5‘” o~ LA =
the device is not damaged because the voltage drops below 650 :_:_N_,,._..- E
V in less than 1pus. However, the high peak voltage is reducing YRR
as temperature drops, where the peak TVS voltage is 596 V at F eamin ]
-180°C. The results show the decreased peak clamping voltage
of TVS diodes at lower temperature, which is good for reducing (a)
the voltage stress across the power devices. . = ==
Fig. 12 shows the prototyped SSCB module turning off rated 3 b 10044 ]
100 A and 10x rated current, which is 1 kA at -180°C. The peak . [A M
clamping voltage is 716 V, higher than the designed 640 V. The v / K E
reason for the higher clamping voltage is due to the packaged Pl 20ROV & V436V el
TVS diodes, where the existing lead introduces additional F— //I] - SN
inductance between TVS diodes and main switches. During the oAy | \
commutations between the power device and the voltage o SONEY | ' N A
clamping circuits, the high di/dt can lead to transient voltage Ve t00viav | b 1
spike. The inductance of the TVS lead is minimized by using e 2usidv ' ‘
the V-shape alignment in this design and can be further reduced DOy [lmrise =
by using the TVS bare dies. The average clamping voltage at - o s toi03

180°C is around 430 V, slightly lower than the designed value. (b)

This difference is because of the data point taken in the

measurement. From Fig. 12(b), the voltage across the TVS Fig. 12. Prototype SSCB turning-off (a) 100 A current (b) 1 kA current
diode is not at a constant level. Instead, the voltage increases at-180°C

after the foldback characteristic. At the end of the clamping

period, the voltage is reported to be 456 V. Besides, the TVS
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diode voltage is a function of the junction temperature, which
would also affect the reading.

The efficiency test of the prototyped SSCB module is
conducted at -180°C in the chamber by applying constant gate
voltage to all the power devices, and gradually increase the
current flowing through the system by a DC power source in the
constant current mode. A 300 W, 0.36 Q load is connected in
series with the prototype module. The loss is calculated by
measuring the voltage drop across the SSCB module multiplied
by the constant current from the source. The overall SSCB
module resistance and efficiency are shown in Fig. 13. With four
devices, two in parallel and two in series, the overall module
resistance should be around 2 mQ based on the characterization
result in Section II. Fig. 13(a) shows that the module overall
resistance meets the expectation, with 2 mQ at low current, and
increases to 3 mQ due to the junction temperature rise. The
efficiency of the module is measured to be over 99.9% up to 80
A, shown in Fig. 13(b). A better way to test the module is to use
a cold plate with LN2 flows instead of a thermal chamber. The
new test setup for the test is under development and the results
will be reported in future.
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Fig. 13. Results of the module efficiency test (a) module overall
resistance (b) module efficiency at -180°C

V. CONCLUSION

A GaN-based cryogenically cooled 750 V/ 100 A SSCB
module is proposed. The key components are selected based on
components characteristics at cryogenic temperature and
specification requirements. The proposed SSCB module is
developed and tested at both room temperature and cryogenic
temperature. Experimental results validated the capability of
the proposed SSCB to interrupt up to 1kA fault current. The
measured efficiency is >99.9% up to 80 A for the prototype
SSCB module. The improved cooling method is under

development and the better efficiency number can be expected
in the future.
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