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Abstract

Electric aviation is seen as a pathway for a cleaner future while offering new possibilities.
This thesis aims to understand the enabling factors for electric machines and drives for pro-
pulsion. It examines currently available technologies and innovations needed for the future.
According to the technical analysis presented here, two main frontiers that will enable this
leap are SC machines and WBG semiconductors like SiC, which can enable high-voltage,
high-frequency switching in smaller footprints. Synergy between LH?2 as fuel and SC is seen
as a key to unlocking large aircraft. Effective integration of different technologies, as well
as optimizing the system to fit the needs of the application, could have a pivotal role.
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SYMBOLS AND ABBREVIATIONS

Roman characters

Pyt output power W
T, electromagnetic torque Nm
K stator electric loading A/m
Bgq magnetic loading T
Dqg airgap diameter m

l, axial length m
Fy drag force N

u velocity m/s
A wetted area m?
Greek characters

Wm angular speed rad/s
p air density kg/m?
Dimensionless quantities

kq winding factor

Cq drag coefficient

Abbreviations

CO2 Carbon Dioxide
NO« Nitrogen Oxides

ICAO International Civil Aviation Organization



Vac

APU
Ve
TRU
MEA
AEA
MVA
MW
NASA
UAV
Whikg
VTOL

STARC-ABL

kW/kg
PM
DC
NPC
ANPC
SSCB
SSPC
WBG

SiC

Alternating current voltage (RMS)
Hertz

Auxiliary Power Unit

Direct current voltage
Transformer Rectifier Unit

More Electric Aircraft

All Electric Aircraft

Megavolt ampere

Megawatt

National Aeronautics and Space Administration
Unmanned Aerial Vehicle

Watt hour per kilogram

Vertical take-off and landing

Single-Aisle Turboelectric Aircraft with Aft Boundary Layer

Propulsion

Kilowatt per kilogram
Permanent magnet

Direct current

Neutral Point Clamped
Active Neutral Point Clamped
Solid-State Circuit Breakers
Solid-State Power Controllers
Wide Bandgap

Silicon Carbide



LH2

GaN

SC

BMS

ASSB

EASA

eVTOL

IMMD

LTS

NbTi

YBCO

HTS

AC

Liquid Hydrogen

Gallium Nitride

Superconducting

Battery Management System
All-Solid-State-Batteries

European Union Aviation Safety Agency
Electrical vertical take-off and landing
Integrated Modular Motor Drive
Low-Temperature Superconductors
Niobium-Titanium

Yttrium Barium Copper Oxide
High-Temperature Superconductor

Alternating Current
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1 Introduction

For decades, the aviation sector has been evolving to be more efficient with the help of new
technologies and advancements in the field of engineering. The current developed kerosene
using aircraft are the most efficient when compared to their predecessors and can cover dis-
tance that could only be imagined before, yet these engineering marvels do not suffice the
climate-friendly criterion the world so desperately tries to meet (Zheng & Rutherford, 2020).
When kerosene is burned, it releases greenhouse gases such as Carbon Dioxide (CO»y and
Nitrogen Oxide (NOx.) About 2.5% of the CO» emissions come from the aviation industry,
but when the complex behaviors of gases are considered, the non-CO» impact is closer to 4%
(Ritchie, 2024). Furthermore, if the aircraft technology is not radically altered, the industry
may not reach the International Civil Aviation Organization’s (ICAO) net zero CO2 emission

goal by 2050 (ICAO Assembly, 2022).

Noise pollution is another significant issue that is mainly impacting on the communities
living near the airports as they get more congested. Moreover, high levels of noise can also
be heard onboard the aircraft. Several studies found that long exposure to noise has a direct
correlation with severe health risk (Basner, et al., 2017). Even though a noise reduction of
75% was observed in the last 30 years, the aircraft engines still need to get much quieter

since they are a substantial contributor to noise (Cassauwers, 2024).

The reliance of aviation on the oil market has shaped the industry drastically from aircraft
design to operations. The oil market is volatile as prices. Fluctuating prices make it chal-
lenging to take precautions for the future, which can lead to unexpected costs. Even though
the latest engines are the most efficient they have ever been, they are only able to extract
about one-third of the energy in kerosene when all the losses are added (Ansell & Haran,

2020).

It becomes apparent that the negative environmental impact of the sector requires new
measures that align with the sustainability goals. Furthermore, the aviation sector leans to-
wards technologies that are proven to ensure safety and reliability. At this point, redesigning
the powertrain of the aircraft towards electrification may offer opportunities to achieve these

goals. Even though the use of electricity is not a foreign component on an aircraft, electric
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propulsion for passenger aircraft is. The technology required to achieve reliable electric pro-

pulsion is promising but still under development, and additional advancements are needed.

Replacing oil with alternative energy sources may result in a more reliable and sustainable
industry. In this respect, electricity is considered one of the main candidates for providing
efficient prospects. As opposed to oil, electricity prices tend to be more predictable. While
it is still possible to observe losses in an electrical system, these losses are less significant,
and the system is more efficient. Containing fewer mechanical components, electrical drives

and machines may radically decrease the maintenance costs (Ansell & Haran, 2020)

Therefore, the electrification of aviation may help reduce the emissions of the aviation in-
dustry by restricting the use of fossil fuels. This thesis aims to find out the current trend of
aviation electrical machines and drive technologies and identify the most promising technol-

ogies for electrifying passenger aircraft for the future.
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2 Topologies of aircraft propulsion systems

There have been several architectures proposed for the electrification of aircraft. New power
train platforms will be examined to reveal reimaginations of air travel while limitations. Ad-
ditionally, an overview of enabling technologies needed for electric propulsion will be re-

viewed.

2.1 Review of More Electric Aircraft (MEA)

Electricity has been present in aviation for over a century. The first electric powered flight
in aviation can be traced back to 1883 when brothers Albert-Charles and Gaston Tissandier
successfully flew a dirigible with an electric motor for about 20 minutes (Sobolev, 2021).
Over the years, aircraft design started to change with new technologies, making electricity
gain a core role in the aircraft power system rather than the task of propulsion units in most
designs. Power electrical system designs can have differences across aircraft, but it is com-
mon to see the primary power to be 115 V,, 400 Hz. The selection of a high frequency is
aimed at getting the most out of the motors and transformers while trying to limit their
weight. The power needed for the system is sourced mainly from engine-driven generators
and, if needed, the Auxiliary Power Unit (APU). Flight-critical components on board an
aircraft, such as avionics, mainly require 28 V. to operate, which is obtained by converting
115 Vg to desire the 28 V4. with the help of the Transformer Rectifier Unit (TRU). It is also
possible to see some small aircraft produce 28 Vq. directly from their generators and use it

as their primary power (Haran, et al., 2022).

The aircraft that utilize electricity extensively on board rather than using their mechanical
counterparts are known as More Electric Aircraft (MEA). However, it is important to note
that these types of aircraft still rely on conventional engines for propulsion. The best exam-

ples of MEA in the commercial market are Airbus A380 and Boeing 787 Dreamliner (Figure
1).
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Figure 1. Boeing 787 Dreamliner (Mityaev, 2012)

Even though significant advancements were made to increase the electric power systems
with higher voltage and power electronics, the current power production on board is not
sufficient to sustain an All-Electric Aircraft (AEA). The amount of electrical power utilized
in traditional aircraft, such as the Boeing 707 and Boeing 737, is relatively small compared
to the total energy. For instance, less than 0.1 MVA of electrical power is present in these
models. That would not sufficiently fulfill the Boeing 737 requirement of 7.2 MW to operate
during cruise, and the take-off increases power demand to the range between 25 to 30 MW.
In contrast, the Airbus A380 generates 0.6 MV A of electrical power by utilizing four gener-
ators connected to four engines on board. The Boeing 787 Dreamliner can utilize the APU
to generate 0.45 MVA electrical power and can produce 1 MVA from generators that are

linked to engines (Barzkar & Ghassemi, 2022).
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2.2 Electric propulsion configuration architectures
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Figure 2. Proposed electric propulsion configuration architectures (Felder, 2015)

Currently, six different electrical propulsion architectures are proposed by the National Aer-
onautics and Space Administration (NASA), as can be seen in Figure 2 (Felder, 2015). These
six architectures can further be regrouped into three main types: All-Electric, Turboelectric,
and Hybrid-Electric. Each of these powertrains researched and developed architecture aims
to approach the aviation industry’s different needs. The current market offers a diverse range
of aircraft from a single engine to widebody airliners. A single electric propulsion architec-
ture type would not be able to offer versatile characteristics for specific markets. As different
architectures offer different benefits and drawbacks, it is important to reflect on their possi-
ble implementations and consider them critically. Aircraft that are operational can be classi-
fied into three categories according to the market demands. The national and international
markets can diverge aircraft types that possess long-range capabilities. The regional market
usually consists of short-range, lower passenger load, and operations to and from small air-

ports. The last market classification is on-demand mobility. It is an emerging market that
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aims to provide services in urban areas or on very short routes. These types of aircraft, ac-
cording to flight mechanics approaches, require vertical take-off as the most likely scenario

(Jansen, et al., 2019) (Zhang, et al., 2018).

2.2.1 All-Electric

As the name suggests, in these types of projected aircraft, the architecture uses only electric-
ity as its source of power. Before the flight, all the batteries onboard the aircraft need to be
charged or replaced with full ones. While the aircraft is operational, the power needed is
supplied by the batteries to the necessary avionics and electric drives and machines. While

the idea seems reasonable, it does bring many challenges with it.

The rapidly developing technology allows all-electric architecture to be encountered in the
real world more increasingly. The architecture is not mature enough to accommodate all
types of aircraft, but it is limited or more common in small aircraft and unmanned aerial
vehicles (UAV). One of the primary challenges is the limited specific energy of current bat-
tery systems, which refers to the amount of energy carried per unit mass. Despite ongoing
global research initiatives, developing advanced battery systems that can rival the specific
energy properties of kerosene-based jet fuels is still an ongoing task. Another observable
obstacle is the tradeoff of components such as motors, inverters, power transmission, and
circuit breakers between weight and high-power applications. To put power requirement
range into perspective, a small modern commercial aircraft needs about 20 MW and the
largest passenger airliner Airbus A380 needs about 300 MW. The components for these lev-
els of high-power applications are present; however, they are not designed with light weight
in mind, thus making them not suitable for aerospace applications. Parts specifically de-
signed for aerospace suffer from the opposite problem: not enough power. The current tech-
nical limitations compromising range and size of the aircraft further impact feasibility in

many applications like international and national market (Ansell & Haran, 2020).
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Figure 3. Eviation Alice (Eviation, 2022)

Current trends indicate that All-Electric architecture fits the needs of the regional market and
will be more predominantly implemented in the on-demand market. Several organizations
and companies are already studying the concept. One of the such endeavor for regional mar-
kets is Eviation Alice (Figure 3) (Eviation, 2022) and Airbus CityAirbus NextGen, a small
aircraft that is capable of vertical take-off and landing (VTOL), aimed at the on-demand
market (Bailey, 2024).

2.2.2 Hybrid-Electric

In the Hybrid-Electric architecture, the aim is to reduce the compromises made with All-
Electric while utilizing the benefits of electric propulsion. Aircraft will contain two energy
storage methods on board. The first one is kerosene, where energy can be extracted by con-
ventional engines to generate electricity for the electric propulsion system during the most
power intensive stages of the flight: take-off and landing. The energy source can be switched

to electric batteries while cruising or during less power-demanding times, and kerosene can
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be an aid to charge the electric battery when the power level is critical. The architecture is
aimed at the national and international markets due to the possibility of long-range flights.
The Hybrid-Electric platform has several proposed variations. In the Parallel-Hybrid archi-
tecture, conventional engines are the main source of propulsive power. However, the con-
nected engines can be driven by electric batteries. The energy source can also be changed
depending on the phase of the flight, thus optimizing the energy usage. A big drawback for
this type, however, is that it is not possible to charge the electric batteries with this configu-
ration during flight. For the other type, electricity is generated by the conventional engine in
the Series-Hybrid configuration. Generated electricity can charge the electric batteries and
supply power to the electric machines for propulsion. As illustrated in Figure 3, Series/Par-
allel-Partial-Hybrid is very similar to the Series-Hybrid architecture with a few differences.
Mainly, it is not possible to charge the electric battery. Conventional engines provide pro-
pulsion, and generated electricity can be transferred to electric motors to aid with propulsion

and optimize energy usage (Wheeler, et al., 2021).

Figure 4. Heart Aerospace ES-30 (Heart Aerospace, n.d.)

The viability of implementing Hybrid-Electric architecture to larger scale is possible primar-
ily with the specific energy of the battery system. The platform makes it plausible to achieve

lower CO» emissions compared to conventional counterparts (Hoelzen, et al., 2018). ES-30
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(Figure 4) is a Hybrid-Electric aircraft for the regional market that is currtently under
devalopment by Heart Aerospace (Heart Aerospace, 2024).

2.2.3 Turboelectric

Turboelectric-type aircraft designs have many similarities to Hybrid-Electric design except
for one notable difference: the lack of dependence on batteries. Kerosene-based jet fuel is
the primary source of energy, and it drives gas turbines to generate electricity, from which
it is distributed to the electric drives for propulsion. This architecture offers a simpler and
more efficient design. However, it is not seen as a very environmentally friendly solution
when compared to other proposed architectures. Nevertheless, it is seen as realistic in sum-
mary and a very feasible solution to long-range flights. Like the other platforms, Turboelec-
tric can also be divided into different types. These kinds are Partially Turboelectric and Fully
Turboelectric. The Proposed Partially-Turboelectric architecture uses a turbofan to generate
electricity and produce some of the propulsion where electricity is used by electric drives for
propulsion. The other variation, Fully Turboelectric, fully depends on the gas turbines to
generate electricity and transfer it to the electric drives and machines for propulsion

(National Academies of Sciences, Engineering, and Medicine, 2016).

e

Figure 5. NASA STARC-ABL (NASA, 2017)
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The Single-Aisle Turboelectric Aircraft with Aft Boundary Layer Propulsion (STARC-
ABL) (Figure 5) and N3-X (Figure 6) are two promising concepts developed by NASA.
STARC-ABL is a Partially Turboelectric concept that will be able to carry about 150 pas-
sengers while being a single aisle aircraft. It is expected to be in the skies around 2035

(NASA Glenn Research Center, 2023).

Figure 6. NASA N3-X (NASA, 2013)

The NASA N3-X concept is a Fully Turboelectric double-aisle aircraft that can accommo-
date roughly 300 passengers (Barzkar & Ghassemi, 2022).

2.3 Enabling factors

Developing electrical machines and drives for propulsion in aviation possess unique chal-

lenges and barriers that need to be resolved. The enabling factors can be summarized as
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follows: specific power, reliability and safety, thermal management, and energy storage. The

following paragraphs will investigate these factors respectively.

2.3.1 Specific Power

An important parameter for enabling electric propulsion is specific power. Designing electric
propulsion for different means of transport requires different considerations to be made. Air-
craft is designed to be as light as possible to maximize performance while aiming for high
power ratings. Higher specific power is more desirable as it represents higher power-pro-

ducing capabilities per weight (1).

ot (1

Specific Power =
p f mass

Electric machines used in electric cars with a specific power of 1 to 3 kW/kg can be seen as
adequate (Zhang, et al., 2018). However, there are different needs for each type of aircraft

differentiated by their characteristics as discussed before. This can be observed in Tabel 1

(National Academies of Sciences, Engineering, and Medicine, 2016).

Table 1 Aircraft power requirements

Aircraft Type Architecture Poweﬁﬁi\lg]a bility Sp e[clg;f /ll:(g)]w er
General avia- All- electrig Motor <1 >6.5
. Parallel hybrid Motor <1 >3

tion and com- Motor and Generator
muter Turboelectric <1 >6.5
All- electric Motor 1-11 >6.5
Regional and Parallel hybrid Motor 1-6 >3
single aisle Turboelectric Motor 1.5-3 >6.5
Generator 1-11
All- electric Not feasible -
Twin aisle Parallel hybrid Not studied -
Turboelectric | Motor 4 Generator 30 >10
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Electric machines need to be able to generate high levels of power while having a lightweight
design. The mechanical power output of an electric machine can be obtained by multiplying
the electromagnetic torque T, (Nm) by angular speed w,, (rad/s), as electromagnetic torque

is proportional to diameter D,,, (m) square, higher rotational speed means higher power

ag»
generation P,,; (W). This is showcased with formulas 2 and 3. The efficiency of the ma-
chines needs to be high to minimize excess heat. 98% efficiency is seen as the bottom line

for MW-scale electric machines (Haran, et al., 2022).

V2
Te = Tnlengnggla (2)

Pout = Tewm (3)

The challenge that comes with scaling electric machines to a higher power level is not easy
to modify existing designs to meet the demand due to degrade in their performance. Volume
increases with the cube of its dimension, as it is needed for a higher power rating, but the
surface area can only grow as the square of its dimension. This discrepancy creates a thermal
bottleneck that needs to be dissipated controllably by the cooling system (Sirimanna, et al.,

2022) (Haran, et al., 2022).

Electric machines can be built in different configurations, and the studies show that a per-
manent magnet (PM) is more ideal to maximize specific power and reliability for aerospace
applications. There is also an examination between axial and radial flux. In the radial flux,
the motor rotation is perpendicular to the flux as opposed to the axial flux, which is parallel
to the rotation. However, radial flux motors architecture is not seen as sufficient compared
to the axial flux motors. Axial flux is the most fitting for electric propulsion due to its capa-
bility to produce more torque and the compact size (Bolam, et al., 2020). Axial flux PM

machines are the most popular for aerospace applications (Nishanth, et al., 2021).



21

2.3.2 Reliability and Safety

The current power distribution system onboard an aircraft requires it to be reconceptualized
to sustain MW-scale electric machines (Spakovszky, et al., 2023). As discussed before, the
power distribution system today cannot deliver the needed power. Increasing the current will
result in an increased number of conductors. On the other hand, increasing the voltage to
achieve high powers is seen as the most promising option to minimize the mass of the elec-
trical wiring interconnection system (Alvarez, et al., 2022). A proposed aircraft concept by
NASA called STARC-ABL with 2.6MW was able to save about 1400 kg of conductor mass
by utilizing a 4.8 kV system rather than 540 V. NASA also proposes that 10 kV can be used
onboard a fully electric NASA N3-X. However, high voltage comes with new challenges
when flying high. Air pressure is considerably low during the operation of aircraft and, com-
bined with high voltage, results in the possibility of discharge and arcing, as stated by
Paschen’s Law. High voltage direct current (DC) is more prone to continuing arcing indefi-
nitely when it starts, which requires a specialized protection procedure to be stopped. In-
creasing the insulation around the conductors negates the issue of arcing but comes with the
downside of increasing mass (Barzkar & Ghassemi, 2022). The insulation additionally will
be situated as a thermal barrier, making it demanding to dissipate excess heat from the con-
tractors. The longevity of the insulation becomes ambiguous as with the thermal fluctuation

(Sayed, et al., 2021).

Two-level inverters are being questioned for their capabilities in this heavy-duty environ-
ment for more advanced three-level designs like Neutral Point Clamped (NPC) and Active
Neutral Point Clamped (ANPC) (Haran, et al., 2022). Greater efficiency is needed from in-
verters to perform under extreme voltages to reduce wasting heat where three-level inverters
promise that by having an additional step to move electricity in a more consistent and
smoother way. Thus, lowering the demand for the thermal management system is important.
However, the downside of a three-level invert is that it is heavier than its two-level counter-

part and much more complex (Qasim, et al., 2023).

Circuit breakers are essential components for the reliability and safety of electrical power
systems by minimizing damage and insulating faults (Sahoo, et al., 2020). Solid-State Circuit
Breakers (SSCBs) and Solid-State Power Controllers (SSPC) are seen as a viable alternative

to traditional mechanical circuit breakers, to ensure flight safety (Haran, et al., 2022). A
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quick response is pivotal to the role of circuit breakers where every time that passes could
lead to catastrophic failure. Mechanical contactors operate within about 5 milliseconds, but
this delayed response could allow the fault to worsen. Solid-state solutions utilizing Wide
Bandgap (WBG) semiconductors like Silicon Carbide (SiC) offer the possibility to response
to faults and isolate them at a much quicker pace, ranging from 10 to 15 microseconds. This
time difference could determine the functionality of many core systems and electrical ma-
chines, and drives. These semiconductor-based systems allow the use of volatile Liquid Hy-
drogen (LH2) onboard as an energy storage medium while ensuring their safety and reliabil-
ity. Additionally. SSCBs offer improvement in volumetric power density and much higher
reliability over their mechanical counterparts. However, due to these semiconductor-based
systems being sensitive to the temperature, it is essential for them to have a robust cooling
system integrated to ensure the highest reliability and consistency (Barzkar & Ghassemi,

2022; Sahoo, et al., 2020).

Also, WBG semiconductors like SiC and Gallium Nitride (GaN) are seen as enabling tech-
nology for electric aviation in their power electronic application, where they allow them to
operate at a higher switching frequency than Silicon. Operating fast allows for a massive
reduction in the mass and volume of passive filtering components like inductors and capac-
itors on an inverter (Sirimanna, et al., 2022). WBG semiconductors can handle much higher
voltages with smaller footprints. SiC can handle high temperatures exceeding 200°C to
250°C (Buticchi, et al., 2023). On the other hand, GaN outshines at ultra-high frequency and
could operate at ultra-low temperatures as low as 4 K, which makes it an ideal contender to
be utilized in a superconducting (SC) drivetrain (Neland, et al., 2022). It is crucial to note
the reliability of trade-off high frequency switching brings. Local over voltages and partial
discharges could happen, eroding the conductor insulators and harming the motor winding.

High altitude worsens the issue, as discussed (Sayed, et al., 2021).

2.3.3 Thermal Management

As discussed, thermal management plays a pivotal role in enabling electric aviation. Even
though conventional engines are efficient at about one third, they do produce high-quality

heat, which is expelled through the hot exhaust air (Ansell & Haran, 2020). Electric
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machines and drives, on the other hand, are much more efficient, but the heat that needs to
be dissipated is low-quality due to its low temperature (Wheeler, et al., 2021). The low-
quality heat is harder to move due to the temperature difference between outside air and
heat-generating surfaces is relatively small. Large and heavy exchangers are needed to keep

the system at an optimal temperature (Jansen, et al., 2019).
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Figure 7. Thermal management architectures (Duffy, et al., 2018)

There are two possible thermal management architectures proposed as seen in Figure 7. Air
cooling is seen as the simplest option as it does not require a pump or other components that
can add weight and reduce complexity (Sayed, et al., 2021). However, current density is
limited and not ideal for aircraft expected to operate at a high altitude, as lower air density

as it can create a bottleneck for the performance of the thermal system.

F; = -pu?c A 4)

Another downside of air-cooling is the proportional drag created by it. As the speed u (m/s)

increases, the force of drag F; (N) grows squared, which harms the overall performance of
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the aircraft (4). Designers are shifting to liquid cooling as it offers consistency and greatly
increased current density for expelling heat much more effectible. It is seen as a reliable
option, but additional weight gained by the liquid and completes like pumps lowers the ben-
efits it gains. Not to mention the increased complexity it brings to the table (Sayed, et al.,
2021). The Meredith Effect is seen as a possible implementation in the future where the
waste heat is used to expand the cooling air as it exists a duct, creating a small amount of
thrust to offset the drag created by the cooling system (Buticchi, et al., 2023). Evidently, the
pursuit of achieving more than 98% efficiency in future machines is driven on top of energy
conservation but also by the critical need to lower the mass of the thermal management sys-
tem, as every percentage of lost efficiency leads to added cooling weight and aerodynamic

drag (Haran, et al., 2022).

2.3.4 Energy Storage

The energy storage capabilities of an aircraft help determine its properties, such as the range
and capacity it can carry. Compared to battery packs, a traditional kerosene fueled aircraft
can get up to 40% lighter during flight as the fuel gets converted to power. The fundamental
main disadvantage of electrochemical storage is maintaining the same mass of battery packs
through the flight, as it restricts the possibilities as the problem gets worse with longer dis-
tances (Barzkar & Ghassemi, 2022). Kerosene can provide a theoretical specific energy of
12,000 Wh/kg, but the useful specific energy is closer to 4,500 Wh/kg due to inefficiencies
during the combustion process (Ansell & Haran, 2020). In contrast, the current available
development in battery technology can reach about 450 Wh/kg ( Randall, 2022). However,
useful specific energy is 30% to 40% lower as imposed by the system requiring a Battery
Management System (BMS), fire resistance structure, thermal management loops, and oth-
ers. All-Solid-State-Batteries (ASSB) are seen as attractive due to their elimination of flam-
mable liquid electrolytes, which is crucial for improving safety and reducing the weight of
containment systems. These levels of power density might be seen as adequate for general
aviation and commuter class but not enough to make regional aircraft a reality (Haran, et al.,
2022). For that, a parallel hybrid system requires at least 800 Wh/kg, and all-electric needs
more than 1800 Wh/kg (National Academies of Sciences, Engineering, and Medicine, 2016).
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Alternatively, hydrogen is seen as a promising energy storage method. LH2 and cryo-com-
pressed hydrogen show favorable characteristics for aerospace applications. Both hydrogen
storage technologies need to be cooled down to very low temperatures. While liquefied hy-
drogen is kept at 1.5 bars, cryo-compressed hydrogen is maintained at 50 to 700 bars. One
of the main drawbacks of liquefied hydrogen is the need for thermal insulation to maintain
the cryogenic temperatures and minimize the safety risks associated with boil-off hydrogen.
However, increasing the strength of the tank makes the whole system heavier, which is not
ideal, as seen with cryo-compressed hydrogen. Although both methods do not need compli-
cated subsystems to extract power, and the need for heating is minimal, there is a substantial
difference in the method in which the cooling is handled (Massaro , et al., 2022; Ngland, et
al., 2022).

It is important to distinguish between energy density and power density. Energy density can
be explained as the distance an aircraft can cover with available energy onboard. LH2 is a
better option for targeting long travel distances, but it suffers in power density, which is a
measure of converting energy into useful power (Noland, et al., 2022). Discharge rates are
not favorable with LH2, but supercapacitors shine when it comes to them. Supercapacitors
are ideal for providing the sudden burst of energy needed for takeoff or in an emergency
(Massaro , et al., 2022; Barzkar & Ghassemi, 2022). Electrochemical batteries like lithium-
ion, lithium-sulfur, and ASSB are in the middle of the energy density and power density line
when compared to LH2 and SC, which are ideal for most applications (Haran, et al., 2022).
Storing energy on flywheels also has been proposed as an alternative. They are highly effi-
cient, have an almost unlimited cycle life, and are less sensitive to temperature than batteries

(Massaro , et al., 2022; Wheeler, et al., 2021).
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3 Current Utilization of Electrical Machines and Drives in Aviation

Until now, a lot of considerable steps have been taken for electrical propulsion and are con-
tinuing to be taken. In this section, electrical machines will be inspected and aimed at out-

lining a picture of the current situation and progress.

3.1 Electric Motor Topologies

According to research conducted for this thesis, it was observed that radial fluxes are more
common for small hobby drones in the current market. As for the axial fluxes, the angular
speed of the electric machine plays an important role in helping to determine the power
output, thus the specific power. Promising motors which have either proved themselves dur-

ing testing demonstrations or are available to purchase are shown in Table 2.

Private companies are secretive about their products and reluctant to share information in
this rapidly developing market. Unfortunately, this secretive approach results in public
knowledge gaps which are labeled in the table as to be determined (TBD). This collected
data visualizes how different manufacturers prioritize different aspects of their products.
Furthermore, some manufacturers sell several products. As such, motors that are marketed
for electric propulsion were selected, and the table contains only the most specific power

capability and the most continuous power generating motors.

As mentioned previously, specific power and continuous power that can produce are critical
factors for electrical propulsion. It can be observed from Table 2 that manufacturers are
utilizing the axial flux architecture to harness the most torque out of the electric machines.
Many manufacturers are leaning towards liquid cooling over air cooling. However, it is im-
portant to note that EMRAX 348 and EMRAX 228 are available with three different config-

urations that are air, liquid and combined cooling.
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Table 2. Current and proven electric machines
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According to the technical data provided by the manufacturer, it can be observed that com-
bined cooling performs better overall (EMRAX , n.d. a; EMRAX, n.d. b). REB-90 comes

with the option to choose between air or liquid cooling (Rotex Electric, n.d.).

3.2 Demonstration in Air

Although the theoretical advantages of these machines were long discussed in classrooms
and academic settings, the year 2020 is critical, as it marked a turning point where the silent
hum of electric motors finally met the reality of the runway, where the European Union
Aviation Safety Agency (EASA) certified their first AEA called Pipistrel Velis Electro with
an E-811 electric motor, making it one in kind in the world. The aircraft is a two-seater
designed primarily for pilot training (EASA, 2020). The challenge of certifying an AEA is
considered a significant milestone due to lack of regulations by the aviation authorities how
on an electric propulsion should be to ensure safety and reliability. This milestone provided
industry with the first established set of airworthiness regulations for electric propulsion,
paving the way for larger machines. In the same year, a Cessna Grand Caravan was con-
verted to AEA and was flown successfully with the magniX magni500 power unit. In 2022,
Eviation Alice made its maiden flight and aimed to be used for the regional market with a
nine-passenger capacity. The aircraft was equipped with two magni650, and it was in the air
for eight minutes. The major difference between the competitors and the magni650 is that
the latter comes with four inverters called magniDrivel00. Having multiple inverters in-
creases the reliability of the engines by spreading the power with the operational inverters,
thus avoiding full shutdown of the system as well as making it easier to identify the problem
and change it if necessary. Another feature the magniX focused on was limiting the regen-
eration of electricity during flight while engines are off. The design choice of making invert-
ers power agnostic helps to enhance the robustness of the unit at the most crucial stages of
flight, making it possible to power the units from batteries to APU. A De Havilland Canada
DHC-8 was retrofitted with hydrogen fuel cells to become the largest flight-tested hydrogen
aircraft in 2023 and was powered by the magni650 unit, thus proving its versatility over

different powertrain architectures (magniX, 2024; E-Mobility Engineering, n.d.).
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In 2022, the retrofitted Robinsson 44 with the magnix500 unit was able to make an all-elec-
tric flight (Anon., 2022). The helicopter was used in the urban mobility market but could not
achieve the desired status. With the development of technology and urbanization on the rise,
it can be assumed that the urban mobility market will be an important market to capture.
Because of this, electric vertical take-off and landing aircraft (eVTOL) were proposed due
to their favorable design for cities. In 2020, Airbus successfully completed a CityAirbus
demonstration flight. The eVTOL uses eight Siemens SP200D direct-drive electric motors
that can produce a maximum power of 204kW. A couple of years later, in 2024, Airbus
unveiled the updated CityAirbus NextGen, promising much more range (Pallini, 2020;
Anton, 2019).
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4 Future Technologies

Electric aviation is an ambitious endeavor. Where the current possibilities are limited by
current technological capabilities. Many scientists and engineers have been trying to build
new avenues to explore the limits of electric aviation. With considerable interest from the
market, the future might be within reach sooner than anticipated. These technologies will be

examined in this chapter, where they enable the electrification of aviation.

4.1 Noncryogenic

Pipistrel Velis Electro broke a milestone when it obtained its type certificate by EASA
(EASA, 2020). This showed that electric machines and drives were on the path forward to
maturity. The current challenge is to scale up the technology for it to be used in larger air-
craft. MW-scale motors are seen as a necessary path forward to making electric aviation
feasible. NASA targets an electric machine that has specific power bigger than 13.2 kW/kg
and efficiency bigger than 96% (Jansen, et al., 2019). However, some studies believe that it

needs to be at least 98% efficiency due to the large amount of excess heat (Haran, et al.,
2022).

As electric machines are scaled up to meet the requirements of MW-scale and achieve the
desired power density, weight becomes a challenging hurdle to overcome. Iron used on the
stator’s teeth is a large portion of the motor’s total weight. Iron losses are an additional
drawback of the current design when it is scaled up for high power applications (Wheeler,
et al., 2021). High rotational speed is needed to achieve the targeted power output, but this
results in hysteretic and eddy current, which lowers the efficiency of the electric machine
(Sahoo, et al., 2020). Air-core or slotless design aims to create an alternative solution to the
problem by removing iron teeth and placing copper windings directly in the airgap between
the rotor and stator. This method offers the benefit of considerable weight reduction and
eliminating iron losses. Research from the University of Illinois proposed a design focusing

on this concept of eliminating iron from the electric machine architecture and utilizing a
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slotless design philosophy to craft a 1 MW motor. The proposed design was able to suppress

specific power of 13kW/kg, with an efficiency of more than 96% (Jansen, et al., 2017).

Table 3. Proposed noncryogenic electric machines
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On the other hand, the design results in a low flux density which could be minimized using
Halbach arrays or SC rotors. The copper windings will be experiencing la arge force of the
magnetic field which will not be shielded by the iron teeth. Use of Litz wire would be ben-

eficial in minimizing losses, but it makes it challenging to cool down (Wheeler, et al., 2021).

Halbach arrays are a magnet arrangement method that is used to concentrate the magnetic
flux on the airgap side and try to eliminate as much as possible on the back side (Haran, et
al., 2022). The precisely arranged magnets remove the need for the iron yoke, makinng it
possible to use lightweight materials on the rotor shell (Spakovszky, et al., 2023). Titanium
and carbon fiber are seen as good substitutes to be used at the drum to save massive mass
compared to steel, but it brings complex manufacturing and assembly processes (Chen, et
al., 2023). As good as this method sounds, it is difficult to assemble and operate (Andersen,
et al., 2023). Different orientation of magnets could be intensive to handle, which requires
rigors assembly process. Temperature rises disturb the magnetic field properties where ex-

ceeding certain temperatures might result in demagnetization (Sayed, et al., 2021).

Integration of electric drives into electric machines plays an important role in getting the
most out of the system. As mentioned, cooling is a major hurdle that requires attention. Hav-
ing a single thermal management system that encapsulates the electric machine and its drives
could help reduce weight and volume by eliminating unnecessary cooling apparatus and re-
ducing the complexity of the design (Sayed, et al., 2021). By keeping electric machines and
drives closer it helps to eliminate the need for excessive use of cables. On top of reducing
the mass and volume of the system, it helps to minimize electromagnetic interference
(Qasim, et al., 2023). The Integrated Modular Motor Drive (IMMD) concept helps to in-
crease the robustness of the system by distributing power electronics around the stator as
well as helping with heat dissipation. It creates synergy that helps to increase the specific

power of the system (Qasim, et al., 2023; Sayed, et al., 2021).

Massachusetts Institute of Technology’s proposed 1 MW electric machine design embodies
the philosophy of IMMD to achieve a high specific power of 17 kW/kg with an efficiency
of 97.3%. However, when the electric drives are included, the power density of the system
drops to 8.3 kW/kg (Andersen, et al., 2023; Spakovszky, et al., 2023). Power electronics
were divided into ten 100 kW inverter sets and distributed in a ring around the motor. Re-

searchers focused on optimizing specific power over peak efficiency. The design uses a
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tooth-and-slot architecture compared to the previously discussed air-core to have a smaller
motor, thus resulting in weight savings. The design requires advanced manufacturing tech-

niques (Qasim, et al., 2023; Andersen, et al., 2023).

4.2 Cryogenic and Superconducting

The limiting aspect of non-cryogenic motors is their ability to efficiently turn electrical en-
ergy into power that could be used for propulsion. As stated by the 2" law of thermodynam-
ics, a system cannot be 100% efficient but could try to get close to it. This is where SC
machines are seen as a magnetic path forward for large-scale applications. In a non-cryo-
genic motor, more than one-third of the total losses have come from copper losses. Where
SC machines eliminate these losses at cryogenic temperatures, allowing them to be up to and
not limited to 99% efficiency and high specific power (Sirimanna, et al., 2022). Current
densities of SC can be 10 to 20 times higher when compared to their conventional counter-
parts (Alvarez, et al., 2022). However, it is crucial to emphasize the importance of parame-
ters like temperature, magnetic field, and current density for maintaining SC. If any of these
variables exceed their limit, the material suddenly becomes resistive and produces a large

amount of heat (Haran, et al., 2022).

Low-Temperature Superconductors (LTS) such as Niobium-Titanium (NbTi) were the first
to be used but require liquid helium cooling, which is about 4.2 K (Haran, et al., 2017).
Materials like Yttrium Barium Copper Oxide (YBCO) operate between 23 K and 77 K which
is called High-Temperature Superconductor (HTS). This makes it possible to employe liquid
nitrogen or LH2 as a coolant, which helps to simplify the thermal management system
(Barzkar & Ghassemi, 2022). The middle ground between LTS and HTS is seen as Magne-
sium Diboride (MgB.). Being cheaper and lighter than YBCO but has a lower operating
temperature, around 39 K (Santos, et al., 2023). It is currently considered as the frontrunner
candidate for the alternating current (AC) armature because it can be manufactured in mul-

tifillamentary wires that help reduce AC losses (Sirimanna, et al., 2022).

Partially SC offer a dependable entry point by utilizing SC DC field windings in the rotor,

while keeping a copper stator helps to minimize the effects of AC losses and boost torque.
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However, fully SC machines offer the possibility of eliminating resistive losses in both the
rotor and stator, which allows the total system efficiencies to be pushed beyond 99%, which
could help achieve the goal of employing electric machines on large aircraft to unlock the
desired specific power (Santos, et al., 2023). Cryocoolers required to keep the SC are made
from complex systems which could make up as much as 70% of the total mass of the pro-
pulsion system, offsetting weight saving (Neland, et al., 2022). When LH2 is held at 20K
and needs to be warmed before being used as an energy source, it can act as a heat sink for
the electrical components, making integration and synergy with LH2 an enabling element

(Sirimanna, et al., 2022)

Table 4. Proposed cryogenic electric machines

Rated Power Specific Effi-
Project Name SC Type Speed [MW] Power ciency Reference
[RPM] [KkW/kg] | [%]
NASA HEMM Partially 6,300 1.4 16 >98 | (Kalsi, 2022)
(Neland, et al.,
ASUMED Fully 6,000 1 20 >99.9 2022)
CHEETA Fully 4,500 3-5 >25 >99 | (Kalsi, 2022)
ARPA-E CRUISE Partially 3,000 10 50-60 | 99.4 | (Kalsi,2022)
Safran Fg‘(’)‘nMOdma' Fully 5,000 0.261 1.8 953 | (Kalsi, 2022)
Raytheon SOARING Fully 5,000 2.5 TBD TBD | (Kalsi,2022)
Kyushu Univ. 1 kW Fully 500 0.001 TBD TBD (Sa;?)’z‘it)al"
Cho 10 MW Partially 3,000 10 13.7 TBD (Cg"o’zezt)al"

Table 4 highlights the promising project attempts to make advancements in SC to be utilized
in aviation applications. It can be observed from the data that partially SC topologies are
being used for short term pathway to achieve 16 kW/kg while avoiding complexities of in-
corporating a fully SC configuration. Projects like ASUMED and the CHEETA are trying to
pioneer the technology that could be used on large aircraft (Kalsi, 2022).
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5 Conclusion

In conclusion, it is apparent that electric aviation could bring new possibilities and benefits
while satisfying the goal set by ICAO to be net-zero CO2 by 2050. Type certification of
Pipistrel E-811, as well as flight tested magnix500, have shown the current technology is
mature enough for small aircraft and sets a benchmark for the future, but considerable steps
are needed to make large aircraft ubiquities. Mainly limited by the specific power of electric
machines and drives that it could produce to achieve the goal of 13.2 kW/kg set by NASA.
This thesis has shown the status of the knowledge available in the field, where it is used by
engineers and researchers to develop and improve designs of electric machines and drives
for propulsion. According to the technical analysis presented here, two main frontiers that
will enable this leap are SC machines and WBG semiconductors like SiC, which can enable
high-voltage, high-frequency switching in smaller footprints. Synergy between LH2 as fuel
and SC is seen as a key to unlocking large aircraft. Effective integration of different tech-
nologies, as well as optimizing the system to fit the needs of the application, could have a

pivotal role.
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