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Abstract— Solid state circuit breaker (SSCB) with high 

efficiency and high gravimetric power density is required for 

Electrified Aircraft Propulsion (EAP). A cryogenically cooled 

GaN device based SSCB module is developed for EAP system. 

The SSCB module is suitable for medium voltage direct current 

(MVDC) applications and is designed with low-weight modular 

cold plates. Each module is rated for 750V, 100A and achieves a 

power density of 329 kW/kg. The design of the SSCB module 

structure, thermal design, and insulation design are discussed. 

Experimental results of interrupting an over-current fault of 

~10x of the rated current by the SSCB module is provided to 

validate its operation at cryogenic temperature. 

Keywords—solid state circuit breaker, cryogenic cooling, 

aircraft propulsion, high power density, high efficiency. 

I. INTRODUCTION  

A fast solid state circuit breaker (SSCB) is essential for 
Electrified Aircraft Propulsion (EAP) system where line 
impedances are lower, and the system is dominated by power 
converters with low surge capability [1]. The SSCB in this 
application should also have high efficiency and high 
gravimetric power density. Significant efforts are put forward 
to develop such SSCB using wide bandgap (WBG) power 
semiconductor devices [2], which offers better performances 
compared to their Si counterparts with similar ratings. 
However, due to lack of availability of WBG devices with 
higher current ratings, several devices need to be paralleled to 
achieve high efficiency. On the other hand, use of many 
parallel devices reduces power density and increases SSCB 
cost significantly.  

The efficiency and power density both can be improved 
using cryogenic coolant available in EAP system that uses 
liquid Hydrogen as fuel or utilize high temperature 
superconducting (HTS) machines for propulsion. Studies of 
characteristics of semi-conductor devices in literature [3], [4] 
has revealed that their conduction loss can be reduced at low 
temperatures. This effect is found to be most pronounced in 
GaN devices, which show monotonic decrease of on-state 
resistance Rds(on) with reduction of temperature. The 
Rds(on) for some GaN devices can be reduced as much as five 

times at Liquid Nitrogen (LN2) temperature [3], [4]. Thus, the 
efficiency target can be met with using lower number of 
paralleled devices in case of cryogenically cooled SSCB. 

Cryogenic cooling has been demonstrated to improve 
efficiency of the Si-based 24V 85A SSCB [5] and HTS 
conductor for current limiting [5], [6]. However, HTS 
conductors can take 0.5-1 ms to respond [6] and the use of 
inductors and capacitors can reduce power density of the 
SSCB in [6]. Also, the Si device show poor performance at 
very low temperature due to carrier freeze-out, unlike the GaN 
devices [3]. Apart from this work, this advantage of 
cryogenically cooled SSCB is hardly exploited in existing 
literature. 

The future EAP systems are expected to use medium 
voltages (MV) at MW power levels [7]. So, this work presents 
the development of a high gravimetric power density SSCB 
based on GaN and LN2 cooling for a bi-polar 10 kV MVDC 
distribution system. In case of a line to line fault, the SSCB 
has to block up to 12 kV, considering 20% over-voltage. As 
the highest voltage rating of available high-power GaN 
devices is limited to only 650V, the proposed SSCB embraces 
modular electrical and thermal design. The designed SSCB, 
capable of blocking 12 kV, has 14 modules as shown in Fig. 
1, where each module has two sets of paralleled GaN dies in 
series and is rated for 750V/100A. The module is also capable 
of interrupting up to 1 kA fault current.  High power TVS 
diodes are used for energy absorption and reliable voltage 
balancing [8] among the modules. The modules of the SSCB 
are divided into two equal groups and placed  on the  positive This work was primarily supported by ARPA-e, DOE, USA  

 
Fig. 1. SSCB in a bipolar dc distribution system under line to line fault 
condition. 
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and negative poles of the bipolar MVDC system. This 
symmetrical placement of modules of the SSCB reduces the 
module-cold plate and module-encloser insulation 
requirement from 12 kV to 6 kV, helping to achieve higher 
power density at lower cost.  

The paper is organized as follows, the design of a SSCB 
module is discussed in Section II, the mechanical and 
insulation design are discussed in Section III and IV 
respectively, and the experimental results are presented in 
Section V, followed by the conclusion. 

II. SSCB MODULE DESIGN 

The SSCB module has four 650V/150A GaN dies as 
switching devices. Each GaN die is paralleled with a R-C 
snubber and a TVS diode, which absorbs the fault energy and 
extinguishes the fault current quickly. The module is designed 
to carry 100A current with over 99% efficiency and to 
interrupt maximum 1 kA fault current at cryogenic 
temperature (<-1530C). The insulation of the module is 
designed to withstand up to 6 kV, making this module suitable 
for 6 kV unipolar dc or 12 kV bipolar dc distribution system. 

 Apart from the switching devices, each module has other 
important electrical components and circuits such as gate 
drivers, signal isolators, control logic circuits, fault detection 
circuit, and isolated power supplies. To achieve a compact 
design, the module components are placed on two separate 
boards: the main board and the auxiliary board. The main 
board contains the GaN dies, snubber circuit, TVS diode, and 
the gate driver. The auxiliary board contains all other 
components. This structure of the module is shown in Fig. 2. 
The auxiliary board detects faults, receives control commands 
from the controller, and communicates with other modules.  

 While lower temperature is more beneficial for efficiency 
improvement due to monotonic reduction in Rds(on) of GaN 
device, all other components of the SSCB module do not have 
any advantage at low temperature. In fact, these components 
are usually rated for temperatures greater than -400C and need 
to be characterized at cryogenic temperature to ensure that the 
performance of the selected components do not deteriorate 
significantly at the intended operating temperature.  

 The designed SSCB module uses LN2 for cooling, which 
has a temperature of -1960C. However, due to power loss in 
dies and heat leakage from external environment, the module 
is estimated to operate around -1800C. So, the components 
selected for this work have been characterized up to -1800C 
[9]. 

III. MECHANICAL STRUCTURE OF THE MODULE 

The mechanical structure of the module and cold plate 
assembly is shown in Fig. 3. Dies are attached to the bottom 
side of the PCB. The substrate surfaces of dies are soldered on 
the direct bonded copper (DBC), which is then attached to the 
cold plate using cryogenic thermal grease. Since the weight of 
the cold plate is a significant part of the module weight, the 
top and bottom sides of the cold plate are utilized for cooling 
purpose. In this way, one cold plate is shared by two SSCB 
modules and total cold plate weight is halved.  

The mechanical structure of one cold plate and two 
modules is explained in Fig. 3. In this design, the main boards

Fig. 2:  Architecture of a module of the proposed modular SSCB. 

 

Fig. 3. Mechanical structure of the SSCB module pcb and cold plate 
assembly. 
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with GaN dies are closer to cold plate and the auxiliary boards 
are away from the cold plate. This arrangement provides 
thermal insulation to the auxiliary board components, which 
do not need to be at cryogenic temperature. Inter-board signal 
connectors are used to send the signals from auxiliary board 
to main board and to receive the measurement signals. The 
main and auxiliary board are mechanically supported by nylon 
spacers and screws. For multiple series modules, a thin copper 
plate is soldered between the main PCB of two adjacent 
modules. Spacer length between auxiliary and main board is 
20 mm to provide enough clearance for main board 
components from the auxiliary board PCB. Higher spacing 
between two boards is better for thermal isolation but leads to 
less compact design and increased enclosure size and weight.     

 The SSCB module is cooled with LN2 using a cold plate. 
As LN2 is an excellent heat conductor, the cold plate does not 
need large surface area. The required cold plate surface area is 
determined by the die surface area and die locations. The cold 
plate is one of the main contributors of total module weight. 
So, the cold plate is carefully designed to have low weight 
while having modular structure and sufficient strength to

 

 withstand LN2 temperature and pressure. A rectangular 
aluminum extrusion with low wall thickness of 1.6 mm is used 
as cold plate. An aluminum joint is designed to connect 
between two cold plates as shown in Fig. 4. Leakage-free 
connections between cold plates and the joints are ensured 
using heat shrink method. 

IV. INSULATION DESIGN OF THE MODULE 

All the cold plates are electrically connected to each other 
and to the external cooling system that maintains the LN2 flow 
in the cold plates. For safe operation, the cold plates and the 
cooling system are connected to power neutral. On the other 
hand, when all SSCB is carrying normal system current, the 
GaN devices of all the modules are turned on and all modules 
are operating at a voltage of ±Vdc/2 with respect to power 
neutral, as shown in Fig. 1. Thus, for a 10 kV dc system and 
20% over-voltage consideration, each SSCB module is 
designed to withstand a voltage up to 6 kV with respect to the 
power neutral. The thermal interface between each module die 
and the cold plate must withstand this voltage. A DBC is used 
as the thermal interface to withstand 6 kV, while providing 
good thermal conductivity. Aluminum Nitride (AlN) is 

selected as the ceramic substrate due to its high 

 

(a) 

 

(b) 

thermal conductivity of 320 W/mK and electrical 
breakdown strength of 20 kV/mm. 

 

The top and bottom side of the designed DBC are shown 
in Fig. 5. The DBC for this SSCB module is designed with 0.6 
mm thick AlN which can withstand up to 12 kV. When a 
voltage of 6 kV is applied between the module PCB and the 
cold plate, which is connected to power neutral, the highest 
electric field strength is observed in the area between the edge 
of the PCB and the exposed cold plate. To prevent any 
flashover between cold plate and the PCB, the exposed part of 
the cold plate near the PCB is coated with an epoxy coating 
material with dielectric strength of 18 kV/mm, as shown in 
Fig. 10. The thickness of the coating is >0.5 mm, enough to 
withstand up to 9 kV. However, due to unavoidable sharp 
edges, the electric field is non-uniform and a higher electric 
field may be observed. So, the peak electric field need to be 

Fig. 7: Developed prototype with two SSCB module and one cold plate. 

Fig. 5: Top side and bottom side of DBC. 

Fig. 6. Electrostatic simulation model for cold plate-DBC-PCB assembly 
and simulated electric field. 

Fig. 4. Modular cold plate and cold plate joint. 
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(a) 

 
(b) 

simulated to ensure that the design is sufficient. The whole 
module also has a thin transparent coating that protects the 
components from moisture and condensation.  

A 2-D Ansys Maxwell simulation model is developed for 
the cold plate-DBC-PCB assembly as shown in Fig. 6(a) and 
electric field is simulated to check the insulation design. 
Although the module insulation needs to withstand up to 6 kV, 
the insulation is checked up to 8 kV with enough safety 
margin. The simulation is performed assuming the worst-case 
condition with ionized air and PCB filled with copper that has 
a voltage of 8 kV with respect to cold plate. The simulation 
result in Fig. 6(b) shows that the highest peak electric field is 
16 kV/mm in epoxy and 11.9 kV/mm in ceramic material. 
Both peak electric fields are within limits of the respective 
insulation materials. 

V. EXPERIMENTAL RESULTS 

Prototype SSCB modules rated for 750V, 100A and 10x 
over-current capability have been assembled with cold plate, 
as shown in Fig. 7. While the designed module can carry 100A 
continuously with high efficiency, it also can carry up to 1kA 
for short duration to allow any normal transient or inrush 
current without causing any nuisance trip. A test setup is 
developed to test individual module, as shown in Fig. 8(a) for 
testing in cryogenic environment. In this test setup, a SSCB 
module is placed inside a thermal chamber, which uses LN2 
to create a low temperature environment. All electrical 
connections to the SSCB module go through a slot on left wall 
of the chamber. Then the slot is sealed with fiber glass 
insulation and the front door of the chamber is closed to create 
a fully sealed cryogenic test chamber, as shown in Fig. 8(b).  

The most challenging test for the SSCB module is to turn-
off the GaN devices safely under the 10x over-current 

condition. This test is performed on the developed prototype 
in the thermal chamber. The performance of the module is  

 

 

 

(a) 

 

(b) 

Fig. 11: (a) Insulation test equipment, (b) module under test. 

Fig. 10: SSCB module with coating for insulation test. 

Fig. 8: Test setup for testing a SSCB module, (b) sealed thermal chamber at 
-1800C. 

 

Fig. 9: Voltage and currents during turn-off transition at 940 A fault current 
at -1800C.   
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evaluated at different temperatures from room temperature 
down to -1800C, which is the expected die temperature of the 
LN2 cooled module. The module is tested up to 10x of the 
rated current, which is 1 kA. The test waveforms in Fig. 9 
show a turn-off transition of the SSCB module interrupting a 
fault current of 940A at -1800C. At the beginning of this test, 
the SSCB module GaN devices are turned on under a short 
circuit fault condition and rate of rise of the fault current is 
limited by a line inductance of 4µH. It can be observed that 
the total current through SSCB is evenly shared by two 
parallel GaN devices. When the current reaches the threshold 
for SSCB tripping, the GaN devices are turned off 
simultaneously and die currents falls to zero. The voltage 
across the GaN devices increases until it is clamped by 
breakdown of the TVS diode. The peak voltage observed 
across the GaN devices under 1 kA current interruption 
condition is 716V, which is higher than the voltage rating of 
the GaN device. However, the datasheet of the selected GaN 
device sates that the device can withstand 750V for 1 µs [10]. 
During the turn-off transition of the module test, the drain to 
source voltage of the GaN device falls back below 650V 
within 300ns and no failure or loss of performance has been 
observed due to short-time over voltage. The TVS diode 
absorbs the stored energy in the line inductance and the fault 
current is reduced to zero within 13 µs.  

A SSCB module with coating on exposed cold plate is 
tested for its insulation up to 8 kV. As explained earlier, the 
module needs to withstand 6 kV considering 20% over-
voltage and the insulation is tested up to 8 kV to ensure some 
safety margin for reliability. Since the SSCB is designed for a 
dc distribution system, a dc hipot tester, as shown in Fig. 11 
(a), is used to apply a voltage up to 8 kV on the SSCB PCB 
with respect to the cold plate. The module connections to the 
hipot tester leads are shown in Fig. 11(b). The applied voltage 
is increased from 1 kV in steps of 1 kV. The leakage current 
is measured after a few minutes of applying each voltage level 
to allow the leakage current to reach steady state.  

The observed leakage currents are plotted in Fig. 12 for 
two separate tests of the same module. The first test is 
performed right after the curing of the coating is complete. 
The second test is performed after three days of the first test. 
In both the tests, low leakage current is observed, indicating 
the effectiveness of the insulation design. It can be noted that 
the leakage currents in the second test is lower compared to 
the first test. This indicates that the coating material curing 
improves further with time even after the curing is complete. 

The weight of the two modules with one cold plate 
assembly is 456 g, leading to a power density of 329 kW/kg, 
higher than any reported power density of SSCBs [2]. A more 
realistic way to test the module is to use LN2 cooled cold plate 
instead of a thermal chamber. Currently, the additional 
required test setup for this test is being developed and the 
results will be reported in the future. 

. 

VI. CONCLUSION 

The design of a 750V/100A cryogenic SSCB module 
using GaN devices is presented in this paper. The module 
structure design and compact implementation is discussed 
aiming at high power density. The modular cold plate design 
for cryogenic cooling and insulation design for 10 kV bipolar 
MVDC application are discussed. The developed SSCB 
module prototype has achieved a power density of 329 kW/kg. 
Experimental results validated fault interruption performance 
of the designed SSCB module. The insulation design test 
shows low leakage current when tested at 8kV. Overall, this 
work demonstrates the feasibility of developing cryogenically 
cooled GaN based SSCB modules for MVDC application 
while utilizing the superior characteristics of GaN devices at 
cryogenic temperatures.   
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