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Different Electrified Aviation Applications
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Abstract: This paper presents a base topology of an axial
flux permanent magnet (AFPM) motor selected for a fully
electric powertrain for a single-aisle aircraft based on the
specifications provided in the Aviation-Class Synergistically
Cooled Electric-motors with iNtegrated Drives (ASCEND)
project from the Advanced Research Projects Agency-Energy
(ARPA-E). The ASCEND motor is assessed for scalability to
fit other aircraft profiles. The scaled design’s performance is
compared with the ASCEND design to understand the effect of
scaling and avenues of improvement. The SCEPTOR project
requires 54% as much speed and 83% as much torque as
ASCEND; at these specifications, the SCEPTOR motor is
1.6% less efficient than the ASCEND motor. This is because
the DC copper losses are a larger fraction of the output power.
While the core and magnet losses are lower than the ASCEND
design at a greatly reduced speed, these were already smaller
than the copper losses. The SUSAN design requires a 36%
increase in speed and a 317% increase in torque. The SUSAN
motor is 0.7% less efficient than the ASCEND motor due to the
dominant AC losses. At this larger scale, the active torque and
power density were increased significantly, whereas by scaling
down the active torque and power density were reduced. Index
Terms—Axial flux permanent magnet machine, YASA, electric
power train, scaling

I. INTRODUCTION

The drive towards electrification of aircraft to achieve zero
emissions is radically changing the aviation industry. The
aviation industry is moving from more electric aircraft (MEA)
to all-electric aircraft [1], [2]. Since all-electric aircraft are
still in their inception stages, much research is conducted on
making aircraft with different flight profiles, from inter-city
travel to trans-continental travel. The range of these flights
depends significantly on battery energy storage. However,
electric motors are also a key component in electric aircraft
design [3], [4]. The weight and volume of electric motors are
vital parameters for aerospace applications; optimizing these
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parameters is paramount. Motor efficiency also affects how
much battery energy storage is required. The combined high
power and reduced volume requirements make power density
one of the most critical parameters for motors designed for
aerospace applications. Motor technology requires significant
improvements in power density over the current state of the
art [5].

Axial flux permanent magnet (AFPM) motors can achieve
high power densities [6], [7]. In particular, the yokeless and
segmented armature (YASA) topology allows the removal of
the stator yoke and the use of high current densities [8]. The
short end turns help lower the winding lengths, thereby saving
mass and increasing efficiency. In this topology, the core loss
can be further reduced by replacing the yoke with an additional
rotor [9]. Cobalt steel’s higher saturation flux density can
reduce the required stator current compared to silicon steel,
which increases power density and efficiency [10], [11].

ARPA-E focuses on building a fully electric powertrain for a
single-aisle aircraft with a motor that provides a peak power of
250 kW at 5000 RPM during take-off through their ASCEND
project [12]. Previously, a YASA design has been specified for
this power [13]. This paper will present similar YASA designs
for other electric aircraft applications to evaluate the scalability
of the topology. This topology will be scaled to aircraft with
lower and higher power requirements.

This paper aims to study the scalability of the proposed
YASA design, which will be given in section 2. Section 3
scales the design to an aircraft SCEPTOR from NASA with
a motor requirement with lower power. Similarly, section 4
scales the design to another NASA aircraft design, SUSAN,
with a higher motor power requirement. Section 5 discusses
the results from sections 3 and 4 and compares the efficiency
and power density of the motors with the base ASCEND
design given in Section 2.



TABLE I
ASCEND PROGRAM POWERTRAIN TARGETS

Takeoff mechanical shaft power output > 250 kW
Maximum rotational speed at takeoff 5,000 RPM
Specific power at takeoff > 12 kW/kg
Takeoff and climb average efficiency > 93%
Cruise mechanical shaft power output > 83 kW
Cruise rotational speed 3,500 RPM - 4,500 RPM
Average cruise efficiency > 93%
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Fig. 1. ASCEND program flight profile

II. MOTOR DESIGN BASED ON THE ASCEND
SPECIFICATIONS

ARPA-E defined the target specifications shown in Table I
[12] through the ASCEND program to achieve a powertrain
(motor, inverter, and thermal management) system that greatly
advances the state-of-the-art [5]. Per the flight profile shown
in Fig. 1, the peak power of 250 kW at 12 kW/kg and 5000
RPM must be sustained for a minute, after which the power
gradually ramps down over 20 minutes to reach the cruise
power of 83 kW.

The AFPM motor proposed for this design is shown in Fig.
2. Using a fractional slot concentrated winding (FSCW) pro-
vides advantages like improved fill factor and fault tolerance
[8], [14]. The YASA topology removes the stator yoke and
replaces it with an additional rotor, which reduces the core
losses [15]. Due to its higher permeability and lower losses,
cobalt steel is the preferred material for the stator teeth. To fur-
ther minimize eddy current losses in the rotor, the permanent
magnets (PMs) are segmented. The number of segments was
optimized, and the optimized PMs have nine segments each
[13]. Furthermore, using a Halbach array, the rotor flux has a
return path within the PMs, eliminating the need for a heavy
rotor back iron. Instead, PMs are mounted on a lightweight
carbon fiber-reinforced polymer [16]. The Halbach array also
makes the flux distribution more sinusoidal. The copper fill
factor is increased using wires with rectangular cross-sections.
The rectangular wires also provide a flat end-winding surface.
On the outer end-winding surface are heatsinks with mini-
channels through which a coolant flows, and on the inner
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Fig. 2. ASCEND design with 40 poles and 42 teeth

end-winding, phase change thermal energy storage is used to
dissipate the excess heat generated during takeoff [17].

A parametric sweep using commercial finite element anal-
ysis (FEA) software (ANSYS Maxwell) was employed to
determine the optimal design for the ASCEND project. The
initial parametric sweep is given in Table. II.

TABLE II
PARAMETRIC SWEEP RANGE FOR INITIAL DESIGN
Name Description Values Units
Slots/PP Slots pole pair 12/5,18/8,24/10,24/11,24/14,27/12
combinations 30/14,36/16,36/17,42/20,45/24,48/26
Stator Teeth
Ras Outer Radius 120,135 mm
R Stator Teeth
Ls Inner Radius
For R2s = 120 80,85,90,95 mm
For R1s = 135 100,105,110,115 mm
I Stator Teeth
s Axial Length
For R2s = 120 35,40,45,50 mm
For R1s = 135 25,30,35,40 mm
FF., Copper Fill Factor 0.8
Tooth Width to
Few | Tooth Pitch Ratio 04,0.5,0.6
I RV Current 29.735.6 Almm?
ensity
Airgap
A thickness 1 mm
Magnet Axial
L, Thickness 5,10,15,20 mm




TABLE III
FINAL DESIGN FOR ASCEND SPECIFICATION

Name Description Value | Units
Slot/Pole 42/20
Ls Stator Length 30 mm
Stator Inner
R1s Radius 115 mm
Stator Outer
R2s Radius 135 mm
Ag Airgap 1 mm
Magnet
Lr Axial Length 10 fm
Tooth Width to
ktw Tooth Pitch Ratio 0.6
] RMS Current |35 6 | A/mma2
Density
wt Take-Off Speed 5000 RPM
wc Cruise Speed 4000 RPM

Various combinations from this design space were simulated
using Ansys Maxwell magnetostatic simulations. The results
from the static simulation were used to narrow down the
designs, which were then analyzed using transient simulations
to identify the torque, loss, and efficiency. The optimal pa-
rameters from the transient simulations are shown in Table
IIT [13]. On the material side, the stator tooth is simulated
with two different materials, grain oriented silicon steel and
cobalt steel. Cobalt steel’s higher saturation flux density helps
achieve the required torque with a lower current value, thereby
reducing winding losses. Due to the ease of manufacturing,
edge-bent windings with rectangular cross-sections are used.
The windings are simulated at 250°C, accounting for the heat
flux through the end windings, which was calculated to be 2.8
W/mm? at takeoff. Neodymium Iron Boron (NdFeB) N48SH
grade magnets are chosen for the rotor to withstand predicted
magnet temperatures up to 100°C.

This motor is kept as the base design, and the motor
parameters are scaled to fit two different aircraft specifications,
SCEPTOR and SUSAN.

III. SCALED DESIGN BASED ON THE SCEPTOR
SPECIFICATIONS

The NASA SCEPTOR program has built a fully electric
powertrain for a test aircraft [18]. Per the SCEPTOR design,
the aircraft has 12 small high-lift motors and two larger cruise
motors. The high-lift motors are used only during take-off and
are inactive while cruising. To evaluate the scalability of the
topology used for the ASCEND project, a similar design will
be selected to meet the specifications of the cruise motor for
the SCEPTOR program.

Table IV provides the target specifications of the cruise
motor used for the SCEPTOR aircraft [18]. Compared to the
ASCEND motor, the maximum torque is reduced by about
17%, and the maximum speed is reduced by 46%. Thus, the
peak power requirement is reduced by 55%.

The previous design space used for the ASCEND motor was
filtered to find points that satisfied the new scaled parameters.

TABLE IV
SCEPTOR DESIGN REQUIREMENTS
Metric Target
Motor Mass 22 kg
Speed 2700 RPM max
Torque 400 Nm max
Battery Voltage | 400-525 V

Based on initial magnetostatic simulations, ten designs were
selected to produce at least 400 Nm torque, have an active
mass of less than 7.5 kg, and have no more than 20 pole
pairs (to avoid excessive manufacturing complexity). For each
design, the number of turns per coil in the stator winding is
selected to achieve a voltage suitable for the range of DC bus
voltages in Table 2 without having an axial length for each turn
of less than 1 mm (to avoid impractical windings). This yielded
12 possible cases. (There were multiple acceptable turn counts
for a few of the original ten designs.) Using 3D transient
models in Ansys Maxwell, the 12 cases were simulated to
determine the winding loss, core loss, and magnet loss. The
SCEPTOR models were simulated with the same materials
used in the ASCEND motor model. The heat flux generated
from the windings for all the SCEPTOR aircraft cases is
lower than the ASCEND model. Therefore, as a conservative
estimate, the windings are still assumed to have a temperature
of 250°C

The various loss results obtained from the simulations are
shown in Figs. 3-5. The number of turns and the DC bus
voltage for the different design cases can be seen in Figs. 6 &
7. Since the winding loss is the most dominant type of loss, the
case with the least winding loss and the highest efficiency is
chosen from Fig. 3 for comparison. The winding loss contains
the AC and the DC losses in the windings. The corresponding
core and magnet losses can be seen in Fig. 4 & 5.
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Fig. 3. Winding loss for different SCEPTOR design cases
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Fig. 5. Magnet loss for different SCEPTOR design cases

From Figs. 3-7. It can be seen that two design cases have
approximately 93.3% efficiency. The difference between these
two cases is the number of turns and the DC bus voltage.
Since a higher DC bus voltage is preferable from a system-
level perspective to reduce losses in the aircraft cables, the
design case with the higher (500V) DC bus voltage is chosen.

IV. SCALED DESIGN BASED ON THE SUSAN
SPECIFICATIONS

The SCEPTOR specification was based on scaling the
ASCEND design down. To scale up the ASCEND parameters,
a second specification was chosen. The NASA Glenn research
center proposes a megawatt-class motor for their Electrified
Aircraft Propulsion (EAP) intended for a single-aisle aircraft.
The target specifications are provided in Table V [19].
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Fig. 7. DC bus voltage for different SCEPTOR design cases

The parametric sweep used for the ASCEND design is
extended to have larger geometric parameters to increase the
torque produced. The maximum speed is increased by 36%
and the maximum torque is increased by 317%; thereby,
the maximum power is increased by 460% more than the
ASCEND target specifications.

TABLE V
SUSAN DESIGN REQUIREMENTS
Requirement Target
Output Power 1.4 MW
Electromagnetic Power Density | 16 kW/kg
Rated Speed 6800 RPM
Rated Torque 1.97 kNm
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Fig. 8. Winding loss for different SUSAN design cases

From the parametric sweep similar to the SCEPTOR model,
seven design cases were filtered from the magnetostatic sim-
ulation to satisfy this target specification. Each design case
produces at least 1.97 kNm of torque and the electromagnetic
active mass was filtered to be less than 45 kg, keeping the
pole pairs constant. The number of turns is calculated by
ensuring the chosen DC bus voltages are feasible. The current
density is also scaled to produce the required 1.97 kNm
torque. DC bus voltages between 1200V to 2000V are used
to calculate a suitable number of turns. The design cases with
very high winding axial lengths or large (;4) ratios between
winding tangential widths and axial thicknesses are considered
impractical. After filtering the impractical cases, these 7 cases
yield 10 cases with different numbers of turns. The transient
models of these 10 cases were simulated using 3D FEA to
calculate the different losses.

Fig. 8 shows the different design cases’ winding (AC +
DC) losses. From these losses, it can be speculated that most
of the losses would be AC due to the large size of each turn.
To reduce the effect of AC winding losses, rectangular soft
magnetic composite (SMC) tooth tips are used to shield the
windings from the flux from the rotor, which reduces the
eddy currents in the windings. Due to their lower electrical
conductivity, aluminum (1350 alloy) conductors are also used
to reduce AC losses. The use of aluminum windings also
helps in reducing the actve weight of the motor. The design
cases are rerun after including the tooth tips and the aluminum
windings. The windings are simulated at the same temperature
as ASCEND and SCEPTOR due to lower heat flux from the
end windings than the ASCEND design.

Figs. 9-11 provides the different losses generated in each
design case. Figs. 12 and 13 show the number of turns and
the DC bus voltage for each design case. The most efficient
design (93.7%) that generates the required torque is chosen
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from Fig for comparison. 9.

V. COMPARISON OF THE BEST DESIGNS FOR THE THREE
SPECIFICATIONS

In the previous three sections, the design of the dual rotor
axial flux motor for three different aircraft specifications was
discussed. The design that yielded the best efficiency in all
three models was chosen. Table VI compares the best designs
for ASCEND, SCEPTOR, and SUSAN in terms of the losses,
DC bus voltage, torque, and power Density.

Table VI shows that for the SUSAN design, the major con-
tributor to the winding loss is the AC losses. For the ASCEND
and SCEPTOR designs, the DC losses are more dominant.
By scaling up the power level, better torque densities and
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power densities can be achieved. At this current design level,
the SUSAN design is able to achieve efficiencies very close
to the ASCEND design. The efficiency can be improved by
reducing the AC losses, which can be achieved by optimizing
the geometry and the tooth tips [20].

VI. CONCLUSION

An axial flux dual-rotor axial flux motor was designed and
scaled for three different power levels, 113 kW (SCEPTOR),
250 kW (ASCEND), and 1.4 MW (SUSAN). The comparison
yields some conclusions:

o Scaling to a lower power reduces the efficiency, active
torque, and power density. In this case, the power density
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Fig. 13. DC bus voltage for different SUSAN design cases with tooth tips
and aluminum conductors

TABLE VI
COMPARISON OF THE BEST DESIGNS FOR THE THREE SPECIFICATIONS
Parameters ASCEND | SCEPTOR | SUSAN
AC Winding Loss (P.U) 0.0072 0.0085 0.0484
DC Winding Loss (P.U) 0.04 0.062 0.012
Core Loss (P.U) 0.0077 0.0024 0.0037
Magnet Loss (P.U) 0.0012 0.0005 0.0026
DC Bus Voltage (V) 1000 500 2000
Torque (Nm) 477 400 1970
Power (kW) 250 113 1400
Efficiency (%) 94.9 93.3 94.2
Active Torque Density (Nm/kg) 63.26 56 72.43
Active Power Density (kW/kg) 33.16 15.83 51.47
Inner Diameter (mm) 220 220 440
Outer Diameter (mm) 270 270 520
Slots/Pole 42/40 42/40 42/40
Stator Length (mm) 34.66 25 30
Magnet Axial Thickness (mm) 10 10 30
Air gap thickness (mm) 1 1 2
Current Density (Arms/mm?2) 35.69 35.69 18.65

varies more than the torque density, due to the different
speeds at different power levels.

o For the large scale design (SUSAN), the large winding
cross-sections result in large AC losses in the winding.

o The AC losses were reduced by including tooth tips and
aluminum windings for the SUSAN design, which can
be optimized further to improve efficiency.

o At higher power levels due to thicker magnets, the
magnet losses increase, warranting the need for increasing
segmentation of the magnets.

e The core loss is the higher in the ASCEND design relative
to the other designs; the AC winding losses dominate in
the SUSAN design, which has the highest speed; and the
DC losses dominate in the SCEPTOR design, which has
the lowest speed.
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