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ABSTRACT To participate in the transition towards a sustainable use of energy, the aircraft sector needs to be
transformed with respect to the energy carrier and propulsion methods. For smaller aircraft, a battery-electric
approach is promising. While this will require extensive research and design together with the application
of advanced components which are partly not available to this date, general design rules and key parameters
and critical components can already be deduced. This publication presents the example design of the full
propulsion system for a small commuter aircraft. This serves as a case study to highlight the influence of
components and parameters on the overall efficiency and weight of the system. By that, future research can
be directed towards the areas of high impact on the realization of all-electric aircraft. A optimization of
several motor variants, inverter topologies and power supply grid parameters is performed. The weight of
the fully electric propulsion system is dominated by the battery. Therefore, all subsequent components need
to be designed towards a high efficiency in opposition to high power density.

INDEX TERMS Aviation, aerospace electronics, AEA, aircraft propulsion, DC/DC converters, electric
power supply systems, high voltage direct current, power semiconductor devices, reliability, safety, wide-
bandgap semiconductors, wiring harness.
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D temperature

& winding factor

A electric loading

a number of parallel windings

Acore  core cross-sectional area of inductor

Ay winding window of inductor

B magnetic flux density

d duty cycle

D; inner stator diameter

ey gravimetric energy density

F thrust

f frequency

Ssw switching frequency

g gravity of Earth

H magnetic field strength

h heat transfer coefficient

1 current

1123 phase current

J current density

k Steinmetz coefficient

keu copper filling factor

L/D  lift-to-drag ratio

IFe motor active part length

M modulation index

m mass

N number of turns of inductor

n rotational speed

P power

p number of pole pairs

Pg gravimetric power density

q slots per pole and phase

S apparent power

T torque

U voltage

U123 phase voltage

Upc DC-link voltage

Ugss  rated voltage

U line-to-line voltage

v speed

Wep number of turns per coil
ACRONYMS
AEA All-Electric Aircraft
ANPC Active Neutral Point Clamped
CPM Conventional Phase Shift Modulation
DAB Dual Active Bridge
EASA European Union Aviation Safety Agency
ECS Environmental Control System
FAA Federal Aviation Administration
GaN Gallium Nitride
HVDC High Voltage DC
ICAO International Civil Aviation Organisation
IGSE Improved Generalized Steinmetz Equation
L/D Lift-to-Drag Ratio

MOSFETs Metal Oxide Field-Effect Transistors

mMTOW

Maximum Take-Off Weight
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NPC Neutral Point Clamped
OEl One Engine Inoperative
pax Passengers

PMSM  Permanent Magnet Synchronous Machine
RBD Reliability Block Diagram
RCD Residual Current Device
RMS Root Mean Square

SiC Silicon Carbide

SSC Second Segment Climb
SOC State of Charge

SSCB Solid State Circuit Breaker

SPOF Single Point of Failure
WBG Wide-bandgap

WIPS Wing Ice Protection System
FA'M Zero Voltage Switching

I. INTRODUCTION

The air transport sector currently relies entirely on fossil fuels
for propulsion. Two main factors will govern the transition
to propulsion methods based on renewable energy. First, the
CO; emissions need to be reduced. Currently, the transporta-
tion sector alone generates 25 % of the global emissions.
While road transport dominates this contingent with roughly
75 % of the emissions from the transport sector in compar-
ison to 10 % from air transport, the strong trend towards
the electrification of cars will steadily increase the share of
the aircraft sector and ultimately demand similar efforts [1].
Additionally, the price of jet fuels will increase sharply due
to regulations and the current political situation [2]. Several
options exist, and these can ultimately coexist for different
applications based on their respective characteristics. Battery
electric propulsion can be used for general aviation, small
commuter aircraft and short-range passenger aircraft. For
larger aircraft, series hybrid approaches, fuel cells or e-fuels
can be feasible [3]. In all cases, a high power and energy
density of the full propulsion system from energy source to
thrust generation is necessary, as additional weight compared
to conventional solutions will reduce the carrying capability
of persons or cargo. Also, fossil fuels have a high energy
density [4], setting a benchmark for future all-electric air-
craft. While ultimate solutions and definite numbers can only
be determined through extensive design processes, general
dependencies and design rules must first be found. Because
of the high number of components and parameters, those with
the greatest effect need to be focused, to invest the design time
according to the possible gain.

Various previous works have focused on the system con-
cept of All-Electric Aircraft (AEA), including safety con-
siderations [3], [5], and on the general feasibility of the
full electric approach, showing that it is most viable for
short-range commuter aircraft or smaller planes [6], [7]. For
larger short-range passenger aircraft like the De Havilland
Canada Dash 8, which can seat up to 90 Passengers (pax),
it already poses a much greater challenge to achieve a full
electric concept that provides a feasible mission range [8].
While other works focus on the design and optimization of
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individual components like the electric motor or the con-
verter [9], [10], [11], the work of Barnes [12] already aims to
optimize overall electric efficiency of the propulsion system,
including battery, converters and motor, but in a lower power
class and with motor and inverter models not suitable for
application for the requirements of high efficiency and power
density propulsion systems for commuter aircraft. Further-
more, Vratny et al. [13] have shown how system voltage
affects the efficiency of an electric propulsion system, but
only at specific operating points. Also, not only system effi-
ciency but also system weight and safety considerations that
may require oversizing of components are important for the
overall aircraft performance.

The goal of this publication is to give an overview of the
technology scope, and to perform an exemplary design of
an all-electric commuter aircraft. By that, the influence of
different components and parameters on system efficiency,
weight and reliability can give hints for future design pro-
cesses and research. As a reference model, the Beechcraft
King Air 200 is chosen as a widely known and well proven
reference. This aircraft gives room for two pilots and 7 - 9
pax depending on the configuration, has a Maximum Take-
Off Weight (MTOW) of 5670 kg and a total propulsion power
of roughly 1200kW. To enable the fully electric operation
with feasible effort, the aircraft will be used for short-distance
commutes (“‘island hopper’”) with a maximum ground dis-
tance of 314km and a cruise speed of 550km h~! [14].
The general specifications are shown in Table 1. First, the
mission profile for the application will be calculated and
the supply grid structure and all relevant components will
be described. Based on this, simplified assumptions about
the propeller are made to enable the design of the elec-
tric motor. Three different designs are presented, ranging
from high power density to high efficiency. Using these, the
inverter generating the three-phase voltage for the electric
motor is discussed. Feasible topologies are described and
compared in terms of efficiency and power density. Also,
DC/DC converters for adapting the supply grid voltage and
providing galvanic isolation are evaluated. Next, the wiring
harness is considered, including challenges arising from a
high voltage design. An overview of battery technology and
the limitations in aircraft applications is then provided. After
all components have been introduced, critical failure modes
and safety considerations are discussed and the reliability
of different supply grid structures is calculated. To show
general dependencies and the influence of component and
parameter variations, different combinations of motor design
variants, propulsion system inverter topologies and battery
technologies are calculated and compared with respect to
overall weight. Based on the results, general design hints can
be given.

1. MISSION PROFILE

The maximum ground distance of roughly 314 km is cho-
sen as a representative case for short-range commuter air-
craft [15]. Based on the Beechcraft King Air 200 reference
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TABLE 1. General specifications of the reference aircraft Beechcraft King
Air 200 [14].

Parameter [ Value
MTOW 5670 kg
Maximum Airspeed | 535kmh—1!

Maximum capacity
Propulsion power

2 pilots + 9 pax
2 turboprop engines with 630 kW each

Wing span 16.6 m
Length 13.4m
Height 4.5m

TABLE 2. Aircraft performance assumptions.

Segment Airspeed | L/D
kmh~?!

Takeoff 250 15

Climb 350 23

Cruise 550 19

Descent 550 19

Approach | 250 10

aircraft, which offers good short-field capability and climb
performance due to its powerful engines, a takeoff power of
1200 kW is chosen for the mission, to enable operations from
short, remote airfields [14].

The flight mission is composed of a 1-minute takeoff
segment, climb to 5000 m, cruise, descent to 1000 m and
approach. Additionally, between the descent and approach
segment, a reserve mission of about 100 km length consisting
of a reserve climb, reserve cruise at 2000m and reserve
descent is added to account for a possible diversion to another
airfield. To calculate the performance and power demands of
the different flight phases, assumptions are made concerning
the airspeed v and the Lift-to-Drag Ratio (L/D) of the aircraft,
based on data from similar aircraft and accounting for takeoff
and approach configurations [15], [16]. The assumed values
are shown in Table 2.

Required thrust F and motor output power P at the propeller
shaft can be determined as follows [17]:

1
F=m-g- <L/—D + sin(y)) (D
P F-v @)
Nprop

With an assumed constant propeller efficiency of nprop =
85%, which is a conservative state-of-the-art estimation [18],
and an aircraft mass of 5650 kg, the required power for cruise
flight is 524 kW. By solving the equations shown above for
the climb angle y, the climb and descent rates for the takeoff,
climb and descent segments can be calculated assuming a
power setting of 1200 kW at takeoff, 1000 kW for the climb
segment and 0 kW for the descent. The power requirement of
235kW for the approach segment is the result of a standard
3° approach path. The complete mission profile is shown in
Fig. 1.

lIl. ELECTRICAL POWER DISTRIBUTION
Based on the requirements already mentioned, a supply grid
structure will be designed. This includes the energy storage,
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FIGURE 1. Mission profile showing the altitude, total propulsion power
demand and output energy demand over the flight time. The propulsion
power demand is the total motor output power at the propeller shaft. The
output energy demand is resulting from the integration of the output
power over the flight time. For sizing the energy storage, the overall
efficiency needs to be considered.

wiring harness, safety switches, power electronics converter,
electrical motors, and other electrical loads.

A. POWER DEMAND

The main power demand comes from the propulsion system
with a peak motor output power demand of 1200kW at the
propeller shafts. To increase the reliability and reduce the
overhead for safety reasons, four propulsion units consisting
of an inverter, electric motor and propeller are implemented.
The system shall be able to deliver the required power even
if one of the propulsion units fails, to avoid dangerous situ-
ations in case of failures during the take-off or climb. Based
on the Federal Aviation Administration (FAA) airworthiness
standard for normal category airplanes, §23.21220, a climb
gradient of 2% is required with One Engine Inoperative (OEI)
at Second Segment Climb (SSC) [19]. Based on equations 1
and 2, this results in a minimum required power of 523 kW.
While the situation is less critical for four-engined-aircraft,
the additional rotary torque due to unbalanced thrust during
OEI needs to be counteracted by applying the rudder, which
leads to certain aerodynamic losses of the propulsion power.
Even in this situation, the planned peak propulsion power of
1200 kW is completely sufficient to satisfy the requirements.
All of the four propulsion units are thus designed for a peak
power of 300 kW.

B. ENERGY DEMAND

For a first estimation, only the output energy, meaning the
integration of the output power over the flight time as shown
in Fig. 1, is considered. If a mostly constant efficiency during
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the flight mission is assumed, this calculation is sufficient
to make assumptions on the backup energy requirement. For
sizing the energy storage, the total efficiency needs to be
considered as will be shown in the later chapters. The output
energy requirement based on the shown mission profile is
311 kW h for the normal mission. If the landing needs to be
balked or the destination airport is not available, a reserve
mission is planned for, as shown in Fig. 1. This leads to a total
output energy requirement of 380 kW h. Energy is provided
by four battery packs distributed in the aircraft wings equiv-
alent to conventional fuel tanks integrated in the wings. If,
for example one battery fails after 20 min of flight, an output
energy of 223 kW h has already been used as shown in Fig. 1,
leaving 118 kW h available in the remaining battery packs.
To complete the normal mission, an output energy of roughly
88 kW h is necessary, leaving enough margin. Also, a return
to the starting airport would be possible. This shows that,
by considering the reserve mission when sizing the energy
storage, enough margin is already included to allow for the
failure of one energy storage unit.

C. GRID STRUCTURE

A wiring harness connects the battery packs with the propul-
sion units. Because of the high power demand, a high voltage
is beneficial to reduce the current and will be discussed in
the following chapters. For the grid structure, a number of
variants is possible. Each variant is based on the same build-
ing blocks, but varies in the interconnection scheme. Every
building block is composed of an energy source, a DC/DC
converter, the wiring, a three-phase inverter for supplying the
electric motor, and the motor itself. Also, a number of safety
switches is planned for. In case of a failure in the DC/DC con-
verter, the connection between battery and converter needs to
be opened, to prevent a short circuit of the battery. Addition-
ally to the switch at the input of the converter, an additional
switch is planned for at the output, to prevent a short circuit
of the supply grid in case of a failure in the converter. At the
input of the inverter, a switch is needed again to protect the
supply grid in case of a failure in the inverter of the electric
motor.

A selection of grid structure variants is shown in Table 3
and will be introduced in the following. For the “fully inter-
connected” variant, the two propulsion units and two bat-
teries per wing are connected to a common DC bus, which
enables power transfer between the units. Also, the two sides
can be connected by a switch, in case power needs to be
transferred to the other side. DC/DC converters are used to
regulate the distribution voltage level. This variant requires
a large number of safety switches, as each component can
be disconnected in case of a failure; also, because of the
interconnection of the wings, long cable lengths are required.
As an advantage, this variant shows good performance after
a single component failure. For example, if one battery fails
during the climb segment, the safety switch in the middle
can be closed. The remaining power (75%) can be evenly
distributed to all four propulsion units, and there is no penalty

114517



IEEE Access

J. Ebersberger et al.: Power Distribution and Propulsion System for an All-Electric Short-Range Commuter Aircraft

Battery

2| Circuit Breaker

DC/DC converter

3ph-Inverter

§5§

ECS  Environmental Control System

Motor

—— HVgrid

MV grid

WIPS Wing Ice Protection System

| component placement

ECS <] A4 F4->Avionics

! block diagram

DC/DC converter
Circuit breaker

Circuit breaker
Inverter
Motor

FIGURE 2. Sketch of the power supply system in the “fully interconnected” configuration according to Table 3. Also, an exemplary

placement of the components inside the aircraft is shown.

for torque balancing. If one propulsion unit fails, the other
three can remain operational, as the faulty unit can be discon-
nected using a safety switch. However, especially if one of
the outer units fails, a penalty due to torque balancing must
be expected. The remaining normalized propulsion power is
therefore p < 0.75. If a battery fails during cruise, again the
full remaining energy of the three remaining battery modules
(75%) can be utilized without penalty. After one propulsion
unit fails during cruise, the full energy of all battery modules
remains available. If, for example, the outer propulsion unit
fails on one side, the corresponding system on the other side
can also be switched off during the cruise phase, as the power
demand can be handled by two engines. Thus, no balancing
torque is necessary.

The other variants can be analyzed in a similar way. If, for
example, no interconnection between the two sides is desired,
a cross-connection between the units can be beneficial in
terms of post-failure performance, but requires long cable
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lengths. The worst post-fault performance is reached with
the ‘“‘single” configuration, with four independent strings
consisting of energy storage and propulsion unit. As soon
as one of the components fails, the complete string has to
be switched off. This would result in the lowest remaining
available power and energy compared to the other variants.
As an advantage, the overall cabling length is short, and the
system is also less complex when considering fault handling.

All variants show adequate performance after a single fault
in the configuration presented here. Generally speaking, the
“single’” variant can be used if the propulsion units and bat-
teries are overrated for the absolute minimum safety require-
ments, as in this case. All other variants are beneficial for a
tighter design of the components. Because it has the weight
overall, the “fully interconnected” variant is chosen for the
design in this publication as a worst-case example.

Fig. 2 shows the system architecture of the electrical
power distribution in the aircraft, including the components
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discussed earlier in the “fully interconnected” version. Also,
the locations of the propulsion units and battery modules are
shown. The Wing Ice Protection System (WIPS) located in
the leading edge of the wings is directly fed from the high
voltage bus for the propulsion system. The Environmental
Control System (ECS) and the avionics are supplied by an
additional smaller energy storage unit. Additional redun-
dancy is achieved by providing a low-power DC/DC con-
verter to be able to supply the low-voltage components from
the high-voltage supply grid. As the power demand from this
auxiliary equipment and therefore their weight is much lower
than the propulsion power, they will be excluded from the
calculations in the following.

IV. PROPELLER & ELECTRIC MOTOR

The propeller and electric Motor are share the same interface
of torque T and speed n. To avoid additional frictional losses
and mass due to a gearbox, a direct drive is a good solution
with high efficiency and power density. The power

P=27-T-n 3)

can be realized using various combinations of rotational
speed n and torque 7. This combination is defined by the
propeller and its aerodynamic characteristics, and mainly
depends on the most efficient way to convert the required
thrust F into torque and speed with the given size and geome-
try of the propeller blades. Without information about a suit-
able propeller and the torque-speed relationship, a reasonable
motor design cannot be proposed since the torque has in
general a bigger impact on the weight of an electric motor
than the speed.

A. PROPELLER

In addition to the torque-speed relationship, the installation
space is also relevant for the motor design. The installation
space can be derived from the hub-to-tip ratio. A typical value
for this ratio is 0.15 [18]. Therefore the installation space

Da,Motor =0.15- DProp (4)

is defined in advance. Future work will investigate the vari-
ation of the hub-to-tip ratio to determine out the optimum at
the interface between motor and propeller.

To gain insight into the interrelationships of propellers,
data from certified propellers were collected (Fig. 3). The
certification data sheets are provided by the European Union
Aviation Safety Agency (EASA) [20]. The speed, torque,
diameter and weight were derived at a propeller power
Pprop = 340 kW, as shown in Fig. 3. The results for the
current application are shown in Table 4.

The propeller equations combined with the flight mission
shown in Fig. 1 result in the data shown in Fig. 4, which
provides the foundation for the sizing of the electric motor
and the calculation of the overall energy consumption. The
altitude and therefore the density of air was considered too,
in a simplified way. Equations from [21] were used.
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FIGURE 4. Torque-speed operation points of used flight mission and
propeller.

B. ELECTRIC MOTOR FOR AIRCRAFT PROPULSION

The motor type is chosen to to be a Permanent Magnet
Synchronous Machine (PMSM) due to its high efficiency
compared to other motor topologies [22]. The stator is made
from cobalt-iron sheets to allow for high flux densities up
to B = 2.3 T. The winding system is a tooth-coil winding
with cooling channels to allow high current densities and so
achieve high power density based on the investigations. The
rotor is set up as a spoke-magnet type rotor. The benefits are
high air-gap flux densities and the absence of a yoke. Addi-
tionally, the magnets are protected against demagnetization as
they are embedded in the rotor. The magnets are NdFeB type
magnets with a remanence flux density of B, = 1.3 T. The
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TABLE 3. Overview of supply grid structures.

Dual connected

Cross connected

Fully interconnected

Diagram
Number of safety switches | 13 12 12 12
Cable length | 21.7m 11.4m 23.0m 8.0m
Post-fault performance | ++ 0 + -

outer diameter is set by the propeller and its hub diameter.
The inner diameter should be scaled up as far as it is benefi-
cial. A disadvantageous increase in the inner diameter occurs
when the cross-section of the conductor is reduced too much
and the torque decreases due to reduced current. Therefore,
several iteration steps needed to be performed. The equation
for the torque

2
D; PN
T:”M0‘1F6'<7) - Hy - Hy. (5)

shows that the inner diameter has a strong impact on the
torque. With a large inner diameter, a greater number of pole
pairs is beneficial to reduce the size of the yoke. To realize
a large number of pole pairs a tooth-coil winding is ben-
eficial. The fractional-slot concentrated winding adds the
advantage of a short end winding. This reduces the joule
losses and improves the efficiency. Additionally, it is easier to
implement a direct conductor cooling from a manufacturing
perspective compared to a distributed winding.

The winding scheme can be varied in terms of the number
of parallel strands a and the number of turns per coil wy,
since field weakening is not necessary. Limitations arise only
from the conductor geometry in terms of the ratio of width
to height. Therefore optimization with regard to the voltage
can be performed without affecting the motor characteris-
tics, provided that no unfavorable conductor geometries are
needed. At a very low number of turns per coil, strong current
displacement effects take place. With a very high number of
turns per coil, the conductor becomes very thin and the overall
insulation percentage increases to an unfavorable degree (low
copper filling factor k). The variation of the number of
parallel strands a and the number of turns per coil wyp can
be done without affecting the motor characteristics, so long
as the electrical load

mwli |
AW 1) = — Z \/5‘5#’ . n_Dil sin (1'y" — ot +¢) (6)
w 2
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TABLE 4. Overview of data concerning the chosen propeller.

Parameter [ Value
Power Fprop 340 kW
Speed n 2320 1/min
Torque T' 1400 Nm

Diameter Dprop 2.2m
Weight mprop 50 kg

about the circumferential angle y’ remains the same. The
equation for the terminal voltage is not affected by the motor
current /1. The terminal voltage U; can be described approx-
imately by

w 7T2 A
Ui~ = (weg) = —2 Ire By ™
T p

neglecting the ohmic resistance and leakage reactance. The
maximum flux density of the fundamental spatial harmonic
stays constant with a constant product of motor current and
number of turns per coil. Therefore, variation of the volt-
age U causes a change in the motor current /1. This can
be performed in a limited range of the conductor geometry
adapted to the number of turns per coil wgp. An example of
the employed conductor geometry with wgp, = 8 can be seen
in Fig. 5. The tool from which the image is taken is also used
to generate an estimate of the copper fill factor with realistic
heat transfer properties.

To pursue the overall goal of a power train with minimum
mass, a useful combination of power density and efficiency
of the motor is needed. Whether power density or efficiency
has the bigger impact on the overall weight depends on
the overall system, the aircraft type and application. This is
why different machine categories (M1 to M3) with different
characteristics have been designed. Table 5 shows the designs
and their differences. The current density J is one of the
parameters with the biggest impact on power density and
efficiency. The winding material is usually copper, but to
achieve the highest power density, aluminum is an option
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Copper filling factor: 0.853 | Expected temperature: 179.7°C
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—
o
.
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T

Size in mm

FIGURE 5. Cross-section through a direct-liquid-cooled slot in the motor
M1. Grey: Electrical steel sheet, Yellow: GFK wedge, Green: Insulation,
Orange: Conductors, White: Insulation film.

TABLE 5. Overview of the motor types and their characteristics.

Motor | Purpose [ JinA/mm? | Winding [ nimag
Ml High efficiency 25 copper high
M2 High power density 75 aluminum low
M3 Trade-off 50 copper medium

to consider. The increase in power density due to the lower
density of aluminum is a trade off since aluminum has a
lower conductivity and therefore increases the joule losses.
The amount of magnet mass my,g also determines the shift
in direction of higher efficiency (higher magnet mass) or to
higher power density (lower magnet mass).

The different designs follow the rules developed in [23].
These include, in particular, the implementation of short
tooth tips, thick magnets which are buried, a larger distance
between the conductors and the air gap, and a high split ratio
(ratio of inner diameter Dj to outer diameter D,). A large num-
ber of pole pairs is required to allow a large inner diameter
and, at the same time, to utilize the cross-section (width of
teeth) in terms of high flux densities. For all designs, a pole
pair-number of p = 25 is chosen. Using the propeller speed,
(Table 4) the maximum frequency can be calculated to be
fi = 966 Hz. The air-gap length is set to § = 1 mm to
reduce the magnetic resistance across the air gap without
going so far as to make the manufacturing challenging. The
fractional-slot concentrated winding intended to achieve a
short end winding and a high pole-pair number were chosen
with a number of slots per pole and per phase of ¢ = 2/5.
To find an ideal geometry and a feasible trade-off between
power density and efficiency, the parameter yoke height,
tooth width and inner diameter were varied. To consider
the trade-off between the integration of cooling channels

VOLUME 10, 2022

100

98 | M1
M2
96 -

¢ M3

94 ! *  Selected designs
92 + °

90 +
88 +
86 +
84+
82+
80 +
8+
76 +
T4+
T2+

70 . . . . . . . . . . |
8 10 12 14 16 18 20 22 24 26 28 30

Power density in kW /kg

Efficiency in %

FIGURE 6. Power density and efficiency of electric motor designs used in
the parameter study at a peak power of P = 340 kW.

and the reduction of the copper filling factor k., an inlet
temperature of 8;;, = 40°C and an outlet temperature of
0in = 80°C at the maximum allowable winding temperature
of 6y =~ 180°C were considered. The cooling channel was
sized using an iterative loop to achieve the highest possible
copper filling factor at the allowable temperature. The models
of the motor category M2 needed a higher heat transfer coef-
ficient to achieve comparable copper filling factors. A higher
heat transfer coefficient can be achieved with higher coolant
velocities, which increase the volumetric flow and pressure
drop. This would lead to higher cooling power and therefore
mass, but both is not considered. The results can be seen
in Fig. 6.

The power density and efficiency from FEA calculations
concerning the electric motor categories M1 to M3 were cal-
culated at maximum power requirement using the mass of the
active part (stator sheets, winding, magnet, rotor sheets). For
a more realistic approach, a rough design for the additional
components like the housing, shaft and bearings was carried
out for the selected designs shown in Fig. 6. A sketch of a
motor which is constructed as mentioned above is shown in
Fig. 7. In the vicinity of the end winding, the carbon-fiber
tube which hydraulically separates the stator from the rotor
and enables the direct liquid cooling of the conductors con-
ductors can be seen. The assumptions concerning the motor
construction are shown in Table 6.

The table with the final designs (Table 7) shows three
different electric motors with their interfaces to the power
train. The efficiency n has an impact on the battery weight
and the amount of power which the power electronics needs
to provide. The power factor cos(¢) defines the apparent
power and therefore influences the necessary size of the
power electronics. For the cooling system (pumps, heat
exchanger, pipes), the heat transfer coefficient i of the
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TABLE 6. Assumptions for the weight correction of the electric motors.

Assumption [ Value
Shaft thickness 10 mm
Housing thickness 8 mm
Endplate thickness 8 mm
Bearing DE 2 kg
Bearing NDE 1.75 kg
Separation tube thickness | 2 mm

i
| =

FIGURE 7. Half-section of a sketch of a electric motor with direct-
liquid-cooled tooth coils, a spoke magnet type rotor and a hollow shaft.

TABLE 7. Final motor designs considered in the system analysis.

Motor [ pginkw/kg [ nin% | cos(p) | ke | hin Wm’K

M1 7.97 94.83 0.88 0.85 3500
M2 11.15 75.04 0.53 0.80 20500
M3 9.61 90.90 0.74 0.83 3500

direct-liquid-cooled coils, which is mainly dependent on the
coolant velocity, provides a constraint for the design of the
components. This step was simplified by using the losses of
the electric motor.

Next, safety considerations for PMSMs will be discussed.
Among the dominant failure modes of PMSMs, bearing fail-
ure accounts for almost fifty percent [24], and is mainly
induced by mechanical factors such as poor lubrication,
vibration, operational environment and overload [25]. The
failure mode of the rotor could also result from the bearing
current, if the drive system is designed to use a high voltage
and high switching frequency. Winding failure accounts for
the second dominant failure mode in electric motors, which
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is mainly caused by overload or breakdown of the insulation.
The insulation of the winding is especially challenging due
to the high voltage and low-pressure working conditions of
the aircraft during cruise [26]. With the help of a three-level
inverter systems instead of a two-level inverter, the lower
voltage slew rate not only reduces the stress on the wind-
ing insulation, but also reduces the bearing current effect.
Also, demagnetization of the permanent magnet could also
reduce the performance and create abnormal torque vibration.
In order to provide predictive maintenance for PMSMs, aging
effects relating to the permanent magnets can be observed
using online parameter identification methods.

V. POWER ELECTRONICS

Two types of power electronic system are used in the
on-board electrical distribution system. DC/AC inverters sup-
ply the motors with a symmetrical three-phase input by
converting the power from the High Voltage DC (HVDC)
grid. In addition, the transferred power and fundamental
frequency can be controlled. DC/DC converters are utilized
to connect the battery modules to the HVDC grid and to
step up the voltage. The step-up converters provide a stable
output voltage independent of the State of Charge (SOC) of
the batteries. Furthermore, the output voltage can be cho-
sen virtually independent of the maximum battery module
voltage.

In the following subsections, the modeling of the power
electronic systems is described. First, suitable semiconduc-
tors are selected. Second, the design of the inverters and the
converters is presented. Finally, safety considerations con-
cerning the power electronic systems are detailed.

A. POWER SEMICONDUCTORS

Wide-bandgap (WBG) semiconductors will be key enablers
in future power electronic systems due to their superior prop-
erties, such as low on-state resistance, low switching energies
and high thermal conductivity. Compared to silicon-based
inverters and converters, the efficiency and power density
can be increased [27], [28]. Rising availability and falling
costs are expected, so that it will be easy to employ WBG
semiconductors in future electric aircraft. As discussed in
Section III, HVDC grids will be implemented in electric air-
craft. As manufacturers are currently researching 3.3kV and
6.5kV Silicon Carbide (SiC) Metal Oxide Field-Effect Tran-
sistors (MOSFETs) [29], [30], [31], good commercial avail-
ability can be assumed for 2040. Therefore, SiC MOSFETs
are to be preferred over Gallium Nitride (GaN) devices, which
currently provide rated voltages of only up to 800 V.

In [32], a SiC semiconductor loss model is presented
which takes into account the expected rated voltages of the
future. This model is used in the inverter and converter design
in Sections V-B and V-C, with rated voltages independent
of actual manufactured voltage classes. To generate more
practice-oriented results, the common manufactured semi-
conductor voltage classes are used for the system optimiza-
tionin Section IX, e.g.,650V, 1.2kV, 1.7kV,3.3kV, 6.5k V.
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TABLE 8. Line voltage Uj, phase voltage U,,3, phase current /;,3, DC-link
voltage Upc and modulation index M for various combinations of parallel
winding branches a and number of coil turns wsp for M3 with a power
factor of cos ¢ = 0.7367.

a [ wsp [ Uh [Uiaz [ 123 [Upc | M
2 10 588 340 503 1000 0.9607
2/1 12/6 706 408 419 1200 0.9607
2/1 14/7 824 476 359 1400 0.9607
1 8 941 543 314 1600 0.9607
1 9 1059 611 279 1800 0.9607
1 10 1177 679 251 2000 0.9607
1 13 1530 883 193 2500 0.9991
1 15 1765 1019 168 3000 0.9607

Additionally, a voltage class of 2.3 kV which is already avail-
able for silicon IGBTs [33] is added, to close the gap. Fur-
thermore, the voltage utilization of the power semiconductors
is assumed to be 66 % in the power loss calculation, which
considers the over-voltage protection needed because of the
parasitic inductance in the electric drive system and the harsh
working conditions. Additional significant voltage derating
of power semiconductors is not considered necessary in this
case, since the flight altitude is lower than that of large pas-
senger aircraft. With the help of the four-motor architecture,
the reliability requirement of the inverter system could also
be reduced further. For power loss calculation, a quadratic
dependence of the switching losses on the rated voltage is
assumed [32].

B. INVERTER DESIGN

Beside conventional two-level inverters, three-level inverters
such as T-type, Neutral Point Clamped (NPC) and Active
Neutral Point Clamped (ANPC) inverters are considered
for the propulsion inverters, based on the models described
in [32]. For the ANPC inverters, two modulation strategies are
examined. The SC-PWM focuses on reducing the conduction
losses [34] and the ND-PWM on reducing the switching
losses [35]. As described in Section IV-B, different combi-
nations of parallel winding branches a and number of coil
turns wy, can be realized to achieve different combinations of
voltage and current at the machine terminals, while keeping
the output power constant. This can be used to adjust the
DC-link voltage for the same electric motor design. As an
example, Table 8 shows various combinations for the moder-
ate motor design M3 for DC-link voltages from 1kV to 3kV,
with the respective modulation index at the design point of
the semiconductors. The chip area optimization and weight
calculation follow the description in [32]. Furthermore, the
models allow for any rated voltage of the semiconductors
independent of the actual voltage classes available. The
inverter weight includes the weight of the DC-link capacitors,
the liquid-cooled heat sink, the semiconductor modules, the
housing, the busbar, and the driver boards. DC-link capaci-
tors serve as DC filters by stabilizing the voltage across the
inverter terminals. Furthermore, they provide the energy for
fast current commutation. Filters on the AC side are omitted,
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FIGURE 8. Comparison of two- and three-level inverter topologies for
motor design M3 with a switching frequency of f,, |,y = 30 kHz at peak
power demand during climb (Py,y, oyt ~ 380 kW).

since their additional weight can be avoided by co-optimizing
the inverter and motor designs. An integrated design, in which
the inverter is placed as close as possible to the motor, can
overcome the need for output filters [36], [37]. In addition,
by choosing a three-level topology, smaller voltage steps
and slopes stress the motor less compared to a two-level
topology. For the capacitors, the worst-case operating point
with a modulation index of M ~ 0.61 and a power factor of
cos ¢ = 1 is considered [38].

In order to determine the most suitable topology, the effi-
ciencies and gravimetric power densities of different inverter
designs are examined in Fig. 8 with fsy 1oy = 30 kHz, which
was determined to be a suitable switching frequency in [32].
The semiconductors in two-level inverters have to block the
full DC-link voltage, whereas the semiconductors in NPC
and ANPC inverters only have to block half of the DC-link
voltage. In T-type inverters, both types of semiconductor are
required. Due to the quadratic dependence of the switching
losses on the rated voltage, this leads to a drastic reduc-
tion in the efficiency of the two-level inverter as shown in
Fig. 8. However, the two-level inverter achieves the highest
gravimetric power density for DC-link voltages up to 2kV.
For higher DC-link voltages, no chip area exists that can
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FIGURE 9. Design results for the efficiency of a 2-level inverter with
variation of the DC-link voltage and power factor. The calculations are
made for a switching frequency of £y |5, = 30 kHz, a modulation index
M =1, and a constant output power Py o, = 500 kW.

dissipate the semiconductor losses of the two-level inverter.
The T-type inverter has a higher power density than the
three-level inverter for the full voltage span, while the ANPC
inverter with SC-PWM has the highest efficiency starting
from roughly Upc = 1.5kV. The ultimate selection of the
topology needs to be determined by a system optimization
considering all other components, especially the batteries.

Since the power factor cos ¢ is an important variable in the
motor design, the design results with varying power factors,
DC-link voltages, a constant modulation index M = 1 and an
output power of Pray out = S00kW are shown as an example
for two-level inverters in Fig. 9 and Fig. 10. A high power
factor results in both a high efficiency and high gravimetric
power density of the inverter. In addition, the designs with
a voltage derating of 66 % for the voltage classes 1.7kV,
2.3kV and 3.3kV are marked. Possible minimum power
densities are achievable in a range of DC-link voltages from
1.4kV to 1.8kV, as shown in Fig. 10. However, this range is
not covered by the expected voltage classes with acceptable
voltage utilization. In general, a high power factor of the
motor is necessary for a high power density of the inverter.
In contrast, a high power density of the motor will lead to
a lower power factor and therefore a lower power density of
the inverter. Which of the two variants is more beneficial for
minimizing the total propulsion system weight, needs to be
determined by the global system optimization.

C. CONVERTER DESIGN
For selecting and designing the DC/DC converter, first of all
the constraints need to be determined. Due to the minimum
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FIGURE 10. Design results for the power density of a 2-level inverter with
variation of the DC-link voltage and power factor. The calculations are
made for a switching frequency of £, jny = 30 kHz, a modulation index
M =1, and a constant output power Py, oyt = 500 kW.

voltage demand from the motor as shown in Table 8, it is
expected that the supply grid voltage will be equal to or higher
than the battery voltage. Therefore, a step-up converter can
be applied as the simplest solution. If the required gain of
DC/DC converter is above certain limits because of a high
selected supply grid voltage, the step-up converter can be
of disadvantage due to the uneven distribution of losses in
the semiconductors and the general lower efficiency as they
generally operate at hard switching [39]. For such operation
points, the application of isolated DC/DC converters like for
example the Dual Active Bridge (DAB) can be beneficial.
The required voltage gain is achieved by the turns ratio of the
high frequency transformer, the losses in the semiconductors
are evenly distributed, and soft switching is realized, which
reduces the losses and the electromagnetic interference. The
general complexity of the topology and the required control
is higher compared to the simple step-up converter. As an
additional advantage, galvanic isolation between the battery
module and the supply grid is achieved. This can be beneficial
or even required for a number of situations. In case of high
supply grid voltages, the grounding of the middle point can
be beneficial to reduce the isolation stress. An exemplary
3 kV-grid can thus be realized as £1.5 kV, which reduces the
isolation effort in the wiring by half. Also, the supply grid
can be realized as IT network without the need for additional
Residual Current Devices (RCDs) for passenger protection.
Due to the benefits described, the DAB is chosen as a
suitable topology for the DC/DC converters in an electric
aircraft. It consists of a low-voltage and a high-voltage
full bridge which are connected by a transformer. The rated
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voltages of the semiconductors are chosen for each side based
on the maximum battery module voltage, which is assumed
to be Uat,mod = 1000V, and on the DC-link voltage. The
DAB is operated with Conventional Phase Shift Modulation
(CPM), maximum duty cycles of dj = d» = 0.5 and a
phase shift of 7 at the design point for maximum power
transfer. The calculation of the required leakage inductance
of the transformer, its Root Mean Square (RMS) current and
the semiconductor conduction losses are based on [40], [41].
By designing the transformer winding ratio (transmission
ratio) according to

UBat,mod _ ﬂ _ ]& 1_2

Upc Uy Ny 5L

ideal Zero Voltage Switching (ZVS) of the semiconductors

can be assumed. Therefore, only the turn-off losses are taken

into account. The respective switching currents are calculated
by the expressions given in [42].

A simple core-type shape with one winding on each leg
is assumed for the transformer. Following the descriptions
in [43], the amorphous alloy 2605SA1 with a saturation flux
density of By, = 1.56 T [44] is chosen as the core material.
The geometric dimensions are determined starting with the
calculation of the area product

_ Uy 2-11 - N;
4 'fsw,DAB ‘Nl : Bmax Jmax : kcu
—_——

Ay

®)

r €))

Acore

which results from the multiplication of the core cross-
sectional area Acore and the winding window Ay. It is pro-
portional to the transferred power. Furthermore, a copper
filling factor of k,;, = 0.4, a maximum current density
of Jpax = 4 Amm—2, and a maximum flux density of
Bmax = 1.3T are assumed. For the sake of simplicity,
the winding window and the core cross section area should
be equal Ay, = Acore = /T. Then the total number
of turns is determined by the single equation for the core
cross-sectional area. The windings are distributed so that a
winding window as square as possible is created on each
side of the transformer. The winding losses are determined
by the RMS current, the specific resistance of copper, the
total mean winding length and the winding cross cross-
sectional area. The winding cross cross-sectional area, which
in turn is calculated using the RMS current and the maximum
current density. By using litz wires, the AC losses can be
neglected in the frequency range considered. The analysis
presented in [43] shows that the core loss calculation using
the Improved Generalized Steinmetz Equation (IGSE) leads
to the best results and it is therefore applied in this transformer
design with the Steinmetz parameters of 2605SAl: o =
1.51,8 = 1.74,k = 6.5.

The dependence of the DC-link voltage and the switching
frequency of the DAB on its efficiency and power density
is studied in advance to identify beneficial operating points.
Fig. 11 shows that an increase in the switching frequency at
high DC-link voltages leads to higher efficiency and higher
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FIGURE 11. Trade-off between power density and efficiency of the DAB
depending on the switching frequency f;,, pag and the DC-link voltage
Upc with a maximum battery module voltage of Ug,¢ mod = 1000 V and
an output power of Pppg oyt = 500 kW.

power density. At low DC-link voltages, the efficiency first
increases with an increase in switching frequency and then
decreases again, e.g., at fgwpaB = 10kHz for Upc =
2500V, while the power density consistently increases. At the
lowest voltage considered, the efficiency only decreases with
increasing switching frequency. The effect can be explained
by the decrease in the area product with increasing switching
frequency. Therefore, the core cross-sectional area, the num-
ber of turns and the winding window all decrease, leading to
a smaller total weight and core volume. On the one hand, the
core losses decrease with a decrease in core volume. On the
other hand, they grow with increasing switching frequency,
since all types of core loss rise with frequency. Additionally,
the semiconductor switching losses increase with switching
frequency. Because of that, for a switching frequency higher
than few. pAB = 20kHz, only low DC voltages can be realized
as otherwise the losses in the semiconductors are too high.
This can be seen in Fig. 11: While the peak efficiency over
all DC voltage levels is largely unchanged below fw paB =
20kHz, for higher frequencies the efficiency decreases, while
the increase in power density is getting smaller.

Since these trends in regard of the voltage level stand in
contrast to the behavior of the other components such as
the inverter (see Section V-B) and the wiring harness (see
Section VI), a complete system analysis is required.

D. SAFETY CONSIDERATIONS FOR POWER ELECTRONIC
SYSTEM

For high power and high voltage aircraft power conversion
systems, SiC MOSFETs are considered to be among the
most promising power semiconductors due to their high
efficiency and high breakdown voltage capability. However,
the failure rate of the power semiconductors could increase
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dramatically because of the applied high blocking voltage
and increased exposure to cosmic radiation experienced in
aircraft applications at high altitude. By adopting three-level
inverters instead of two-level inverters, the voltage stress on
each power semiconductor can be reduced to half for the same
DC-link voltage, which could potentially reduce the failure
rate induced by cosmic radiation, allowing a higher voltage
utilization. Due to the lower reliability requirement compared
to large aircraft and lower flight altitude in this case study,
66 % of voltage utilization by the power semiconductors is
chosen, this is comparable to the typical voltage utilization
of power semiconductors in high voltage inverter systems for
electric vehicle. Furthermore, hermetic sealing technology
and mission-profile-oriented thermal management should be
implemented, since moisture-related failure could be induced
by the changing environmental temperature during the flight
mission. Compared to power semiconductors based on sili-
con, SiC MOSFETSs using the latest technology show worse
power-cycling capability [45]. Maintenance strategies based
on the mission profile and thermal stress analysis are rec-
ommended. Other specific failure mechanisms of SiC MOS-
FETs, such as the breakdown of gate oxide and bipolar
degradation [46], are being investigated by researchers. they
are expected to be improved in commercial products in the
coming years.

The domain failure modes and mechanisms of DC-link
capacitors in power electronic systems vary among the capac-
itor types employed. Generally, the applied voltage and the
hot-spot temperature are the two common critical stress
factors for capacitors. Apart from these two stress factors,
moisture corrosion induced by the temperature changes along
the flight mission could also be one of the most critical
factors affecting the reliability of film capacitors. Mandatory
hermetic sealing and mission-profile-oriented thermal man-
agement could extend the lifetime of film capacitors. For
large aluminum electrolytic capacitors, the lifetime is also
limited by the increase of leakage current, resulting from
the eltrochemical reaction of oxide layer. Other main factors
causing the failure of ceramic capacitors include insulation
degradation and flex cracking [47].

The reliability of power electronic systems can be further
improved if fault-tolerant operation strategies can be utilized.
For example, three-level ANPC or dual inverters can still
provide full performance or reduced performance under sev-
eral fault scenarios when adequate fault-tolerant operation
strategies are implemented [48]. This kind of fault tolerance
is especially helpful if a critical failure occurs during the take-
off phase, when maximal power is required.

VI. WIRING HARNESS

The wiring harness is used to transfer the energy from the
batteries to the motor inverters. It therefore needs to be dimen-
sioned for peak propulsion power demand divided by the
efficiencies of the motor and inverter. As this leads to high
power an increased voltage is proposed to reduce the current
and consequently the overall weight of the wiring harness.
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To design the wiring harness, both the current-carrying con-
ductor and the insulation need to be considered.

Generally speaking, transmission of direct current at high
voltages can be the preferred solution for this application
when compared to alternating current, as additional AC losses
like the skin effect and the impedance of the cable capaci-
tance do not arise. Also, as the energy source provides direct
current, fewer inverters and rectifiers are needed compared
to AC transmission. However, the design of safety switches
and fuses is more complex for DC transmission, because an
electric arc is not extinguished by the zero crossing of the
voltage, as it is in AC systems. As an alternative to high
voltage distribution, superconducting power transfer should
be discussed. While this would simplify the challenges con-
cerning the insulation of high voltages, superconductivity
is not preferred for this application, as it requires consid-
erable auxiliary equipment and also special approaches to
interconnections. Especially the interface between a super-
conducting transmission line and any connected equipment
at ambient temperatures, like power electronic converters,
needs to be evaluated. While the operation of power elec-
tronics at cryogenic temperatures has already been investi-
gated [49], the complexities and costs cannot be justified
for this application. An example cross-section of a cable for
conducting high voltage direct current is shown in Fig. 12.
It consists of an inner stranded conductor for flexibility,
a conductor shield, an insulation, insulation shield and addi-
tional taping or armouring on the outside, to protect the
insulation. The requirements on the cable are defined by
the current-carrying capability and the insulation of the high
voltage. In terms of conductor material, a decision between
high electrical conductivity on the one hand and specific
weight on the other hand needs to be made. While aluminum
conductors offer a reduced weight compared to copper, their
conductivity is lower. Also, to date, aluminum conductors
are not approved for certain aircraft applications [50]. One
phenomenon observed in wiring harnesses for aviation is
so-called arc tracking. This means that an electric arc forms
between two conductors when organic insulation is degraded
or damaged [51]. The minimum required voltage for starting
arc tracking is reduced with lower pressure, as happens in
aircraft applications [52]. Therefore, this effect is less severe
for lower cruise altitudes as in this example, but should be
considered nevertheless during the design of the cabling. The
effect typically occurs with polymer-based insulation which
is contaminated by condensation or dust. As a consequence,
hydrophobic materials offer an advantage in preventing arc
tracking. It could be shown that by adding nano fillers, which
increase the hydrophobicity of the insulation, the danger of
arc tracking can be reduced [53]. The damage to the con-
ductor is dependent on the conductor material [54] and can
be more severe for aluminum conductors. As an alternative,
special composite conductors consisting of an aluminum core
with a copper cladding can be used, combining the advan-
tages of copper and aluminum [55]. Especially the thermal
short-circuit strength is comparable to that of copper.
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Historically, insulation of cabling in aircraft applications
was provided by polyimide tape (KAPTON®) [56], polyte-
trafluoroethylene (TEFLON®)), ethylene tetrafluoroethylene
(TEFZEL®) and laminates or combinations of the afore-
mentioned materials [57]. The current material of choice for
the highest requirements is cross-linked ethylene tetrafluo-
roethylene (XL-ETFE) because of its moisture resistance,
mechanical stability, flame retardance and light weight. Com-
pared to the standard ETFE material, a higher thermal sta-
bility is gained by cross-linking, giving a rated temperature
of 200°C [58]. Such materials are promising for future
applications in AEA. The use of cross-linked polyethylene
(XLPE), which is used in HVDC transmission cables, has
also been suggested, but as its rated temperature is usually
below 150 °C, its application in aircraft cabling is not feasible.

The calculation of various parameters of the cabling in
dependence on the chosen DC-link voltage is shown in
Fig. 13. As this depends heavily on the chosen materials and
safety factors, this can only serve as an illustrative example.
For a fixed power, the current and therefore the required
copper cross-section are reduced with higher voltage, while
the insulation thickness is increased. This can lead to a certain
optimum point at which the overall weight of the cabling
is minimized; in this case, the optimum occurs at around
3kV. The losses in the cabling are generally reduced with
higher voltages, but above a certain voltage, the decline is
less pronounced. Lastly, the temperature difference across the
insulation needs to be calculated. This is dependent on the
losses in the cable, the thickness of the insulation and its ther-
mal conductivity. If the temperature difference is too high,
the aging of the material can be accelerated. Also, effects like
arc tracking, as mentioned before, become more likely. For
the example supply grid structure shown in Fig. 2, a total
cabling length of roughly 22 m is necessary. Considering an
example voltage of 3kV, this would lead to an overall cabling
weight of 17kg and losses of 1.58 kW during peak power
requirements at climb for the positive and negative voltage
rails combined. As many other devices in the supply grid are
also heavily dependent on the selection of the voltage, a rea-
sonable choice can only be made by a global optimization
(see Section IX).

VII. BATTERIES

When choosing the energy storage for fully electric aircraft
for this application, batteries are the most feasible solution.
Fuel cell systems can be evaluated as an alternative, but
require special spherical or cylindrical tanks to store either
pressurized or cryogenic hydrogen, making their integration
into the aircraft more difficult, whereas batteries allow for
a greater freedom of design because the available space in
the wings can be well utilized by adapting the shape of the
battery modules. Currently, lithium-ion (Li-ion) batteries give
the highest energy density in general, but for demanding
applications like aviation, more parameters need to be con-
sidered. Based on the individual mission profile, a stronger
focus needs to be put on either the energy density or the
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FIGURE 12. Example cable cross-section.
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FIGURE 13. Calculation of various parameters of the wiring harness in

dependence on the voltage when considering both the positive and

negative voltage rails. For the calculation, a conductor made from a
copper-aluminum-laminate and a XL-ETFE insulation was considered.

power density. Also, for smaller aircraft sizes, it is not only
the typically quoted gravimetric density which is important,
but also the volumetric density. When designing the overall
electrical grid, the battery system voltage is an important
parameter.

Currently available energy storage systems based on Li-ion
batteries, both for residential storage and traction appli-
cations, can only reach energy densities in the region of
160Whkg~! and 160 WhL~! [59] and power densities up
to 800 Wkg~! and 800 WL~!. This includes the packag-
ing as well as the balancing system. For systems which
can be employed in aviation, much higher performance is
required, and this is difficult to achieve with common Li-ion
batteries using graphite for the negative electrodes, due to
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the low specific capacity of graphite. For future develop-
ments, a gravimetric energy density of 500 W hkg ™! is aimed
for [60], which can most likely be achieved with lithium-
metal batteries. Subtypes of lithium-metal batteries are the
lithium-sulfur (Li-S) and the lithium-air (Li-Air) chemistries.

Currently, lithium-metal chemistries are only capable of
very few charge and discharge cycles, making them unsuit-
able for practical applications [61]. Lithium-sulfur batter-
ies can offer an alternative to Li-ion batteries because of
their potentially lower cost. Energy densities comparable to
Li-ion batteries can be achieved if certain technical chal-
lenges can be overcome [62]. Also, as stated earlier, not only
the gravimetric, but also the volumetric energy density is of
great importance in this application. While the gravimetric
energy density of Li-S batteries is promising, to match the
volumetric energy density of Li-ion, the compositions of the
cathode and anode materials have to be chosen carefully.
In this way, a gravimetric energy density of 700 W hkg™!
and a volumetric energy density of 1000 WhL~! can be
achieved [63]. It should be noted that these numbers refer to
the performance on a cell level. For the full battery module,
this value must be substantially reduced. An example of a
realized design is shown in [64]. By producing pouch-type
cells, a gravimetric energy density of up to 400 Whkg™!
could be demonstrated, but the number of discharge cycles is
still low (< 100). In terms of the reliability of Li-S batteries,
the road towards their commercialization is mainly limited by
the self-discharge problem and short cycle life [65], with the
shuttle phenomenon potentially causing degradation of the
individual cells [66]. A health monitoring system is therefore
necessary to predict the battery lifetime and develop the
corresponding maintenance strategies. Furthermore, efforts
need to be made to prevent the lithium-sulfur battery from
exploding, since its organic electrolytes have a low flash
point and the carbon-sulfur composite materials are prone to
explode. Several intrinsic approaches used to reduce the fire
risk associated with lithium-sulfur batteries on the cell level
are summarized in [67]. On the battery module level, mission-
profile-oriented battery thermal management is required to
prevent the battery from overheating. The implementation of
fire control strategies is also mandatory to meet the certi-
fication requirements, which include fire detection devices,
extinguishing agents and isolated fire zones for distributed
energy storage systems to prevent a fire from spreading [68].

Li-air batteries are a concept still under research. The most
promising functional prototype shows a gravimetric energy
density of S00 Whkg~! and can be charged and discharged
100 times [69].

Special environmental conditions experienced by batteries
in aviation are the large ambient temperature swing, the low
air pressure, and cosmic radiation. For typical flight missions,
ambient temperatures ranging from —70°C at high altitude
up to 50°C at airports in hot regions must be expected.
Generally speaking, lower temperatures reduce the usable
capacity of the battery, while higher temperatures can lead
to a shorter lifetime overall [70]. This results in the need to
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control the battery temperature. Most critical is take-off from
airports in hot locations, because of the additional heating
of the battery cells due to the high power demand. This
can even lead to thermal runaway, where the excessive heat
energy cannot be removed fast enough, leading to a constant
build up of heat. This can result in outgassing of the bat-
tery cells, producing gas which can pose a health hazard,
and ignition of the battery pack [71]. As a result, thermal
management of the battery pack is mandatory, increasing
the lifetime and reducing the risk of thermal runaway [72].
Especially the active cooling during take-off and climb can
result in a high additional energy demand. During flight at
high altitude, waste heat from the propulsion system could
be used to heat the batteries if necessary. While a reduced
air pressure generally will have no effect on the normal
operation of the battery, it can influence the behaviour during
thermal runaway. It was found that a reduced air pressure
can reduce the heat release of Li-ion batteries during thermal
runaway, making this failure more containable, but, in the
same time, the risk due to toxic or flammable gases was
increased [73]. While an influence of radiation on the battery
concept could be demonstrated [74], this was only evident
for space applications, where much higher radiation doses
occur. For aviation applications, no effect of radiation on the
batteries is expected.

From the mission profile shown in Fig. 1, a minimum
output energy demand of 380kWh and a peak power of
1200 kW are determined, resulting in a peak discharge rate of
C = 3.15. Based on the redundancy concept detailed further
in Section VIII, an overrating in terms of battery power and
energy is already included in these numbers. For illustration,
a mass of 1300kg is reserved for the energy storage in
the initial guess. This number is further supported by the
system optimization in section IX. Based on this number,
a gravimetric energy density higher than 250 Whkg~! and
a gravimetric power density higher than 1000 W kg~! would
be required. This shows that these values, and therefore the
feasible battery technology, are strongly dependent on the
application. In this particular example, the power density is
of more importance than the energy density, making even the
application of Li-ion batteries feasible; these show a higher
maturity and are therefore more likely to be approved by the
safety agencies compared to Li-metal chemistries. A more
detailed optimization of the battery parameters is presented
in Section IX.

While Li-ion battery packs with battery module voltages of
around 400 V have been commonly used in electric vehicles
of recent years, there are developments that aim to increase
the battery module voltage to 800 V or even 1000 V. Although
this development in the automotive sector is mainly driven by
the attempt to increase charging power for electric vehicles,
it can also help to reduce the overall system weight [75].
A high battery voltage can be beneficial to allow for fast
charging to minimize downtime. Also, if the gain between
battery voltage and supply grid voltage is small, simple
DC/DC converter topologies like step-up converter can be
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used, reducing the complexity. For utilizing the individual
battery cells as much as possible, an intelligent battery man-
agement system is necessary, which is more challenging
to realize for higher battery voltages. This also ultimately
limits the maximum feasible battery voltage level. If a low
battery voltage of for example 400V is combined with a
isolated DC/DC converter like a DAB, the semiconductors
on the primary side can be selected from a lower voltage
class, which can result in a higher efficiency. Considering the
recent developments in this field, a maximum battery module
voltage of 1000 V is assumed to be feasible for the time frame
considered.

VIIl. SAFETY CONSIDERATIONS ON THE SYSTEM LEVEL
System reliability can be improved by using more reliable
components and an optimized system architecture. Several
reliability improvement methods on the component level
were introduced in the last several sections. In this section,
important safety considerations on the system level will be
discussed.

A. DESIGN CONSIDERATIONS FOR SYSTEM
ARCHITECTURE

A simplified system architecture is one of the guiding princi-
ples when aming to improve the system reliability and main-
tainability. In this case, the low voltage supply system will
be directly supplied from a separate distributed low-voltage
battery rather than from the high-voltage DC bus through a
step-down converter.

The reliability of the system can be further improved by
striving for fault-tolerant design. By adopting a four-motor
fault-tolerant architecture with distributed battery modules,
not only can the overall reliability be greatly improved com-
pared to a twin-motor architecture, but the system can also be
less oversized [5].

The fault-tolerant architecture is based on necessary pro-
tective devices. With the help of DC circuit breakers, faulty
components can be isolated and the system reconfigured.
The circuit breakers in this application are mainly positioned
between the battery and DC bus as well as between DC bus
and propulsion inverter (see Fig. 1). For example, in order to
make full use of the energy source to extend the flight range
when a fault occurs in the drive system, the faulty component
needs to be isolated using a circuit breaker. A second DC cir-
cuit breaker can then connect the two high-voltage DC buses
in a fully interconnected structure (see 3), although these are
isolated in normal operation. Especially safety switches for
high power aircraft applications are not available yet and need
to be evaluated by future research.

Solid State Circuit Breaker (SSCB) are beneficial in
terms of weight, but offer no galvanic isolation. Mechani-
cal switches, however, have a low power density. The most
promising are so-called hybrid circuit breakers, which are
a combination of solid-state switches for arc-free switch-
ing and mechanical switches for providing galvanic isola-
tion [76]. Compared to passive/active resonance DC circuit
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breakers, hybrid circuit breaker offer faster response times
and a reduced risk of arcing [77]. A hybrid circuit breaker
with galvanic separation and fail-safe functionality is espe-
cially suitable for use between two high voltage DC buses
to avoid Single Point of Failure (SPOF). The isolation of the
faulty component can also be combined with the break-less
approaches, such as deactivation of the inverter systems in
case of motor failure.

First-generation products already exist for industrial appli-
cations [78]. Typical requirements can be fulfilled, like a
minimum of 10,000 switching events for extended mainte-
nance intervals and at least three breaking operations under
fault condition, according to [79]. Currently, these devices are
only specified for altitudes up to 2000 m, so for application
in aircraft, the reduced air pressure needs to be considered.
If galvanic isolation is provided by an air gap in a mechanical
switch, the distance needs to be increased accordingly. At an
altitude of 5 km, the breakdown field strength of air is reduced
to 18 kVem™! compared to 25 kV cm~! at 2 km [80], accord-
ing to the Paschen Law. Based on this, a voltage derating of
at least 0.7 should be planned. Also, for all safety switches
incorporating power semiconductors, like SSCB and hybrid
circuit breaker, cosmic radiation needs to be considered.
As stated already, voltage derating is necessary, and this
should be at least 0.85 for 5 km altitude. Based on the switch
topology and application, the dominant derating mechanism
can be chosen.

The hybrid circuit breaker from [78] can achieve a gravi-
metric power density of 400kWkg~!, if the derating is
considered. Currently available circuit breakers with aircraft
approval only reach power densities of 20kW kg™! [81],
showing that the application of SSCBs or hybrid switches is
absolutely necessary to meet the weight requirements. The
practical application of these circuit breakers depends on
approval for aircraft use by the regulating agencies. If no
fuel is used in the aircraft, clearance for use in explosive
environments is not necessary, simplifying the housing of
the breaker. Based on the currently available products, the
availability of hybrid circuit breakers with aircraft approval
and the power density mentioned above is feasible in the
estimated time frame.

For overcurrent handling, additional fuses should also be
planned. Currently available high-power DC fuses can reach
power densities of 300 kW kg~! when considering a voltage
derating because of the reduced air pressure. [82]. Practical
application is again dependent on approval by the safety
agencies. The currently realized power density is high enough
to neglect the weight of the fuses compared to, for example,
the battery module.

In order to protect crew and passengers from leakage
current, RCDs are mandatory in aircraft designs. A “‘type
B” RCD, which is able to detect a leakage current with
DC components, is recommended for DC grids in [77]. For
future applications, advanced RCD solutions with a real-time
leakage current monitoring function are expected for electric
aircraft system architectures [83].
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TABLE 9. Target allowable failure probability per flight hour at different
risk levels based on the aircraft type [85].

Extremely Extremely

Certification level | Probable | Remote Remote Improbable
0-6 pax, SRE <1073 [ <107* | <10°° <1076
0-6 pax, STE,ME | <103 | <107 | <1076 <10~7
7-9 pax <1073 | <1075 | <1077 <10~8
10-19 pax <1073 | <107® | <1077 <1077

SRE: Single Reciprocating Engine, STE: Single Turbine Engine
ME: Multi-Engine

B. CONSIDERATION OF MAIN CERTIFICATION
REQUIREMENT

The safety considerations for small aircraft (up to 19 pax) fol-
low the certification specifications 23 (CS-23) and the related
guideline Advisory Circular (AC), which are regulated by the
FAA. Different countries may have their own safety-related
regulations or guidlines, however, these are generally all
oriented towards the requirements of the International Civil
Aviation Organisation (ICAO). Since small aircraft (up to
19 pax) are less complex than large passager aircraft, lower
failure probability values for catastrophic failure conditions
are required [84]. The target allowable average probabilities
per flight hour at different risk levels and for different air-
craft types are listed in Table 9. For example, the average
catastrophic failure probability of the aircraft in this case (7 -
9 pax) should be lower than 1078 /h. Quantitative system reli-
ability is usually analysed using a Reliability Block Diagram
(RBD), in which the reliability models of the subsystems are
connected in series or parallel. If a constant failure rate A is
assumed for a component, its reliability function R(¢) can be
represented by an exponential distribution: R(t) = e~*'. The
overall system reliability and the average failure probability
per flight hour can then be calculated based on basic proba-
bilistic and statistical theory [86]. Since the overall system
in this case is designed for 2040, the failure rates of the
components based on current knowledge naturally involve
great uncertainty, especially concerning the not-yet-mature
new battery system. In order to quantitatively compare the
system reliabilities for different system architectures, several
assumptions are made:

1) Only the propulsion system is considered in the system
reliability analysis.

2) The failure rates of the components in the propulsion
system are assumed to remain constant throughout the
useful life according to the bathtub curve theory; the
reliability of the drive system will be reset after each
flight, since systems with constant failure rate have no
‘memory’.

3) The failure rates of the components are based on the
study in [87] (see Table 10). As stated before, the reli-
ability prediction for the battery has not been studied
thoroughly and is with great uncertainty, the reliability
data for the battery system the Pipistrel Alpha Electro
is used as reference [87] for the comparative study. The
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TABLE 10. Failure rates of the components in the propulsion systems [87].

Component Failure rate A
Battery stack 4.95-10-%/h
DC/DC converter 3-10-%/h
Inverter 3.81-107%/h
PMSM 5.93-10-%/h
Propeller 1-1077/h

TABLE 11. Selected critical failures of the main electric components in
the electrified aircraft propulsion systems.

Components | Selected critical failures
Bearing degradation (electrical and mechanical)
PMSM Breakdown of winding insulation

Permanent magnet degradation

Single event burnout

Thermal mechanical stress induced degradation
SiC Humidity induced degradation

MOSFET Gate oxide breakdown
Bipolar degradation
General: thermal and electrical over stress
DC link Film capacitor: humidity induced degradation
Capacitor Aluminium capacitor: electrochemical reaction
Ceramic capacitor: insulation degradation and cracking
Arching
Wiring Partial discharge
Surface charges
Electrical overstress (overcharge, external short circuit)
Li-Ion Mechanical damage (crush or penetration)
battery Thermal overstress

Capacity degradation

failure rate of the DC/DC converter is considered to be
comparable with that of the inverter.

4) The system shall be considered failed when only 3/4
of the total power is available (without considering the
effect of torque balance due to asymmetric thrust).

5) The failure rates of other components with much
higher orders of reliability, such as cables or protection
devices, can be neglected in the analysis.

Several critical failures of the main electric compo-
nents in the electric propulsion systems are summarized
in Table 11.

A simplified RBD of the fully interconnected architecture
is shown as an example in Fig. 14. The result in Fig. 15 shows
the failure probabilities of different system architectures for
this case study. As can be seen from the figure, the fully inter-
connected system architecture has the lowest failure probabil-
ity. The system reliabilities of the dual-connected architecture
and cross-connected architecture are equal under the given
definition of system failure (Assumption 5). However, the
flight performance of the aircraft with the cross-connected
system architecture is better than that of the dual-connected
system architecture under the single-device failure scenario,
due to the less asymmetric thrust. Among all the system
architectures, the single-grid structure has the worst system
reliability due to less hot redundant components.

For all architectures, the failure probability after one full
flight mission of approximately 50 min is less than 2 - 1072,
which is below the requirement of 1-1073 as given in Table 9.
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3 out of 4 Systems

Battery 1 + DC/DC1 |
Battery 4 + DC/DC4

FIGURE 14. Simplified reliability block diagram of the electric aircraft
drive system.

3 out of 4 Systems

Inverterl + Electric Motor 1 + Propeller 1 I

Inverterd + Electric Motor 4 + Propeller 4 I
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10
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FIGURE 15. Failure probabilities of different aircraft system architectures.

Therefore, the reliability of the designed system is sufficient.
It has to be noted, that the application of the same system
for longer flight missions can be critical, as shown in Fig. 15.
This shows additional demand for research in reliability of the
subsystems, fail-safe components and redundancy concepts.

C. OTHER SPECIFIC SAFETY CONSIDERATIONS

Lightning strike is a common danger for airplanes. The
increasing electrification of aircraft can increase the risk of
serious failures resulting from a lightning strike and therefore
needs to be considered during the design of the supply grid.
In conventional aircraft of older design, the fuselage and
wings were built from metal, creating an inherent conductive
enclosure and protecting the internal electrical equipment.
In this way, the aircraft body itself conducts the current during
a lightning strike, and the sensitive electrical components are
mostly spared from damage. In future designs with composite
material bodies made from, for example, carbon fibre, which
has a low conductivity, additional protection measures are
important. These include metal meshes or foils and wiring
nets integrated into the body material, which are connected to
a defined ground plane like the engine housing. This creates
a highly conductive path for the lightning current, especially
close to locations with a high probability of lightning strike,
like the radome, wing tips and propulsion units. As an addi-
tional measure, all sensitive components and wiring sections
need to be equipped with overvoltage protection. This can
take the form of varistors or spark gaps [88].
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FIGURE 16. Methodology for system optimization.

IX. SYSTEM OPTIMIZATION

To find the best system design with the lowest overall
weight while fulfilling all safety requirements, the individual
components are evaluated together according to the design
flow diagram in Fig. 16. The mission profile introduced in
Section II provides the input for the propeller design, which

114531



IEEE Access

J. Ebersberger et al.: Power Distribution and Propulsion System for an All-Electric Short-Range Commuter Aircraft

4500+ Battery B1 ) Battery B2 ) Battery B3
—T ®e 0 g ! Ry B g g
| I— Y v}
4000 + M3 F F
—>—— Minimum weight (UDC)
3500 r r
on
-
(=1
1
§3000- - TR — i - w . o
= = == o
= g [5 i i e b : R 1
= 2500 r r
2000f = . i r - -
1500 : : : ' : : : ' : : : '
1 2 3 1 2 3 1 2 3

DC-link voltage Up~ inkV

DC-link voltage U~ inkV

DC-link voltage U~ inkV

FIGURE 17. Comparison of the final design configurations: each plot shows the overall weight for the full propulsion system for one
battery type. B1: high-power Li-ion battery; B2: High-energy Li-S battery; B3: State-of-the-art automotive traction battery. The different
motor designs are denoted by color. The boxes contain various combinations of inverter topologies, inverter and converter switching
frequencies. The outliers are excluded from the plot (outlier = values more than 1.5 - IQR (interquartile range) away from the box). The

weight of the propellers is excluded.

results in the torque and speed requirements for the electric
motor. Three motor variants are presented in Section IV-B.
The design focuses on a variant with high power density,
a variant with high efficiency and a variant consisting of
a compromise between the two. The information about the
required current, voltage and power factor is used for the
inverter design, including four switching frequencies and four
different topologies as described in Section V-B. The required
current of the inverters is fed into the calculation of the wiring
harness, according to Section VI, and based on the “fully
interconnected” grid structure detailed in Section III. The
DC/DC converter is designed using the required power of the
HVDC grid and considering five switching frequencies - see
Section V-C. For the batteries, three different combinations
of power and energy density and a mean battery discharge
efficiency of 98 % are assumed. A maximum battery module
voltage of 1kV is assumed, for higher voltages a DC/DC
converter needs to be applied. In summary, the following
parameters are varied in the study:
1) Motor design:
a) M1 (high efficiency),
b) M2 (high power density),
¢) M3 (trade-off)
2) Supply grid voltages:
Upc € [750V, 850V, 1100V, 1500V, 2100V,
2200V, 3000V, 4000 V]
3) Inverter topologies:
a) Two-level,
b) Three-level T-type,
¢) Three-level NPC,
d) Three-level ANPC with SC-PWM and ND-PWM
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TABLE 12. Ten best results with battery B1 and motor M1.

# i)rll)voelr;Z; ]351[18.12612( fsw,Inv ‘ fsw,DAB ‘ WEightl
1 | Two-level 2100V 10kHz 20kHz | 1755kg
2 | ANPC SC-PWM 2100V 30kHz 20kHz | 1756 kg
3 | T-type 2100V 10kHz 20kHz | 1757kg
4 | T-type 2100V 30kHz 20kHz | 1757kg
5 | ANPC ND-PWM 2100V | 30kHz 20kHz | 1758 kg
6 | ANPC SC-PWM 2100V 50kHz 20kHz | 1758 kg
7 | ANPC ND-PWM 2100V | 50kHz 20kHz | 1758 kg
8 | ANPC SC-PWM 2100V 10kHz 20kHz | 1758 kg
9 | NPC 2100V | 30kHz 20kHz | 1759kg
10 | ANPC ND-PWM 2100V 10kHz 20kHz | 1760 kg

4) Inverter switching frequencies:
Sfsw.nv € [10kHz, 30kHz, 50 kHz, 70 kHz]

5) Converter switching frequencies:

Jsw.paB € [1kHz, 5kHz, 10kHz, 15 kHz, 20 kHz]

6) Batteries:

a) BI:high-power Li-ion design, optimistic assump-
tion:
eg1 = 300Whkg™!, pg 1 = 1200 Wkg ™!

b) B2: high-energy Li-S design ( [63]):
es2 = 700 Whkg ™!, pg o = 700 Wkg~!;

c) B3: State-of-the-art automotive battery, 2020
Tesla Model 3 long-range performance:
g3 =171 Whkg™!, po 3 = 708 Wkg ™!

For the required power of the entire drive train, the design
point with the maximum power demand is evaluated. The
recooling dissipates the losses of the drive train and is
accounted for with a constant power-losses-to-weight ratio
of 10.4kWkg~! is assumed [89]. For the required energy

IThe weight of the propellers is excluded.
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FIGURE 18. Optimization results for the inverter for different switching
frequencies, topologies, and DC-link voltage levels. Motor M1 and battery
B1. Fixed converter switching frequency of 5y, pag = 20 kHz. Trade-off
between power density and efficiency at nominal power. Best designs are
highlighted.

of the battery modules, the mission profile shown in Fig. 21
is considered. Consequently, the complete flight mission is
calculated for all relevant components.

The results of the weight calculation are shown in Fig. 17.
Clearly, battery B1 with the highest power density and motor
M1 with the highest efficiency lead to the lowest total weight.
Due to the relatively short mission duration and the relatively
high total installed power in this case study, the power den-
sity requirement for the battery is more important than the
required energy density. In addition, the curve showing the
dependence of the minimum weight on the DC-link voltage
is marked indicating the lowest weight at Upc = 2100 V.
Within the ten best results, the total weight hardly changes
(=~ 5Skg) while the switching frequency of the converter is
fswpaB = 20kHz and only the inverter topology and its
switching frequency are varied; see Table 12. Particularly
beneficial are inverter switching frequencies from 10kHz
to 50kHz and the ANPC and T-type inverters. However,
the lowest weight of 1755 kg is achieved with the two-level
inverter. Since the total weight is relatively insensitive to
the inverter design, different criteria such as potentials for
post-fault performance can form the focus of the optimiza-
tion. Therefore, the ANPC with SC-PWM and fow v =
30kHz is selected for the final design.

A comparison of the efficiency and power density of the
inverter and converter for battery B1 and motor M1 is shown
in Fig. 18 and 19, in which the designs # 1 and # 2 are
highlighted. From the results, it can be concluded that for
the inverter design, efficiency is the more important crite-
rion, while for the converter, its power density is of greater
importance. However, it should not be inferred that the other
objective can be neglected. This conclusion depends strongly
on the gradient of the Pareto front, e.g., a higher converter
efficiency costs much more in power density.
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FIGURE 19. Optimization results for the DAB converter for different
switching frequencies and DC-link voltage levels. Motor M1 and battery
B1. Fixed inverter switching frequency of fy,, |,y = 30 kHz. Trade-off
between power density and efficiency at nominal power. Best designs are
highlighted.

Inverters 0.9 %
Thermal system 0.8 % Wiring 1.0 %

Safety switches 0.4 % Converters 3.2 %
Propellers 10.2 %

Motors 13.8 %

Batteries 69.7 %

FIGURE 20. Weight distribution of the final design # 2 with a total of
1956 kg: battery B1, motor M1, DC-link voltage Upc = 2100 V, ANPC
inverter with SC-PWM and a switching frequency of £, |py = 30 kHz,
converter switching frequency g, pag = 20 kHz.

The weight distribution of the final design is shown in
Fig. 20 and illustrates the importance of battery technology
research, as the batteries account for ~ 70 % of the total
weight. The motors are the second largest contributor at ~
14 %. The weights of the other components have a minor
impact on the overall weight. Thus, their efficiency is par-
ticularly important for reducing the total weight by reducing
the weight of the batteries.

The mission profile of the final design is shown in Fig. 21.
It illustrates the propeller speed n, motor output power
DPMotor,out, MOtOr apparent input power SMotor,in, Motor line
voltage u;, motor phase current ijp3, motor power factor
cos ¢, and the efficiencies of the motor, converter, inverter,
wiring and whole system. Both the inverter and converter
perform at high efficiencies of &~ 98 % — 99 %. The wiring is
almost lossless. The motor M1 achieves a very high power
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FIGURE 21. Resulting mission profile including the reserve mission for one drive unit of the final design: battery B1, motor M1,
DC-link voltage Upc = 2100 V, ANPC inverter with SC-PWM and a switching frequency of f;,, |,y = 30 kHz, converter switching
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propellers can be changed quickly enough to enable high dynamic adjustments.

114534 VOLUME 10, 2022



J. Ebersberger et al.: Power Distribution and Propulsion System for an All-Electric Short-Range Commuter Aircraft

IEEE Access

factor close to 1 and high efficiencies of more than 95 %
throughout the whole mission. This shows, considering the
whole system, the benefits of a lower current density and
therefore a lower utilization of the electromagnetic circuit.
Finally, the partial load efficiency of the system during cruise
is & 94 %, the lowest efficiency during approach from low
altitudes is ~ 92 %.

For interpretation of the optimization results, the weight of
the fully electric drive train is compared to the conventional
propulsion system of the reference aircraft, consisting of fuel,
two turboprop engines, and the propellers. The maximum
fuel payload of the Beechcraft King Air 200 is given as
roughly 1600kg [14]. The weight of the empty fuel tanks is
estimated as 100 kg. The two turboprop engines (P&A PT6A-
42) have a mass of 190 kg per engine, the propeller mass is
55 kg each [20]. In total, the conventional propulsion system
has a mass of roughly 2200 kg. The fully electric drive train
has a weight of 1956 kg including propellers, which is lower
than the conventional system, while the range is massively
reduced to allow for the electrification of the propulsion
system in the first place. Also, the weight of the conventional
propulsion system is reduced during the flight mission, as the
fuel is consumed. Based on this, a recalculation of the thrust
requirements as shown in Equation 1 is not necessary, as the
mass is practically unchanged. Also, the estimated lift-to-
drag ratio can remain unchanged for the simplified calcula-
tions presented in this publication.

X. SUMMARY

In this paper, the electric power distribution and propulsion
system for a short-distance commuter aircraft was investi-
gated. The mission profile for the case study was determined
in Section II. It consists of three segments (climb, cruise
and descent) and takes a reserve mission into account. The
power demand based on the FAA airworthiness standard
for normal category aircraft and the energy demand of the
aircraft were calculated in Section III. In the same section,
different variants for the supply grid structure were discussed.
Due to its superior potential for post-fault performance, the
“fully interconnected” architecture was chosen for the air-
craft. In Section IV, the design of the propeller and the motor
was described. The information about propellers was gained
from a fitting of real propeller data provided by EASA. These
data were used to specify the installation space for the electric
motors and to obtain realistic behavior concerning torque
and rotational speed. With this information, three different
categories of electric motor were designed, each with differ-
ent combinations of current density, conductor material and
magnet mass, which in turn were subjected to more detailed
parameter variation. The parameter variation aimed to reveal
the best possible combination of power density and effi-
ciency within the three categories. The motor categories were
applied to the power electronics and overall system design.
The power electronic systems were discussed in Section V,
including the selection of the power semiconductors and the
design of the inverter and the converter realized as a DAB.
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The optimization included four inverter topologies (two-
level, three-level T-type, NPC and ANPC inverters) and var-
ious inverter and converter switching frequencies. After this,
different technologies for the wiring harness and batteries
were discussed in Sections VI and VII. Finally, the safety con-
siderations on system level were discussed in Section VIII.
Protection components such as circuit breakers, RCD, and
fuses to ensure the systems fault-tolerance are introduced.
A quantitative system reliability analysis of different propul-
sion architectures is conducted to meet certification require-
ment, however the reliability data for the next 20 years is still
with great uncertainty.

In Section IX, the optimization of the overall system is
presented. For the selected design, the total mass is 1956 kg
including the propellers. This is in the same range as the
combined weight of fuel and engines for the reference air-
craft, showing the overall feasibility of the design. Because
the weight of the battery is dominating by far, all conse-
quent components need to be designed towards maximum
efficiency. By that, the total weight of the supply grid and
propulsion system can be minimized.

XI. DISCUSSION

In this publication, an exemplary design of a short-range
commuter aircraft was performed to gain insight into the com-
ponents and parameters dominating the overall weight of the
system. In the following, the outcomes and areas which need
further research are discussed. For all components, usually
a trade-off between high power density and high efficiency
exists. Especially for the motors, a high power density seems
not to be promising, as the lower efficiency and power factor
are resulting in increased weight from the inverter, cabling,
DC/DC-converter, and battery. This compromise can only
be resolved by applying superconducting motors. By that,
a high power density of the motor can be realized while
also achieving a high efficiency. For example, an electro-
magnetic design presented in [90] can reach a gravimetric
power density of 36.6 kW kg~! and an efficiency of 99.88%
according to analytical calculations. If these numbers can
be realized with feasible effort, needs to be determined by
working prototypes. Also, the effort for integrating super-
conductive subsystems including the auxiliary equipment,
and the high technical challenges like thermal isolation are
presumably too high to be feasible for smaller aircraft. While
superconducting machines are worth in-depth investigation,
they are mainly feasible for large passenger aircraft with
very high power demands in excess of 10 MW. For smaller
aircraft, a motor design like shown in this publication with
focus on lower current density and therefore high efficiency
is to be preferred.

The inverter topology only has minor influence on the
total weight of the system. This gives room for the topology
selection based on reliability and safety concerns. Multi-
level inverter are generally beneficial because of the reduced
voltage stress per semiconductor device. This increases the
reliability of the power semiconductors under the influence
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of cosmic radiation. While this was neglected in this pub-
lication because of the lower flight altitude, the failure rate
due to cosmic radiation is exponentially increased for higher
altitudes. For typical long-range travel altitudes of 12 km, this
can require a voltage derating of the power semiconductors of
more than 50%. This again strongly suggests the application
of multi-level inverter. By that, also the voltage slew rates
at the output are limited, which in turn reduces insulation
stress at the motor. Additionally, special fault-tolerant oper-
ation schemes can be applied. Important research topics are
therefore reliability and fault tolerance of inverter [48]. The
tight integration of inverter and motor as assumed here is an
important measure for minimizing or fully neglecting output
filter requirements.

The variation of the supply grid voltage influences the
weight of the wiring harness. As this weight is small com-
pared to the batteries, reliability concerns can be pursued.
Generally speaking, a higher voltage increases the voltage
stress in the wiring insulation and requires the application
of power semiconductors with a higher blocking voltage.
Under the environmental constraints in aircraft like reduced
air pressure, high effort is necessary to ensure isolation of
high voltages. Even considering the full system, the influence
of the voltage variation during the system optimization is
minor. The voltage should therefore be selected based on
reliability and safety concerns, and the minimum required
motor voltage. For realistic combinations of parallel and
series motor windings, a minimum DC voltage of 1kV is
expected for supply grids of future all-electric aircraft. This
is also connected to the voltage of the battery modules. This
voltage should also be high enough to enable fast charging to
prevent long down-times of the aircraft.

For the supply grid topology, the “fully interconnected”
topology like shown in this publication shows high post-fault
performance. This can be utilized by further optimizing every
component to reduce the oversizing and therefore decreasing
the weight of the system, but this requires more detailed
knowledge of the respective failure rates of the components.
The “‘single” topology can also be beneficial. If a low sup-
ply grid voltage (for example 1kV as stated before) and
the same battery module voltage are chosen in the design
process, the DC/DC converters can be omitted, reducing the
weight and also increasing the reliability due to an overall
less complex system. More research is necessary regarding
the co-optimization of supply grid structures, reliability, and
weight reduction.

The highest impact on the total weight comes from the bat-
tery. While all other subsystems already show feasible power
densities even with current technology, extensive research is
still needed for batteries to guarantee high enough energy
and power densities. It is noted that especially for short
commuter flights, which are more promising for commer-
cialisation in the near future, an emphasize needs to be put
on power density opposed to the energy density. Here, Li-
ion batteries can be a feasible technology, while also giving
a higher technology maturity compared to Li-Metal types.
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If even higher power densities compared to currently avail-
able Li-ion batteries can be realized, the overall weight can
be drastically reduced. Also, the integration of the batteries in
the wing structure under consideration of safety requirements
needs to be further discussed and evaluated. To also enable
longer flight missions, a strong increase in energy density
of batteries would be necessary. For example, to realize a
mission with a ground distance of 1000 km, the total output
energy requirement would be 960kW h in accordance with
the mission profile used in this publication. If the same
weight of the battery has to be guaranteed as determined
above to not further decrease the usable carrying capacity
of the aircraft, batteries with an energy density of more than
700kW hkg~! would be necessary considering the same effi-
ciencies as determined above. This is even in excess of current
estimations for future Li-Metal batteries. Enabling all-electric
long-distance air travel can possibly enabled by combining
batteries for peak power demand with fuel cells for high
energy storage. For this, especially the storage of hydrogen
needs to be further evaluated. Regarding battery modules,
feasible battery voltage levels needs to be determined in
conjunction with DC/DC converter topologies and voltage
requirements from the motor. Other remaining challenges are
fast-charging technology to guarantee short turnaround times
at airports and the sustainable availability of raw materials for
the batteries and the electric motor.
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