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ABSTRACT To tackle emissions from the aviation industry and make it sustainable, research has been
targeting electrifying aircraft. For this aim, articles have been focusing on how to replace regular jet engines
with liquid hydrogen as fuel. This would be beneficial as hydrogen is expected to play a dual role, providing
fuel for fuel cells to propel the aircraft electrically and to supply cooling to enable high-power density
technologies suchas superconducting machines and cryogenic power electronics circuits. Howewver, using
higher power density, especially cryogenic power electronics, can be challenging. This article investigates
cryogenic power electronics for use onall-electric aircraft across different aspects, where it lays out how to
integrate power electronics at cryogenic temperature into the architecture of the all-electricaircraft, howto
use them with hydrogen fuel cells, and the voltage levels of the system. It reviews different semiconductor
device technologies, circuit topologies, and passive devices to be used in power electronics circuitry, as well
as logic circuits that are suitable for use at cryogenic temperatures. In addition, the article discusses the
challenges of using semiconductor devices at such lowtemperatures, including the reliability, overall cooling,
and recycling of hydrogen.

INDEX TERMS Cryogenic electronics, gate driver, IGBT, MOSFET, cryogenic propulsion

Acronyms JFET junction field effect transistor

AC alternating current K Kelvin

ANPC active neutral point clamped kg kilogram

C Celsius kw kilo-watts

CO2  carbondioxide kv kilo Volt

COTS Commercials off the shelf devices LH2 liquid hydrogen

CMOS complementary metal oxide semiconductor LN2 liquid nitrogen

COP  coefficient of performance MEA more electric aircraft

DAB  dual active bridge MIL-STD military standard

DC direct current MLI multi-layer insulation

DCB  directbonded copper MOSFET metal-oxide-semiconductor-field-effect-
DCCT DC current transformer transistor

DPT  double pulse test MMC modular-multilevel converter

DUT  device under test mw milli-watt

ECS  environmental control system MW mega-watt

EMA  electromechanical actuators NASA National ~ Aeronautics and  Space

EHA  electro-hydraulic actuators

Administration

GaN  gallium nitride NPC neutral point clamped converter
GH2  gaseous hydrogen PCB printed circuit board

H2 hydrogen PD partial discharge

HBLLC half bridge LLC PWM pulse width modulation

HEMT high-electron-mobility-transistor PSU power supply unit

HTS  high —temperature superconductors Si Silicon

HV high wvoltage SiC siliconcarbide

IC integrated circuit SC-PWM shifted carrier PWM

IGBT insulated gate bipolar transistor
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SLC  solidcower

SFCL  superconductor fault current limiter

WBG  wide-bandgap

UFS  ultrafast switch

ZCS  zerocurrent switching

Z\VS  zerowoltage switching

l. INTRODUCTION

All Electric Aircraft has been the main focus of research as
countries are planning to reduce emissions from the aviation
industry which accounts for 2.5% of the global CO2
emissions [1]. Companies and governmental organizations
suchas Airbus, Rolls-Royce, and NASA have been investing
in researching fully-electric commercial aircraft [2]-[4].
Currently, Airbus isaimingto have a commercial fully electric
aircraft by 2035 employing hydrogen as an energy source.
Hydrogen can also be a key enabler for cryogenic propulsion
which utilizes technologies such as superconducting motors
and cryogenic power electronics, which are known to have
higher power density and higher efficiency than their room
temperature counterparts. In this article, cryogenic
temperatures would be referred to if the temperature is below
123 K. Such extreme conditions are crucial for enhancing the
efficiency and power density of the aircraft's electrical
systems, paving the way for practical, long-range electric
flight. With high power densities, cryogenic power electronics
and superconducting machines can pave the way for aircraft
electrification, this is shown when a comparison is made
between the current energy density of a B737 is around
12 kW/kg whereas in all-electric aircraft, the targeted energy
density is above 20 kW/kg for cryogenic power electronics
and above 35 kW/kg for superconducting machines [5].
There are different types of all-electric aircraft, those using
batteries as the energy source, and those using hydrogen
turbines or fuel cells. Although even the most optimistic
projections predict that this will reach 500 Wh/kg by 2030,
single-aisle size aircraft viability requires a battery pack-
specific energy of at least 800 Wh/kg when considering the
option of full electrification. For large commercial aircraft,
where energy density is critical, cryogenic propulsioniis a
suitable choice to realize suchavision. The architecture of all-
electric aircraftthat utilizes cryogenic propulsion is based on
the literature [5]-[7], where superconducting motors and
cables are expected to be used due to their high-power density
when compared to machines and cables that utilize copper or
aluminum conductors. The superconducting motors and
cables are expected to be cooled down to 20K. Power
electronics circuits are also expected to work at cryogenic
temperature andthis is better fromanengineering point (better
thermal design) with the entire system working in the same
temperature region. It is expected that power electronics will
work at a temperature higher than 100K to prevent carrier
freezeout.

Even though many review articles have discussed all-electric
aircraft and cryogenic power electronics, there is still some
gap that needs be addressed. For example [5], [6] have
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discussed the architecture of a cryogenic propulsion aircraft,
however, which zones and applications of the aircraft are
suited for cryogenic power electronics and which are suited
for ambient temperature power electronics. Another review
article [8], has only reviewed the performance of cryogenic
power electronic devices without reviewing gate drivers and
discussing the available commercial of the shelf device
ratings. In [9], a brief reviewhas been done on converter and
inverter topologies however, that review was only top level
and did not review more complex circuitry such as modular
multilevel LLC or which inverter topology would have the
highest power density and would be most effective to use on
an electric aircraft. This paper has reviewed the device
reliabilityandthe type of testingthat is important to determine
the ruggedness of power electronic devices at cryogenic
temperatures. To address these gaps this article reviews and
investigates cryogenic power electronics and their suitability
for achieving cryogenic propulsion in all-electric aircraft. The
focus is on power electronic circuitstailored for such aircraft
and how cryogenic technology can enhance efficiency and
power density, building on previous work by the authors [10]-
[15]. By examining device and circuit performance at
cryogenic temperatures, the study aims to identify the benefits
and challenges, providing insights into their practical
implications foraircraft design and operation.

The article is divided into the following sections:
Section Il includes atop-level review of the electrical system
distribution and drives. Section 1l will review the
performance of semiconductor devices at cryogenic
temperatures. Section IV reviews the performance of passive
devices at cryogenic temperatures, Section V reviews the
performance of power electronics circuits at cryogenic
temperatures, Section VI reviews the performance of logic
circuits at cryogenic temperatures, Section VII reviews
cryogenic gate drivers for semiconductor switches and
SectionVIII reviews the current sensingcircuits at cryogenic
temperatures. Section IX reviews the electrical distribution
system in an electric aircraft, Section X reviews the
challenges facing the transformation to a fully electric
aircraft. Finally, Section XI includes the discussionand the
conclusion of the article.
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Figure 1. Electrification of aircraft[9]
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II. ARCHITECTURE OF CRYOGENIC PROPULSION FOR
ALL-ELECTRIC AIRCRAFT

In recent years, there has been a notable surge in projects for
aircraftelectrification, thisis showninFigure 1. The generated
electric power has increased from several hundred kVA to
currently 1 MW onflagshipaircraftmodels suchas the Boeing
787 and Airbus A380. In the coming years, as aircraft are
being transformed to fully electric, forecasts predict a
remarkable soar in the demand for electric power aboard
flights. For example, it is predicted that a full-electric aircraft
designed by NASA the N3-X will have a power of 25 MW.

A. ELECTRICAL SUPPLY FOR CRYOGENIC
PROPULSION

Hydrogen s a key disruptor for the aviation industry as it has
significantly higher gravimetric power density than batteries
and traditional kerosene-based solutions. Hydrogen can reach
a power density of 39.4 kWh/kg at the higher heating value of
hydrogen compared with 11.9 kWh/kg for jet engine fuel [6],
[9]. The high gravimetric power density of hydrogen implies
that for a given weight, hydrogen can store and deliver much
more energy than traditional jet fuel. This characteristic is

particularly advantageous in aviation, where weight is a
critical factor affecting fuel efficiency, range, and payload.
The primary drawback of using liquid hydrogen (LH2)
compared to kerosene is its significantly larger volume
requirement. Unlike kerosene, which has a higher energy
density and therefore requires less storage space, liquid
hydrogen needs at least four times the volume for equivalent
energy output. Moreover, when comparing LH2 to GH2, the
storage tanks for LH2 can be considerably lighter. This is
because LH2 is storedat cryogenic temperatures, significantly
reducing the pressure requirements for containment compared
to gaseous hydrogen storage. References [16]-[17] how
hydrogen can be integrated into the aircraft.

Nevertheless, transitioning to LH2 as a fuel source would
necessitate modifications to the airframe and fuselage of
aircraft. LH2's cryogenic nature requires specialized storage
and handling infrastructure, which may require design
alterations to accommodate its unique characteristics.
Currently, the aviation industry is actively exploring and
developing tube-and-wing designs tailored for hydrogen-
powered aircraft. These designs aim to optimize the
integration of LH2 storage systems, propulsion systems, and
airframe structures to maximize efficiency and performance
while meeting safety and regulatory requirements.
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Figure 2. Electric schematic of hydrogen aircraft
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B. CRYOGENIC POWER ELECTRONICS

For cryogenic propulsion, the superconducting machine
would require to be cooled to lower temperatures where
hydrogenwould be usedas coolant. As the coolant would need
to be already present for cryogenic propulsion, it would be
better fromathermal point (lower thermal leakage) to have the
power electronics system of the aircraft at the same
temperature. In addition to providing easiness from the
mechanical point of view, using power electronics at
cryogenic temperatures would enable them to work more
efficiently, have lower on-resistance, and hawe faster
switching [6]-[15]. An efficiency comparison is done between
roomand cryogenictemperature power electronics, where it is
expected that efficiency would improve by 1.5% at lower
temperaturesrising from 98% to 99.5% [6]. Hence, in Figure
2, power electronics, motors, and superconducting cables are
shown to work at lower temperatures.

C. ELECTRICAL SYSTEM STRUCTURE FOR
CRYOGENIC PROPULSION

With the increase of the supplied power, a higher voltage is
necessary to reduce the losses generated by the large amount
of currentsupplied [9]. In compliance with standards there are
specified voltage levels in MEA known in MIL-STD, which
are explained below:

» DC voltage levels: 28 V, 270 V (130 V), and 540 V
(x270 V).

* 230 ph/115 ph V with variable frequency (e.g., 350-800 Hz
in the B787), 230 ph V with fixed frequency (400 Hz), and
115 ph V with fixed frequency 400 Hz are the three AC
woltage lewels.

The main advantage of using 540 V is that the PD inception
voltage would require less creepage distance [18].

Airports typically offer standardized voltage lewvels to
accommodate maintenance requirements and ensure
compatibility with components such as batteries and power
electronics. Forthe E-Fan X project, Airbus proposed utilizing
a woltage level of 3 kV. Initially, it was assumed that this
voltage would be in the form of DC, which deviates from
established standards such as MIL-STD-704 and DO-160
specifications. Currently, there is no official approved voltage
rating for all-electric aircraft, and, to overcome that, the
researchand the industry have beenfocusedonidentifyingthe
best operating voltage taking into account the limits imposed
by Paschen’s law.

Figure 2 shows a simplified layout of an electric aircraft that
is based on the design introduced in [11], where fuel cells
would be used as the main power source for the prime mover.

The fuel cells would be connected to a cryogenic DC/DC
conwerter to step and regulate their voltage. The power would
be transmitted over superconducting cables that are cooled
down to cryogenic temperatures. These cables would supply,
propeller motors, and auxiliary loads. From a thermal point of
view, this architecture maintains a relatively similar
temperature through the different components reducing the
insulation weight thus making it mechanically less complex.
As seen from Figure 2 some of the components would operate
at room temperature as the choice to switch over to cryogenic
temperature would rely on how much power density is
achieved. Large motors would benefit from utilizing
superconducting technology to increase their power density.
However, smaller motors used to steer the aircraft do not
necessarily need to work at cryogenic temperature as they are
small and the cooling insulation of the cooling could make
them too heavy. Therefore, maintaining room temperature
operation for these smaller motors is more feasible and
efficient.

lll. PERFORMANCE OF SEMICONDUCTOR DEVICES AT

CRYOGENIC TEMPERATURES

Research has shown that power electronics devices'
performance improves at lower temperatures and this is
usually because the device’s on-resistance (Ras(on)), Or the
collector-emittervoltage (Vce) inthe case of IGBTS, decreases
with temperature. The switching losses are also known to
decrease as devices tend to switch faster with the decrease in
temperature. This section reviews of the performance of
different power electronic devices at cryogenic temperatures.

A. SIMOSFET

There have been significant studies onthe performance of Si
MOSFET at cryogenic temperature [8], [19]-[24]. Table 1
shows the effect of cryogenic temperature on the device
characteristics when the temperature of the device is between
50-100K. The on-resistance decreases at cryogenic
temperatures. The breakdown voltage of the device is known
to decrease withtemperature. As for the switching losses, they
tend to increase. Currently, for higher voltage applications,
Superjunction MOSFETs are used as the device [13]. The
highest voltage available device is 950V, this could be limited
to be used in all-electric aircraft.

B. SIC MOSFET

SiC MOSFETSs are attractive as they have lower switching
losses and thermal capability than IGBTs at room
temperatures. The literature presents studies on the
performance of SiC devices at lower temperatures and found
that the Raseon) tends to increase by 70% at cryogenic

TABLE |

PERFORMANCE OF SEMICONDUCT OR DEVICESAT LOWER TEMPERATURES.

SI MOSFET
[19]-[24]

Characteristic SiC MOSFET [25] — [28]

JFET [29]-[31] IGBT [8], [32]-

[35]

GaN [36] — [39]

On-resistance/
Forward voltage
Breakdown voltage

Switching losses

Vet 5ttt ifireshold
voltage

Decreases 60%

Decreases 30-
80%
Decreases 90%

Increases by 18-

30%

Increases 70% Increases by 3-120%

Decreases 10% N/A
Decreases 10% N/A
Increases by 160% N/A

Decreases by 60%

Decreases by 30-
60%
Decreases by 60-
85%
Decreases by 18-
90%

Decreases by 80%
Increases by 10%
Decreases by 25%

+15% and -25%

SOTg7 ITCETTSE S/ DY 407
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temperatures. The breakdown voltage tends to decrease as
well with the decrease inthe temperature [8], [25]-[29]. The
switching losses decrease by just 10% [28]. That significant
increase in the SIC MOSFET RDS(on) makes the SiC
MOSFET option unattractive.

C. SIC JFET

JFETs can have advantages over MOSFET in terms of
reliability (robustness) and efficiency (lower resistance). Refs.
[29]-[31] have tested seweral devices at cryogenic
temperatures as shown in Table 1. From the table, it can be
seenthat the behavior of the devices is similar to that of the
SiC MOSFET and this can be attributed that both devices are
made of SiC, which tends to have worse characteristics at
cryogenic temperatures. As shown the on-resistance of the
devices can increase by 120%. Thus, they are not a preferred
candidate for use at cryogenic temperatures.

D.IGBT

IGBTs are the most robust semiconductors that are currently
available in the marketat high power ratings. IGBT has shown
a promising improvement at cryogenic temperatures [8],[32]-
[35]. The Vce has beenshown to decrease withthe decreasein
temperature. Switching losses have been shown to decrease
with the decrease in temperature. The breakdown voltage
decreaseswith the decrease intemperature. Thus, IGBTs are
good candidates to be used at cryogenic temperatures. In [8],
different types of IGBT modules were tested at low
temperatures, where it was found that modules that contain
Silicone gel tend to break down when immersed in cryogenic
temperatures. Whereas devices that utilize epoxy resin, tendto
withstand the harsh conditions of cryogenic temperatures.

E. GaN

GaN devices were reviewed in literature [36]-[40] where the
devices were tested at cryogenic temperature and were found
to significantly improve with the decrease intemperature [8].
The on-resistance decreased by almost 80% compared to its
room temperature value. The switching losses showed a
decrease of 25%. Based on this, GaN is the most compatible
device to be used at lower temperatures. Currently,
commercial GaN devices are not available at high power
ratings, compared to those of SiC and IGBT modules, due to
difficulty in manufacturing the dies [40]. GaN has also been
shown to exhibit a phenomenon “Kink effect” at lower
temperatures [41], where a rapid increase in the drain current
provokes anincrease inthe conductance. The kink effect arises
from the threshold voltage shift due to the forward biasing of
the source-substrate diode caused by substrate impact
ionization current flowing from the drain to the source. The
magnitude of the kink effect is strongly dependent on the
carbon concentration and the density of the background
donors, thus for lower kink effect higher grade of substrate is
needed. This needs further research to identify correct doping
and substrate to lower kink effect at cryogenic temperatures.
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F. Semiconductors device's power losses

Fromthe literature reviewcompleted inthis section, it appears
that there is limited informationavailable onthe JFET device's
performance at cryogenic temperatures. Based on this, this
article will mainly focus on the remaining four devices, Si
MOSFET, SiC MOSFET, IGBT, and GaN. Figure 3 shows a
comparison betweenthe four devices, where it canbe seenthat
SiC MOSFET performance degrades with the decrease in
temperature, especially the RDS(on). Thus, SiC MOSFETs
are not suitable candidates to be used for low temperatures.
Si MOSFET, GaN, and IGBTs are more suitable for lower-
temperature applications as can be seenfromthe figure.

On resistance/ Si MOSFET
Vce

2 SiC MOSFET

1.5
IGBT

1

05 GaN
Gate source 0 Breakdown
threshold voltage

Switching

Figure 3. Losses of different semiconductor devices

G. Available semiconductor device ratings

Currently, the highest ratings of available devices in the
market is shown in Table II. The highest voltage rating for
Si MOSFET Infineon CoolMOS is 950V
IPW95R060PFD7XKSAL. The highest rating available GaN
is 1200V is the Transphorm (now Renesas) TP120H058WS
(samples Q3 2024). As for the IGBT FZ1000R65KE4 6500V.
Since the literature review done in Table | that most of the
device's breakdown voltage decreases by about 30%, this
would be difficult to implement circuits at higher voltage
levels using commercial off-the-shelf (COTs) devices. Thus,
a more complex circuit arrangement to adapt the
semiconductor devices to perform at cryogenic temperatures.
References [42]-[43] tested devices in parallel at cryogenic
temperature. In [42] an H-Bridge array of ten MOSFETSs was
connected in parallel and tested at cryogenic temperature. The
experimental results showed that the devices were able to
share the current equally because of the positive temperature
coefficient.

TABLE I
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COMMERCIAL OFF THE SHELF DEVICE RATING

SI MOSFET GaN IGBT
Manufa Infineon Transphorm Mitsubishi
cturer
Voltag 950 650 1700
eV
Current 747 95 600
(A)

IV. PERFORMANCE OF SEMICONDUCTOR DEVICES AT
CRYOGENIC TEMPERATURES

Some passive components such as capacitors, and inductors
immersed in liquid nitrogen tend to perform differently at
cryogenic temperatures. Inthis section, this article reviews the
performance of 1) capacitors, 2) inductors, and 3) resistors at
cryogenic temperatures.

A. Resistors

Some certain types of resistors have shown resilience when
immersed in cryogenic temperatures as their values did not
change. In [44] different resistors were tested at room and
cryogenic temperatures shown in Table 11l. Wire wound and
film resistors have shown a small change in value up to 5.7%.
Whereas carbon and ceramic composition resistors
experiencedasignificant change intheir values and, therefore,
they are not recommended for cryogenic temperature
applications.

TABLE 11l
EFFECT OF CRYOGENIC TEMPERAT URE ON RESIST ORS

Type Change in Resistance (%) from
300K to 83K
Metal film 0.3
Wire wound -0.6
Thick film 05
Carbon film 5.7
Carbon composition 28.0
Ceramic composition 176
Power film 41

B. Capacitors

To optimize the performance of power electronics circuits at
cryogenic temperatures, several types of capacitors were
reviewed. Electrolytic capacitors, which are known for high
energy densities, have shown that their capacitance almost
reached zero due to the freezing of the electrolytes contained
within them, thus making them unsuitable for cryogenic
applications, as shown in Table IV. Howewer, film and
polypropylene capacitors have shown to be more resilient at
much lower temperatures as their capacitance values
experience modest alterations of up to 8%. Based on this
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review, film and polypropylene capacitors are suitable for
applications at cryogenic temperatures. It must be noted, that
even though these capacitors perform well at such low
temperatures, they are physically bulky and would require
larger space whichisachallengingaspectindesignfor aircraft
where space is an important restriction. Tantalum capacitors
perform well at cryogenic temperatures with only a 10%
decrease.

TABLE IV
EFFECT OF CRYOGENIC TEMPERATURE ON CAPACITORS

Capacitor Type Capacitance at Cryogenic Temperature

Metalized Increased by 5% [45]

polypropylene

Polypropylene Increased by 5% [45], [46], remained the same

(Film/Foil) [47]

Polyethylene Decreased by 5% [45], [46], [50]

NPO Ceramic Slight increase by 1% [45], remained the same
[47], [48]

Ceramic (X7R, Different results have been recorded for X7R

Y5V) as it decreased by 41% [45], and decreased by

80% [47], [50], Decreased at higher frequency
[49], Y5V decreased by 50% [50]

Tantalum (TAJ)  Decreased 10% [46]

Tantalum Decreased 10% [46]

(T491)

Tantalum Decreased 10% [46], [49], decrease by 20%
[47]

Film Decreased at 50 Hz by 8% [48]

Mica Remained the same[46]

Polycarbonate Slight decrease by 5%[47]

Polyphenylene Remained the same [47], [50]
Z5U Decreased up to 80% [47]
Al Electrolytic Became zero [47]

Polyester Decreased by 80% [50]

C. Magnetic material

Performance of magnetic materials were reviewed in [51]-
[53]. Figure 4 shows the performance characteristics of
various magnetic materials across different temperatures,
presenting their suitability for cryogenic applications. Ferrites
experience a decrease in permeability as temperature
decreases. Ferrites also experience a substantial increase in
core losses at cryogenic temperatures, reaching up to 18 times
compared to roomtemperature. On the other hand, nickel-iron
alloys such as molyperm, permalloy, and mu-metal, as well as
silicon steel, amorphous metals (metglas), and nanocrystalline
materials (finemet and vitroperm) present a minimal
permeability reduction of less than 20% at cryogenic
temperatures, thus making them as superior candidates for
such applications.
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Figure 4. Performance of different magnetic material at lower
temperatures

D. Suitable passive devices

Based on this review, the selection of passive devices for

cryogenic applications can be summarized as follows;

- Resistors;all typesof resistors canbe used at cryogenic
temperatures except those of ceramic and carbon
compositions.

- Capacitors; polypropylene, film, and tantalum
capacitors are the best candidates for lower
temperatures.

- Magnetic materials; ferrites have shown reduced
permeability below200K. Thus, it is not recommended
to use them below that temperature. However,
Nanocrystalline and Amorphouse

V. CIRCUIT TOPOLOGIES FOR CRYOGENIC POWER
ELECTRONICS

This section will discuss the different circuit topologies for
cryogenic power electronic circuits used in propulsion for all-
electric aircraft. The sectionwill review different topologies
for both dc/dc converters and inverters to be used at cryogenic
temperatures. It will take into account the available COTS
devices discussed in the previous section and the system
voltage ratings discussed in Section II.

A. Converter topologies for propulsion.

Figure 2 has shown the electrical power distribution system,
where it can be seen that a dc/dc conwerter is required to
regulate the distribution voltage from the fuel cell, and that
voltage is later stepped down to £270 V for auxiliary supplies
and 48 V for the avionics. In[9] a thorough review shows the
different topologies of dc/dc conwverters that can be used at
cryogenic temperatures. DC/DC conwverters can be divided
into non-isolated and isolated converters. This section does a
comparison with a recommendation in the end for the most
appropriate option for all-electric aircraft.

1) Non-isolated converters

Non-isolated conwverters are converters that do not utilize
transformers to step down or step up the voltage and do not
necessarily require electrical isolation between the input and
output sides. Non-isolated converters can be advantageous in
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the sense that they involve fewer components and hence
higher efficiencies and are more cost-effective when
comparedto isolated conwerters. In [54], a 270 V cascaded
buck-boost converter has been proposed for the fuel cell for
the aircraft. The converter was able to output power of 24 KW
and had a power density of 8.3 kg/kW. In [55] has also done
testing of two different configurations of buck-boost
converters with a power rating of 15 kW, where a 2-level 4-
switch buck-boost was able to achieve 44 kW/kg and a 3-
level 8 switch was able to achieve 86 kW/kg. Interleaved non-
isolated converters can be beneficial as they reduce the
inductor size [56].

The articles [54]-[56] mainly focus on power electronics
circuits that are suitable for higher woltage using SiC
MOSFETs that have high wvoltage ratings. This is mainly
because COTS GaN devices are only available at lower
voltage levels which was shown in Table Il. As a result,
various research aims to address this limitation by using
differentinverter topologies to leverage GaN devices for high-
power applications. Asanexample,in [57],GaN devices were
investigated by being put in parallel withina quad device setup
for anon-isolate boost converter, where this configuration has
achieved efficiency levels exceeding 99% for power outputs
ranging from 600 to 3600W. Figure 5 shows a method for
paralleling devices to increase the converter current rating.
The four devices are interconnected to acommon gate driver,
effectively mitigating switching delays between devices and
ensuring uniform current distribution.

Another example to overcome the rating of GaN device is that
in [58] a multilevel boost converter, shown in Figure 6, can
output voltages of 1 kV. That converter was able to reach a
power density of 28.2 kW/kg and an efficiency of 99.3%.
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Figure 6. 10-levelflying capacitor multilevel converter [58]
2) Isolated converters
Isolated converters are converters that employ a magnetic
transformer to isolate between the secondary and primary
sides. Currently, most of the research on isolated converters
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Figure 5. GaN quad devices for boost converter [57]
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has been focused on the two topologies of dual active bridge
(DAB) and LLC converters as theyare known to be robust and
have high efficiency. The extended soft-switching on the
primaryand secondary side ofthe LLC convertersmakes them
more efficientthan DAB which can only do soft-switching on
the primary, but their frequency control is more complex.
In [59] a comparison has been made between Full-bridge
(FB), half-bridge (HB) CLLC, and full-bridge and half-bridge
DAB in terms of the cost, efficiency, complexity, and power
density. The CLLC showed an overall higher efficiency over
the DAB with the HBCLLC's highest efficiency of 96.5%.
Forhigher voltage levels, several articles have proposed a way
around by using a multilevel configuration. In[60] a modular
multilevel LLC has been proposed, which circuit diagram is
shown in Figure 7. The authors were able to implement a
conwverter for 3.6 kV with a rated power of 21 kW using a 6
Submodule configuration. A modulation strategy of quasi-
square wave (QSW) was implemented and the converter was
able to achieve an efficiency 0f96.77%.
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Figure 7. Modular Multilevel LLC resohant converter [60]

Another technique to designan LLC with a matrix transformer
and split inductance is shown in Figure8 [61]. The authors
were able to implementa 1 kV, 1 MHz converter by utilizing
GaN devices. The efficiency of that converter was 95.18%
with a power density of 107 W/inch3.

To selectthe proper topologies needed for commercial electric
aircraft, several articles have reviewed the performance of
different converters [54]-[60]. In [54], it was discussed anall
SiC 2-level 4-switch buck-boost that was able to achieve 44
kWr/kg with a 98.7% efficiency, and an all GaN 3-lewel 8-
switchwas able to achieve 86 kW/kgwith a 98.2 % efficiency,
howewer, the buck-boost converter lacks isolation and thus in
case of a fault it would leave critical devices on the lower
woltage end wulnerable. For higher woltage lewvels more
modular designs of the converter have been proposed in [62],
[63].

B. Inverter topologies for propulsion

Comprehensive analyses were carried out in [64]-[66], where
the articles examined various inverter topologies suitable for
aircraft propulsion. The paper has examined the efficiency for
different topologies including; 1) two-level, 2) T-type, 3)
NPC, 4) ANPC, and 5) MMC. These different converter
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topologies. The number of semiconductor switches can range
from two switches per leg for the two-level inverter, atotal of
6 switches forathree-phaseinverter, upto sixswitches per leg
forthe ANPC, a total of 18 switchesper athree-phaseinverter,
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Figure 8. GaN LLC converter with matrix transformer and split resonant
inductors [61]

and the number of switches can be even higher for MMC type
inverter. The higher number of switches means that more can
be put in series and thus the inverter can withstand a higher
wltage making it suitable to be used with GaN

semiconductors that are only available at lower voltage
ratings. As shown each topology requires a different number
of semiconductor switches, this would affect the owverall
efficiency of the converter, and the power density is shown in

Figure 9 and Figure 10 respectively.
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Figure 9. Comparison betweenthe performance of the different
inverter topologies efficiencies at different dc-link voltages, at (a) 10

kHz and (b) 30 kHz [64]
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Figure 10. Comparison betthe performance of the different
inverter topologies power densities at differentdc-link voltages, at
(a) 10 kHz and (b) 30 kHz [64]
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As shown in Figure 9 where all converter operated at the same
switching frequencyof 30 kHz. Fromthe figure, itcan be seen
that the two-level inverter has the highest efficiency at 1 kV,
however, with the increase in the DC-link voltage the
efficiency of the inverter sharply drops down to almost
98.25%. The main reason for that drop in efficiency is that the
block and switching voltage is almost twice as high as that of
a three-lewvel inverter and even higher than the MMC. In the
regionbetween2to 3 kV NPCand ANPC seemto be the most
reasonable choice as they still maintain a high efficiency and
do not utilize alarge number of components.

Figure 10 shows the power density estimation of the different
conwverter topologies at the same switching frequency of 30
kHz, from the figure it can be seen that the MMC inverter has
a low overall power density compared to the other inverter
topologies. Forwvoltage levels between 1 kVto 2 kV two level

DC breaker

51 52 \boltage limiting
devices

Main breaker|

Cryogenic
temperature

\ /]
11 12 113 T4
UFs " Rpr—

: Nominal path|
Superconducting tape P

Figure 12.Hybrid DC-breaker witha SFCLS
inverters have the highest energy density. However, as the
voltage level increases two inverterssuchas NPC, ANPC, and
e i

Figure 11. ANPC inverter integrated with cryogenic cooling. [67]
T-type have the highest power density. Based on these
findings, we can eliminate the MMC inverter for not being
suitable for aircraft mainly due to its very lowpower density.
Atwo-level inverterwill not be aviable solutionif the network
voltage is above 2 kV. This would leave the options down to
NPC, ANPC, and T-type inverters. From the study done in
[64], the T-type inverter seems to have a lower efficiency
compared to the ANPC and the NPC. The T-type as well
requires full DC voltage for the switches which limits it to less
than 2 kV. This in the end would leave the choice between
NPC and ANPC both of them have their advantage, as the
NPC has a slightly higher power density than the ANPC due
to the extra components, however the ANPC has higher
efficiency becausethe lower conduction losses of the switches
compared to diodes when clamping the neutral.
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In [67] a cryogenically cooled ANPC inverter was tested
where it was able to achieve a power density of 18 kVA/kg
with a conwerter rated at 1 MVA shown in Figurell. The
inverter utilized SiC MOSFET from CREE where it was
cooled to 225K to avoid the breakdown of the module as it
contains silicone gel in the structures. The inverter was able to
achieve an efficiency of 99 %.

C. Circuit breaker topologies for propulsion

Although motorson the aircraft use AC, transmission inside
of the aircraft shall be done using DC via superconducting
cablesasseeninFigure2. In case ofa fault, trippingon the AC
input side can be too slowas AC circuit breakers are known to
be slow in the range of 3-5 cycles, fora 50 Hz, that would
mean breaking the circuit in the of 60-100 milliseconds [67],
which can cause the superconducting cable to heat till it fails.
Thus, it was suggested to use solid-state DC breakers instead
of electromechanical breakers as they are much faster to trip
and would be able to protect the superconducting cable
sufficiently. Refs [11],[68], [69] review the different solid-
state DC breaker topologies shown in Table V. A
superconducting fault current limiter hybrid breaker shown in
Figure 12 offers protection due to the quenching effect of the
superconducting for limiting the short circuit current.

TABLE V
DIFFERENT TOPOLOGIESOF DC CIRCUIT BREAKERS

Configu Topology Performance
ration

Two Passive resonance Slower breaking time

branches Easy configuration

Current injection Fast breaking time= 5ms
Complex configuration

Fast breaking time= 5ms
Very high voltage across the
device during breaking

Fast breaking time= 5ms
Lower voltage on
semiconductor devices
Lower voltage on
semiconductor devices

Fast breaking time= 5ms
Eliminates the need for
semiconductors in the main
path

Fast breaking time= 5ms
SFCL helps to limit the fault
and eases the breaking of the
circuit

Solid state

Three Hybrid breaker
branches

Current commutation
hybrid breaker

SFCL hybrid breaker

The circuit breaker in Figure 12 mainly consists of three
elements, 1) woltage clamping devices; used to protect the
main breaker against over-voltages during a short circuit, 2)
UFS and the superconducting tape; they are the main path

during normal operation and when a fault occurs the
superconducting quenches the fault so the current is directed
into the third path and the UFS opens, 3) Main breaker; this
consists of semiconductor switches that open during a short
circuit event once the UFS is open. The choice of the
semiconductor in the main breaker path does not have to be
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through low-losses devices at cryogenic temperatures as this
is not the nominal path, and thus SiC MOSFET could be
suitable to be used in that path. In case of a fault, the
superconducting tape quenches, thus the current is diverted to
the main switch through the semiconductor devices, and
afterward, the UFSswitchfollowed by the opening of the main
breakers opens and the surge arrester clamps the voltage.

VI. PERFORMANCE OF LOGIC CIRCUIT AT CRYOGENIC
TEMPERATURES

In [70] a study was done to understand the performance of
different circuitries at cryogenic temperatures. The study
investigated two CMOS 556 timer ICs, CMOS logic ICs, and
two CMOS high-side driver ICs (IR2111), where all the tested
devices seemed to have worked at cryogenic temperatures
without a problem. Similarly, [71] has investigated the
performance of the C2000 Texas Instruments DSP controller
that utilizes the TMS320F28069 microcontroller in
conjunction with the Texas instrument LM5113 gate driver
both seemed to work fine at a temperature of reaching -140°C.
Using a microcontroller at a lower temperature would make
the owerall system less complicated and thus the research
should focus more on this. In [72], an earlier generation
microcontroller 8051 was tested at 70 K and was able to
functionwell without a problem.

In [46], a total of four chips of two distinct PWM ICs using
bipolar and CMOS technologies at cryogenic temperatures
were tested and the results are shown in Figurel3. It was
shown that the chips that employed the bipolar technology
tended to fail or stop working when their temperatures
decreased down to 130K. Whereas, a single BiCMQOS chip
exhibited functionality even below 100K. These results were
also substantiated by another study [20], where a bipolar
technology was able to function 163K. It was determined that
the bipolar technology ICs producedsignificant noise levelsat
cryogenic temperatures.

T T T T
110 -
\
\
100 4 \ =
\ W
5 904 \ .
T \
= 804 i
>
o
g 70
g | \ ]
[ 60 —— Bipolar Chip 1
[ T —— BICMOS Chip 2]|
\ —— Bipolar Chip 3
501 T — BICMOS Chip 4]]
*‘\\_ g
\\
40 4 e 4
30

T T T ‘ T
100 150 200 250 300
Temperature (K)

Figure 13.PWMICs operating frequencyvs temperature [72]
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VIl. PERFORMANCE OF GATE DRIVERS AT
CRYOGENIC TEMPERATURES

To ensure that the power electronics circuits are working
correctly, gate driver circuits must be close to the switching
devices, which would mean immersing them at the same
temperatures. For high power, the gate driver (no bootstrap
diode) needs isolation between the controller and the
semiconductorswitch. Three types of gate driver isolations are
mainly used; 1) magnetic isolation 2) capacitive isolation and
3) optical isolation. In this section, the gate drivers are
reviewed

A. Power Supply Unit (PSU)

The main function of the power supply unit in the gate driver
is to provide isolation between the primary and the secondary
side. In [74]-[79], different gate driver circuittopologies were
tested at cryogenic temperatures. The power supply units
tested in [74] are shown in Table VI, where some of them
either reduced efficiency, resulted in failure, or inconsistency
that has to do with the increased losses in ferrites Section IV.

TABLE VI
COMMERCIAL OFF THE SHELFPSU RATING

Configuration Topology Watts Performance
PEM2-S5-D5-S CUI INC 2 -30%
PEME1-S12-S12- 1 -34%

S

MDS01M-12 Meanwell 1 -24%
Web

MDS01L-12 1 Failure

TRV 1-1212M Traco Power 2 Failure

RV-0509S Recom 2 Negligible
Power

R05P209S 2 Negligible

B. Signal transmission

There are different types of signal transmission, either
capacitive, inductive, or optical. Refs. [74]-[77] tested the
performance of the capacitive isolated gate drivers at
cryogenictemperatures, whereas in [74] three different chips
were tested and two of them seemed to stop working after
reaching a temperature of 93 K and one chip (SI18271-GBD-
IS) was able to performwell upto 77 K.

Refs. [78], [79] have used magnetic isolation for signal
transmission. In [78], a COTS ferrite core was used at
cryogenic temperature. Even though the core had increased
losses at that low temperature, the signal transmission
remained correct. In[79], a nanocrystalline core was selected
for the signal transmission and the power supply unit. The
magnetic core has been shown to withstand lower
temperatures. The structure for that gate driver is shown in
figure 14.
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Figure 14.Cryogenic gate driver [79]

As for utilizing optocouplers for lower temperatures, the
authors have tested some different IC HCPL-050L-000E
which was found to stop working at cryogenic temperatures.
The review for cryogenic gate drivers can be summarized as
shown in Table VII. Where using Nanocrystalline for
cryogenic gate drivers is the most advantageous option as
there is no lossin efficiency.

TABLE VI
PERFORMANCE OF DIFFERENT DRIVERS AT
CRYOGENIC TEMPERATURE

Hall Effect current sensors can provide galvanic isolation and
accurate measurements. However, there is scarce research on
Hall Effect sensors for current at cryogenic temperature.
COTS Hall effect current sensors require processing circuits
to conwvert the signal, these circuits typically have bipolar
junction transistors that do not perform well at cryogenic
temperatures. Howewver, some manufacturers such as
Lakeshore [81] have developed Hall Effect sensors to be used
to measure general magnetic field but did not accustom that
for current sensors at cryogenic conditions. For cryogenic
specific applications, CERN has developed a current
transform DCCT [82]-[84] based on fluxgate current sensing.
The key elementsof a DCCT are 1) three magnetic cores
carryingan arrangement of compensatingwin condings, 2) an
amplifier, 3) magnetic field detection circuitry, and 4) a sense
resistance [83]. Figure 15 shows the figuration of a DCCT
suggested in which a zero-flux compensation technique has
been used for both AC and DC currents to achieve the current
transformer ratioof N, I, = N, I,. The coresofthe CryoDCCT
are wound with a tape of soft Ni 81-Mo 5-Fe magnetic alloy
(referredto as cryogenic permalloy [85]), however there is a
scarcity of information on how does this alloy compare with
other magnetic materials at cryogenic temperatures.

Room Temperature

Configuration ~ Topology Watts Performance
COTS PSU Ferrite Reduction in
[74] efficiency or fails
Signal Capacitive One out of three
transmiss  coupling chips operational
ion
Ferrite Operational
Lab built [79]  PSU Nanocrystal ~ Operational
line
Signal Nanocrystal ~ Operational
transmiss  line
ion

VIII. SENSING CIRCUITS AT CRYOGENIC
TEMPERATURES

A. Current Sensing

As current sensing [80] is critical for different aspects of
controland protection, a robust current sensor is required to
operate at the extreme conditions of cryogenic temperatures.
There are different current sensing techniques reviewed in
[80]. These include; 1) shunt resistor, 2) current transformers,
3) Rogowski coils, and 4) Hall-effect sensors. Although the
shunt resistor measuring technique is the most straightforward
to implement, however, it does not offer inherent galvanic
isolationand can result in large conducting losses as well of
the inductive component of the resistor. Current transformers
and Rogowski coils provide lowlosses and galvanic isolation
but are restricted to use with AC current waveforms.
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Figure 15.DCCT connectionand operation [83]

B. Voltage sensing

Similar to current sensing, voltage sensing is important for
both control and protection. There techniques of sensing the
voltage are similar to that of current sensing and can include;
1) direct measurement or woltage divider, 2) voltage
transformer, or 3) voltage amplifier, 4) Hall-effect sensor. The
issues that arise from current sensing does not necessarily
appear again in voltage sensing especiallyas the sensingwires
can be extended and measured outside the cryogenic medium
in ambient temperature with the processing circuit outside the
extreme environment.
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IX. ELECTRICAL DISTRIBUTION SYSTEM AND
CONVERTER TOPOLOGIES

Based on the literature done in the previous sections, this
section mainly focuses on selecting the components and
circuit topologies that would be suitable for the All-Electric
Aircraft presented in Figure 2. In this section, the topologies
and the final circuitry of the aircraft will be discussed. The
sectionwill do amarket surveywith the current semiconductor
device technologies that are available and a selection of
topologies and circuitsbased onthis research. Figure 16 shows
the distribution inside the all-electric aircraft which mainly
consists of three parts; 1) network for actuator motors, 2)
network for the main motors, and 3) network for the auxiliary
loads. Each of them will be discussed inthis section with the
recommended topologies and semiconductor switches. This
sectionwill also give a list of COTS semiconductors that can
be used at cryogenic temperatures.

A. Main distribution voltage

The main distribution network shown in Figure 16 shown in
cyan would be used to feed all the power to the loads. The
electrical distribution network has been previously discussed
in [9], [86], where the voltage level of the distribution network
has been discussed to be either 3 kV for aircraft models
proposed by Airbus or 540 V for the NASA 57-X aircraft.
Howeer, since superconducting cables would be usedin LN2
conditions, the partial discharge would be around 7.6 kV/mm
[87], making the 3 kV distribution network unfeasible to use.
A woltage level of 3 kV is not present in the MIL-STD-704
and DO-160 standards. The main power circuits of that
network as shown in Figure 16 would be 1) hybrid circuit
breakers, 2) cryogenic inverter, and 3) cryogenic converters.
The voltage of the distribution would affect the choice of the
topology.

B. Actuator motors

EMA or EHA are the two primary types of actuator motors. It
is preferable to employ the EHA function on principal control
surfaces likeelevators, ailerons, and rudders. The main factors
affecting efficiency and comfort are secondary control
surfaces like slats and flaps. While jamming is a possibility,

operationvia EMA is feasible. The Boeing 787's brakes can
also be engaged via EMA [9]. It is anticipated that the voltage
lewvel of the actuator motors in Figure 16 will be 540V or
+270V [87]-[88]. It is anticipated that these actuators will
produce 100 kW of power [9], and at this power level,
conventional power electronics are the most feasible option.
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Figure 16. Electrical distribution network on All-Electric Aircraft

C. Auxiliary loads

There are different types of auxiliary loads inthe aircraft, such
as ECS compressors, recirculation fans, galley fans, window
heaters, avionics, and cargo heaters [89]. All of these loads
have different voltage requirements ranging between 270V
down to 28V. The power at his level can be in the range of 250
kVA. Room temperature inverters and converters can be used
for these loads as they do not require as much power as the
previous loads.

TABLE VI
AVAILABLE COMMERCIAL DEVICES

Technology Manufactur ~ PART NUMBER Cost VOLTAGE CURRENT RDS(ON)/VCE ~ RDS(ON)/VC
er ) (A) (300K) E (77K)
(EXPECTED)
Si MOSFET Infineon IPA95R450P7 $ 950 14 450 mQ 180 mQ
IPA70R360P7S $ 700 12.5 360 mQ 144 mQ
SiC MOSFET OnSemi NVHL0O20N090SC1 $ 900 118 20 mQ 34 mQ
Infineon IMDQ75R008M1H $ 750 173 78mQ 13.3mQ
Microchip MSCSM170AMO29CT6LIAG  $3$$$ 1700 676 29 mQ 493 mQ
MSCSM120AMO02CT6LIAG $E55$ 1200 947 2.1mQ 3.57mQ
Si IGBT Mitsubishi CM600DX-34T $5$ 1700 600 21V 084 V
CM800DX-24T 1 $5$ 1200 800 19V 0.76 V
GaN VisiC VMO022HB065ST1A B11X00 N/A 650 460 22 mQ 0.44 mQ
VM800HB65-S2AB1 N/A 650 800 8mQ 1.6 mQ
Gate source GaN GS-065-060-5-B-A $ 650 60 25 mQ 5mQ
threshold voltage ~ Systems
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D. Available COTS semiconductor devices

The voltage ratings available for semiconductors are the main

determinant of the topologies to be chosen. Table VIII shows
the list of different devices suitable for cryogenictemperatures
their voltage ratings and the technology they utilize. Si
MOSFET although their characteristics improwve at cryogenic
temperatures, their Rds(on) decreases with temperature their
value is still higher than comparable technology. On the other
hand, GaN devices Rds(on) is expectedto be as lowas 0.44
m{) for a 460A for the device VM022HB065ST1AB11X00,
howewer, their voltage range is much lower than SiC
MOSFET and Si IGBT and would require more complex
topologies changing the power density of the
inverter/converter as it would drop. Therefore, for higher
woltage levels, SiC MOSFET and Si IGBTSs are preferable. In
terms of conduction losses, SiC MOSFET is expected to hawe
lower conduction power losses than Si IGBTs at room
temperatures, however, with the significant reduction in the
collector-emitter voltage at cryogenic temperatures, Si IGBTs
are the more reliable candidates to be used. Based on this
analysis, the following can be concluded:

e For 3 kV; Si IGBT should be used as they have higher
efficiency at cryogenic temperature and would increase
the overall system power density. The ratings of the IGBT
shown in Table VIII mean that a multilevel topology is
needed for the 3 kV. As per the discussion in the previous
section, ANPC and NPC are the best contenders. As for
the DC/DC conwersion, that is done through an isolated
ANPC or a multilevel conwerter as it achiewes
synchronous rectification which can not be done in the
NPC topology.

e For 540V; GaN modules should be used as their losses
go steeply at 77 K. Based on the woltage lewel in
Table VIII a 3L-ANPC is recommended as well.

e For 270V and less; if these are to be operated at room
temperatures, then SiC MOSFET or GaN DEVICES are
the most suitable devices as they have the lowest losses at
that temperature. All of the SiC MOSFET and GaN
devices in Table VIII can accommodate the 270V
requirements, thus no need for a special multilewel
inverter arrangement.

Figure 17. Generic power module with bond wire structure
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e In[8], thetraditional modulestructureshowninFigure 17
has tended to always fail at cryogenic temperatures.
Howewer, the solid cover (SLC) shown in Figure 18
modules did not fail at cryogenic temperatures due to
them having different structures and using epoxy resin as
their insulation gel that can withstand more extreme
temperatures. To objectively determinethe reliability of a
device and determine the failure of wire bonds failure, it
is known through literature that two main tests can be
done; 1) thermal cycling and 2) power cycling [90]-[94]

Wire  Resin

Fgure 18. Solid cover architecture module [8]

o To replicate the thermal stress of the operating
environment, power modules that have undergone
thermal cycling are repeatedly subjected to temperature
changes withina cryogenic range or the operating range
of the power electronics circuit. Because it replicates
real-world settings where devices experience frequent
temperature changes, this procedure is essential for
evaluating the dependability and lifetime of power
modules. Solder junctions, bonding wires, and
encapsulating materials are especially susceptible to
mechanical stress and strain during heat cycling because
of the differential expansion and contraction of materials
[90], [91]. This may lead to deterioration processes like
delami