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Abstract— This paper presents and evaluates a dual rotor
axial flux permanent magnet motor for electric aircraft
applications. Several features, including grain oriented
electrical steel, Halbach arrays, and wires with rectangular
cross-sections, are used to improve torque density and
efficiency. A novel winding arrangement is used to mitigate
interturn short-circuit faults. Rather than simply optimizing the
motor by itself, this paper evaluates the tradeoffs between motor
performance and its interfaces with the drive, thermal
management system (TMS), and mechanical structure. This
information can be used along with similar analyses of these
subsystems to select the design with the system-level optimal
performance. The paper uses finite element simulations to
characterize tradeoffs between active mass, efficiency,
fundamental frequency, power factor, axial forces on the rotors,
and cooling surface area. Several designs exceed 95% efficiency
at takeoff with less than 8 kg of active mass. While high pole
counts, a large outer radius, and short stator teeth tend to
optimize the magnetic performance at takeoff, this can reduce
cruise efficiency, reduce the surface area through which the
TMS can extract heat, increase the fundamental frequency the
drive must supply, increase the structural mass required to
support the rotors, and introduce complexity to manufacturing
process. Further analysis for a selected design reveals that the
power factor can be significantly improved with a minimal
torque penalty via field weakening, due to significant saturation
in the stator teeth.

Keywords— Axial flux PM machine, dual rotor, grain
oriented electrical steel, segmented Halbach array, NdFeB
magnets, yokeless and segmented armature (YASA), rectangular
wire,  co-design, slot/pole  combination, fractional-slot
concentrated windings, finite element analysis, electric aircraft,
interturn short-circuit fault

I. INTRODUCTION

Pure electric and hybrid electric aviation require the
weight of the motor, drive, and associated cooling to be
minimized [1], [2]. Thus, the US Advanced Research Projects
Agency-Energy (ARPA-E) aviation-class synergistically
cooled electric motors with integrated drives (ASCEND)
program promotes a highly efficient, ultra-lightweight motor,
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drive, and thermal management system (TMS) for aircraft
propulsion with targets listed in Table I [3]. The 12 kW/kg at
5000 RPM target specific power (including motor, drive, and
TMS) must be sustained for a minute and gradually ramped
down over 20 minutes, as shown in Fig.1. This represents a
significant improvement over the state-of-the-art 5 kW/kg
aviation motor built by Siemens [4]. Achieving this target will
require aggressive designs with tight integration and co-design
of the different subsystems and physics.

For this project, an axial flux permanent magnet (AFPM)
motor, which is illustrated in Fig. 2, is proposed with several
features to achieve a high torque density and a target of 95%
efficiency at the peak power. The yokeless and segmented
armature (YASA) topology has demonstrated high
performance with high current densities [5], which will be
required for takeoff. The use of a segmented armature along
with the fractional slot concentrated winding facilitates higher
slot fill factors [5], [6]. Moreover, the fractional slot
concentrated winding (FSCW) configuration improves phase
independence and fault tolerance [5]. The shorter end
windings in the YASA topology improve the torque density
of the motor [6], [7]. Additionally, this topology reduces core
losses by replacing the stator yoke with an additional rotor [5],
[8], [9]. Grain-oriented electrical steel (GOES) is employed
for the stator teeth, which primarily experience axially
directed flux in the YASA topology. GOES has a higher
permeability and lower losses than non-oriented electrical
steel for flux in the direction of the grain [10], [11]. Thus,
YASA motors with GOES stators can achieve improved
efficiencies [10]. The rotor magnets are arranged in a Halbach
array to provide a more sinusoidal flux distribution, which can

TABLE L. ASCEND PROGRAM SYSTEM TARGETS [3]
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. ARPA-E ASCEND flight profile requirement for mechanical power as
a function of time [3].
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GOES Stator Tooth
Fig. 2. Exploded view of the motor topology with 12 slots and 5 pole pairs.

Fig. 3. 2D flux lines distribution of a symmetrical fraction of an example
“unrolled” motor design with 30 slots and 14 pole pairs.

reduce core losses and cogging torque [12]. Additionally, the
Halbach array provides a return path for magnet flux [13],
allowing the rotor back irons to be replaced with a lightweight
carbon fiber reinforced polymer. Fig. 3, which illustrates the
flux paths in an “unrolled” 2D model of an example design,
demonstrates the significantly reduced leakage flux axially
beyond the motor. The permanent magnets are segmented to
reduce eddy current losses [14]. Tooth tips also reduce eddy
current losses in the magnets and windings and smooth the
airgap surface, which results a more sinusoidal airgap flux
density. Wires with rectangular cross-sections provide a
higher copper fill factor than conventional round wires, which
can increase power densities and reduce losses [15], [16].
Furthermore, the YASA topology has two air-gaps, which
reduces the stator inductances relative to other topologies and
can improve the power factor (PF) [17].

Since there is no control over PM excitation, interturn
short circuit (ITSC) faults are a high-risk phenomenon in PM
machines. Ref. [18] shows that the typical method of shorting

the phase terminals may not adequately alleviate the ITSC
fault current in form-wound machines. Multiple mitigation
techniques, including phase terminal shorting, current
injection, vertical windings, electrical and mechanical shunts
were compared in [19] and [20]. Redundancy is another
common approach to achieve fault tolerance. For example,
[21] proposes a dual winding arrangement to have a six phase
PM machine. In case of an ITSC fault, the remaining healthy
phases drive the motor, making up for the power of the faulted
phases, so the system can continue normal operation. Refs.
[22]-[24] discussed the tradeoffs for different fault tolerant
methods in terms of weight, cost, complexity, and reliability.
All the methods above come with some disadvantages. For
example, current injection can effectively reduce the ITSC
fault current, but it increases the copper loss and derates the
machine. Shunting techniques add extra weight and cost to the
system. Redundancy requires significant overdesign.
Additionally, the above methods rely on the ability to detect
ITSC faults, which is challenging [25]. Therefore, in this
paper a new winding arrangement based on form wound coils
is used that can inherently block or reduce ITSC fault currents
and simplifies detection of ITSC faults [26].

The first step in the co-design process is to characterize
each of the subsystems throughout the design space so that a
design can be selected for optimal system-level performance.
Thus, rather than simply optimizing the motor design, this
paper focuses on characterizing the motor’s electromagnetic
performance, identifying tradeoffs that will affect both the
motor and another subsystem (eg. drive or TMS), and
quantifying the impacts of these tradeoffs on motor
performance. For example, the number of poles affects the
electromagnetic performance of the motor and the
fundamental frequency of the drive. As another example, the
inner and outer surface area of the end windings is the primary
area through which the TMS must remove heat from the motor
and depends on motor design parameters, such as the stator
axial length and the outer radius. (The TMS includes a
pumped cooling system where the ethylene-glycol/water
mixture used as a coolant transfers heat from microchannel
heatsinks installed on the stator’s outer end windings to air
heat exchangers. Additionally, zeolite adsorbents placed on
the inner end windings dissipate the extra heat generated
during take-off.) This approach, when coupled with similar
characterizations of the other subsystems, provides a flexible
optimization process for determining the system-level optimal
design, even when faced with evolving constraints and
objectives. Additionally, this paper evaluates many different
slot/pole combinations while allowing the geometry to vary,
in order to characterize their achievable performances. Then,
in this paper, as a continuation of [27], a design is selected for
further evaluation of PF and AC losses in the PMs and
windings with different number of PM pieces and different
winding temperatures.

Thus, the contributions of this paper include the
following:

e Evaluation of a high performance YASA motor
integrating GOES stator teeth, rectangular wire winding,
and rotors with Halbach arrays and nonmagnetic cores

e 3D finite element analysis (FEA) comparison of 12
different slot/pole combinations for a YASA motor



e Characterization of the motor’s electromagnetic
performance in terms of'its interfacial parameters with the
other subsystems

e An innovative six-phase winding arrangement for
mitigating interturn short-circuit fault currents

II.  DESIGN STUDY METHODOLOGY

Fig. 4 shows a prototype conical air gap YASA motor, for
which the 3D FEA models were previously validated against
experimental results [10]. While the current study considers a
flat air gap YASA motor, the results from [10] are used to
validate the core loss model for the GOES stator teeth. Note
that the stator teeth in the flat air gap motor are simpler than
in the conical air gap motor; thus, if the 3D FEA could
accurately predict the core losses in the more complex stator
teeth, it should be able to accurately predict the core losses in
the stator teeth of the current study. (The Fig. 4 motor also
provides proof of manufacturability for the stator teeth.)
Moreover, FEA is known for its high accuracy in torque
prediction [28], as in [10]. Thus, 3D FEA was employed to
analyze a wide range of designs for this study.

In general, the FSCW configuration has the advantages of
a high slot fill factor and short end windings, but it tends to
produce additional spatial harmonics, which can result in
significant rotor PM losses [29]. Therefore, there have been
studies on pole counts and stator slot counts to find the optimal
combinations for key performance indices, such as
fundamental winding factor and periodicity, which were
verified by FEA for radial flux machines [30], [31]. In an
AFPM motor, the presence of symmetry (periodicity > 1)
cancels out the off-axis torques on the rotor to prevent
significant noise and vibration [32]. Table II lists several
viable, high-performance slot/pole pair (PP) combinations for
tooth-wound motors. In this paper, designs with these
different slot/PP combinations are evaluated using 3D FEA.

However, unlike previous studies [30], [31], the
machine’s geometric parameters, whose values are presented
in Table III, are also swept for each slot/PP combination to
better compare the achievable performance with each slot/PP
combination, as the optimal geometric parameters may
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Fig. 4. (a) Transverse-section (with red arrows illustrating flux direction) and
(b) prototype stator of YASA motor with GOES in [10] used to validate FEA
models.

depend on the slot/PP combination. Magnetostatic
simulations with fixed RMS current densities (29.7 A/mm?
and 35.6 A/mm?) were used for the initial analysis to assess
which designs might achieve the peak takeoff requirements.
These high current densities will only be applied during the
limited takeoff time shown in Fig 1. Additionally, the TMS
will aggressively extract heat directly from the inner and
outer surfaces of the end windings during takeoff and climb.
The current density is interpolated in post-processing to
produce the required peak torque of 480 Nm. The wire cross-
sections and the number of turns can be selected later to
determine  the terminal  voltages and  currents

TABLE IL SLOT/POLE PAIR COMBINATIONS
Slots/PP F““d“mfea'ftilrw'“d'“g Periodicity

12/5 0.933 2

18/8 0.945 2
24/10 0.933 4
24/11 0.949 2
24/14 0.933 4
27/12 0.945 3
30/14 0.951 2
36/16 0.945 4
36/17 0.953 2
42/20 0.953 2
45/24 0.951 3
48/26 0.9495 4

PP =5, f = 0.4 kHz
PP =8, f =0.7 kHz
PP =10, f, = 0.8 kHz
PP=11,f = 0.9 kHz
— PP=12,f =1.0kHz
PP=14,f =1.2kHz
PP =16, f =1.3kHz
PP =17, = 1.4 kHz

PP =20,f =1.7kHz
PP=24,f =2.0kHz
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Fig 5. (a) Average torque, copper losses, and total active masses of the simulated cases and (b) Pareto fronts for minimum total active mass and minimum copper
losses for different pole pair counts (and, thus, different fundamental frequencies). Only designs with at least 480 Nm of torque are included in Fig. 5(b).



TABLE IIL PARAMETERS FOR INITIAL MAGNETOSTATIC SIMULATIONS

Name Description Values Units
Rys Stator Teeth Outer Radius 120,135 mm
Ris Stator Teeth Inner Radius

For Rys =120 80,85,90,95 mm
For Rys = 135 100,105,110,115 mm
Ls Stator Teeth Axial Length
For Rys =120 35,40,45,50 mm
For Rys = 135 25,30,35,40 mm
FFc, Copper Fill Factor 0.8
Kiw Tooth Width to Tooth Pitch 0.4,0.5,0.6
Ratio
J RMS Current Density 29.7,35.6 A/mm?
A, Airgap Thickness 1 mm
Lrotor Magnet Axial Thickness 5,10,15,20 mm
; Takeoff Speed 5000 RPM
[ON Cruise Speed 4000 RPM

to meet the requirements of the drive. Based on the simulation
results, the highest performing designs were selected, and
these designs were evaluated using a transient FEA model to
determine core losses and power factor.

III. SIMULATION RESULT

Fig. 5(a) shows the raw (before current density
interpolation) magnetostatics simulation results and which
cases exceed the required 480 Nm takeoff torque. Fig. 5(b)
shows the Pareto front of each PP case for minimizing the total
active mass and copper losses based on the Table III design
parameters. Fig. 5(b) only includes points which produce at
least 480 Nm. The overall trend indicates that lower active
masses and copper losses are achievable by increasing PP, if
the other geometric parameters are allowed to vary.

Fig. 6 shows the achievable active mass torque densities
for different rotor magnet axial thicknesses and PP values.
Since the Halbach array provides the flux return path (instead
of the rotor back iron), designs with fewer PP require thicker
magnets, which increases the active mass. Thus, even though
there is not a large difference in the fundamental winding
factors in Table II, the designs with more poles are able to
achieve higher torque densities. However, increasing PP
beyond 24 does not provide a significant improvement due to
high leakage flux through the much shorter paths between
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Fig 6. Maximum torque density with different magnet thickness and PP
values.

adjacent poles. Moreover, increasing PP requires a higher
fundamental frequency (fi) from the drive design perspective
and can increase the core losses. Additionally, increasing PP
and slot counts increases the number of magnet pieces and
teeth that are needed for assembling the motor, increasing
assembly complexity and the complexity of the TMS.

Fig. 7 shows that the designs with a 135 mm stator teeth
outer radius can achieve much better performances than the
designs with 120 mm stator teeth outer radius. The larger outer
radius yields a larger torque arm, which allows the same
torque to be produced with less tangential force. Based on
these results, designs with a 150 mm stator teeth outer radius
were added to the study. However, only slot/PP combinations
of 36/17 and 42/20 were evaluated for the 150 mm stator teeth
outer radius, as these combinations represent a compromise
between improved performance and avoiding excessive
complexity. Table IV summarizes these additional designs.

Fig. 8 shows all the designs that achieved the 480 Nm
takeoff requirement with less than 10 kW of copper losses
and9 kg of active mass. These designs were evaluated with
transient models for takeoff and cruise conditions. For the
takeoff condition, the current density was determined based
on the magnetostatic results. For the cruise condition, the
designs were simulated at RMS current densities of 10, 15,
and 20 A/mm?, and the appropriate current density to achieve
200 Nm was interpolated.

Figs. 9(a) and (b) illustrate the efficiencies in takeoff and
cruise conditions, respectively. Figs. 10(a) and (b) illustrate
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Fig 7. Pareto fronts for minimum total active mass and minimum copper
losses for different stator teeth outer radii. Only designs with at least 480 Nm
of torque are included.

TABLE IV. ADDITIONAL CASES AT LARGER RADIUS

Name Description Values Units
Ryg Stator Teeth Outer Radius 150 mm
Ris Stator Teeth Inner Radius 1250, 130, 135 mm
L Stator Teeth Axial Length 20, 25, 30, 35, 40 mm

FF¢, Copper Fill Factor 0.8
Kew Tooth Width to Tooth 0.4,0.5,0.6
Pitch Ratio
J RMS Current Density 29.7,35.6 A/mm?
A, Airgap Thickness 1 mm
| Lrotor Magnet Axial Thickness 5,10,15,20 mm
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what percentage of the electromagnetic losses is from copper
loss for each of these designs in takeoff and cruise conditions,
respectively. These calculations assume that the losses are
dominated by DC copper losses and core losses in the stator
laminations. Mechanical losses are neglected, eddy current
losses in the magnets are assumed to be small due to magnet
segmentation, and AC copper losses are also assumed to be
small because the tooth tips shield the windings from the rotor
flux. These designs show promising efficiencies at both
takeoff (480 Nm, 5000 RPM) and cruise (200 Nm, 4000 RPM)
conditions. Fig. 9(a) does not show a strong correlation
between PP and efficiency at takeoff; as shown in Fig. 5(b),
designs with higher PP can achieve lower copper losses for a
given active mass, but these designs also experience higher
frequencies, leading to increased core loss densities. Thus, the
designs with higher PP tend to have lower copper loss

percentages in Fig. 10(a). Fig. 9(b) generally shows higher
cruise efficiencies than takeoff efficiencies because the copper
losses are dominant at takeoff but decrease quadratically with
current density. Additionally, Fig. 9(b) shows a correlation
between PP and efficiency. Because the reduced torque at
cruise significantly reduces copper losses, the core losses are
more significant for all designs, especially those with higher
PP, as illustrated in Fig. 10(b).

Fig. 11 illustrates various tradeoffs between active mass,
takeoff efficiency, design parameters, and parameters that
affect other subsystems (eg. end winding outer surface area).
Fig. 11(a) illustrates the tradeoffs between minimizing the
active mass, maximizing the efficiency, and maximizing the
outer surface area of the end windings. The designs with the
lowest masses and highest efficiencies tend to have less end
winding surface area. However, the designs with higher
efficiency may require less end winding surface area because
the TMS will not need to remove as much heat. Fig. 11(b)
shows the axial force on the rotors of each design at the takeoff
condition. The larger the axial forces, the heavier the rotor
support system will need to be, increasing the total (active plus
inactive structural) mass of the motor. Fig. 11(c) shows the
current densities of each of the designs at the takeoff
condition. The designs with the very smallest active masses
tend to have current densities near the upper limit so that they
can produce the most torque with the least active material.
However, the designs with the very highest efficiencies tend
to have lower current densities because the copper loss density
scales with the square of the current density.

Figs. 11(d)-(h) show various geometric parameters, and
Fig. 11(i) shows the surface area of an airgap for each of the
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Fig. 11. Takeoff efficiency, active mass, and (a) outer end winding surface area, (b) rotor axial force at takeof, (c) takeoff RMS current density, (d) stator teeth axial
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designs evaluated with transient simulations.

designs. The axial forces are strongly correlated with the
magnet thicknesses and airgap surface areas; increasing either
the magnet thickness or the air gap surface area tends to
increase the axial forces on the rotors. Fig. 11(d) shows that
the 25 mm and 30 mm stator axial length designs are
electromagnetically optimal; the designs with larger stator
axial lengths tend to be heavier and less efficient. On the other
hand, none of the designs with a 150 mm stator teeth outer
radius and 20 mm stator axial length achieved the target torque
with acceptable mass and losses. However, increasing the
stator length increases the end winding surface area, which
can facilitate better cooling. Additionally, the designs with
longer stator lengths tend to have thinner magnets or reduced
airgap surface areas, decreasing the axial forces on the rotors.
Fig. 11(e) shows that the optimal magnet thickness is near 10
mm. The designs with 15 mm or 20 mm thick magnets are too
heavy, whereas the designs with 5 mm thick magnets tend to
be less efficient because more amp-turns are required to
produce the necessary torque. Fig. 11(f) shows that the
optimal designs have a tooth width to tooth pitch ratio of 0.4,

meaning that the stator slots are tangentially wider than the
stator teeth. Increasing ki, increases the surface area of the
tooth, potentially allowing more flux to pass through the
stator. However, increasing ki also reduces the slot width and
requires an increase in stator length, airgap surface area, or
current density to achieve the required torque. Increasing
stator length or airgap surface area increases the active mass,
whereas increasing current density increases the copper loss
density. Fig. 11(g) shows that the smallest outer radius
considered did not yield adequate performance. Increasing the
stator teeth outer radius to 150 mm allows the radial thickness
or axial length of the stator teeth to decrease, but this does not
reduce the active mass as much as going from 120 mm to 135
mm for the stator teeth outer radius. However, the larger outer
radius for the stator teeth results in a larger outer radius for the
magnets, which increase the rotor support structure mass.

Figs. 12(a) and (b) present the approximate PF in takeoff
and cruise conditions, respectively. In this calculation, the PF
is estimated for max torque per amp (MTPA) operation from
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the back emf coefficient and the apparent inductances. Fig.
12(a) shows that the designs with higher takeoff efficiencies
tend to have higher PF. The designs with lower efficiencies
will tend to have higher copper losses, correlating to having
more amp-turns, or higher core losses, due to higher
fundamental frequencies or higher stator teeth volumes.
Increasing the stator teeth volume will tend to increase the
inductances. Thus, the designs with lower takeoff efficiencies
tend to have more reactive power at takeoff. However, Fig.
12(b) shows that when the currents are significantly decreased
in cruise mode, all the designs have high PF in MTPA
operation, due to the relatively low inductance of the YASA
topology [17].

While the previous results assume a magnet temperature
of 100 °C, more aggressive cooling could potentially keep the
magnets at a lower temperature. Thus, similar magnetostatic
simulations were run for magnet temperatures of 80 °C. Fig.
13 compares the Pareto fronts for the simulations at the two
temperatures for some pole pair counts. Fig. 13 shows a
relatively minor reduction in active mass and copper losses.
However, a slightly more significant improvement might be
achieved if the reduced temperature allowed a higher magnet
grade to be used without being demagnetized.

IV. OPTIMUM DESIGN PARAMETERS

The stated studies up to this point of the paper evaluate
the set of selected designs that match the demanding torque,
efficiency, etc. However, based on the demands of other
subsystems and the limited potential improvements,
additional constraints are applied. The PP count is limited to
20 due to manufacturing complexity, especially for the TMS.
The rotor outer radius is capped at 135 mm to avoid increasing
structural mass. Hence, Table V shows the key parameters of
a design selected for further analyses.

Here, the PF is evaluated based on the simulated induced
voltage on the coils. Table VI shows the effects of changing
the current angle relative to the back-emf on PF and rotor
torque at takeoff condition where each case has the same
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Fig. 13. Pareto optimal fronts for minimizing active mass and copper losses
for different pole counts assuming 80 °C or 100 °C magnet temperature.

TABLE V. SELECTED DESIGN KEY PARAMETERS
Name Description Values Units
Rog Stator Teeth Outer Radius 135 mm
Rig Stator Teeth Inner Radius 110 mm
Ls Stator Teeth Axial Length 30 mm
Teoil Coil Thickness 4.2 mm
J RMS Current Density 35.6 A/mm?
A, Airgap Thickness 1 mm
LRotor Magnet Axial Thickness 10 mm
Number of Teeth 42
PP Pole pairs 20
RMS Back EMF 363 \Y
TABLE VI IMPACTS OF CURRENT ANGLE AT TAKEOFF CONDITION
Current Angle Number of Turns
(deg) £ Torque (Nm) PF per Tooth

0 486 0.82 16

5 494 0.84 16

10 499 0.86 18

15 497 0.87 18

20 490 0.89 18

25 479 0.90 20

number of Ampere-turns in each slot. The number of turns
was determined to keep the line-to-line motor voltages at
takeoff appropriate for an inverter with a 1 kV DC bus. A
20deg current angle is selected to increase the PF to 0.89.
Furthermore, due to the significant saturation of the stator
teeth, the torque slightly increased to 490 Nm in field
weakening mode.

To improve reliability, a new winding arrangement (Fig.
14) that can block or reduce ITSC fault currents in machines
with form-wound winding is used [26]. The winding
arrangement includes two sets of three phase windings that
are in phase and do not share a neutral point. The conductors
are arranged such that no conductor is adjacent to another
conductor of the same phase or a phase that shares a common
neutral point. In this arrangement, any faults between turns
become phase-phase faults, which must pass through the



(b)
Fig. 14. (a) Placement of the turns around two adjacent teeth based on the
proposed winding arrangement. (b) Equivalent circuit of the machine with
the six-phase voltage source inverter (VSI) during healthy operation [26]

inverter, where the current can be blocked. Alternatively, the
voltages supplied to the windings can be modified, and the
fault current can potentially be reduced to an acceptable level,
allowing the machine to continue functioning close to normal
operation [26]. Finally, this arrangement simplifies winding
short-circuit fault detection, as the fault current is simply the
sum of the phase currents in any three-phase set. The
characteristic current of the model is 130 Ay, which is less
than the 152 Ams phase currents at takeoff. Therefore,
inverter short-circuit faults can still be mitigated by shorting
the phase terminals.

V. DETAILED ELECTROMAGNETIC LOSS INVESTIGATION

The DC copper losses and core losses are the major
electromagnetic loss sources of the powertrain. However, for
accuracy in the design study, the AC losses in the windings
and magnet losses should also be evaluated [33].

The magnet material is assumed to be NdFeB N48SH at
100 °C temperature. The magnets’ proximity to the teeth
causes them to experience eddy current losses. At the 250 kW
operating point, the FEA predicts 1.56 kW of magnet eddy
current losses. In order to reduce this loss, the magnets were
segmented in the radial direction, as shown in Fig. 15(a).

The number of segments was parameterized to study the
effect on the losses and torque. Fig. 15(b) shows the impacts
of the number of segments on magnet eddy current losses and
torque for a fixed number of Ampere-turns in each slot.
Increasing the number of segments reduces losses, but this
also reduces the torque due to the reduced magnet volume.
Therefore, the number of segments is selected to be 9.

Previously, only the DC portion of the copper losses was
considered; however, there are also AC effects, such as skin
depth and eddy currents in the windings. To evaluate these
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Fig. 15. (a) Segmented magnets in both the rotors (b) Impact of segments on
magnet loss and motor torque at takeoff condition

losses, each coil is divided into individual turns for the FEA
simulations. Additionally, the windings were simulated at
different temperatures to help determine the target winding
temperatures that would optimize system-level performance.
Table VII shows the total AC and DC winding losses at 3
different temperatures. In this case, the temperature has a
surprisingly small impact on total winding losses because
increasing the temperature significantly reduces AC losses.

Based on the thorough loss studies, Table VIII provides
the predictions of the total motor electromagnetic losses at the
takeoff and cruise operating points if the windings are at 150
°C. A margin of error for FEA imprecision and tolerances in
the manufacturing is included. Considering the margin of
error, the proposed model marginally obtains the target takeoff
and climb efficiency.

VI. SUMMARY OF RESULTS

e The current density contributes to the tradeoff between
active mass and efficiency. The minimum active mass
designs tend to have higher current densities, whereas the
maximum efficiency designs tend to have lower current
densities.

e While a large number of pole pairs increases the
fundamental frequency that the drive must supply, it can
reduce the active mass and copper losses of the motor for
a certain specs requirement. One reason that this occurs
is that lower pole counts require thicker magnets in the
Halbach array for the flux return path in the rotor.
However, increasing the number of pole pairs increases
the motor and TMS complexity. Additionally, increasing
the number of pole pairs increases the core losses; thus,
designs with higher pole counts achieved comparable

TABLE VIIL 'WINDING LOSSES AT DIFRENT WINDING TEMPERATURES
AT TAKEOFF AND CRUISE OPERATION POINTS

Output | Winding Loss at | Winding Loss at | Winding Loss at
Power 90 °C (kW) 120 °C (kW) 150 °C (kW)
(kW) | DC Loss | AC Loss | DC Loss | AC Loss | DC Loss | AC Loss
250 7.63 3.71 8.31 3.32 9.00 2.95
83 0.77 1.81 0.84 1.75 0.91 1.67

TABLE VIII. TOTAL ELECTROMAGNETIC LOSS AND EFFICIENCY AT
TAKEOFF AND CRUISE OPERATING POINTS WITH 150 °C WINDING

TEMPERATURE
Output | Winding | Core | Magnet Margin Efficiency
Power Loss Loss Loss (kW) (%)
(kW) (kW) (kW) (kW)
250 11.95 2.21 0.21 1.00 93.85
33 2.59 1.32 0.08 0.33 94.36




takeoff efficiencies to designs with lower pole counts.
However, during cruise conditions, the designs with
higher pole counts achieved lower efficiencies because
the core losses contributed a larger percentage of the
electromagnetic losses than during takeoff.

e  The outer radius provides another tradeoff. Increasing the
outer radius can improve electromagnetic performance,
but it will also increase the amount of material required
to mechanically support the rotor.

e The axial forces on the rotors are largely driven by the
magnet thickness and the airgap surface area. Thus,
designs with larger stator teeth lengths and reduced airgap
surface areas or reduced magnet thicknesses can require
less rotor support material. Additionally, increasing the
stator teeth length tends to increase the end winding
surface area, which can facilitate better heat extraction
from the windings.

e  There is a tradeoff between segmenting magnet pieces to
reduce the induced eddy current losses, the torque
reduction due to the magnet volume reduction, and the
increased fabrication complexity.

e  The PF analysis shows that, in addition to improving PF,
a small field weakening angle can increase the torque,
due to heavy saturation of the stator teeth.

e In the winding losses investigation, although the DC
copper losses rise significantly at higher temperature, the
reduction in AC copper losses resulted in a relatively
small change in total copper losses as temperature varied.

VII. CONCLUSION

This paper evaluates a YASA motor with segmented
Halbach array magnets, rectangular wires, and grain oriented
electrical steel for a 250 kW electric aircraft propulsion
application. The 3D FEA results show that the motor can
achieve the necessary torque for takeoff with less than 8 kg of
active mass and electromagnetic efficiencies around 94%.

This paper provides an extensive 3D FEA comparison of
different slot/pole combinations for a YASA motor with
Halbach array magnets.

This paper also presents an innovative six-phase winding
arrangement to mitigate interturn short-circuit fault currents.

Because the electric aircraft requires the mass and
efficiency of the entire drivetrain to be optimized, the motor
must be tightly integrated and co-designed with the thermal
management system, inverter, and structural design. Thus,
rather than merely optimizing the -electromagnetic
performance of the motor or even employing a multiphysics
optimization, the motor’s electromagnetic performance is
characterized in terms of the parameters at the interfaces with
the other subsystems. This includes characterizing the impact
of design variables on parameters that affect the other
subsystems, such as the axial forces on the rotor and the heat
generated by losses, and evaluating the impacts of other
interfacial parameters, such as winding and magnet
temperatures, on the electromagnetic behavior. In future
work, this characterization will be coupled with similar
characterizations of the other subsystems to determine the
system-level optimal design. This approach provides more
flexibility to adapt to evolving constraints and objectives than

a traditional optimization algorithm, such as a genetic
algorithm.

Generally, the magnetic performance can be improved by
using a high number of pole pairs, a large outer radius, and
short stator teeth. However, such a design does not necessarily
yield the optimal system-level performance. Reducing the
number of pole pairs can reduce complexity and improve
cruise efficiency. Using longer stator teeth with a smaller
airgap surface area can increase the end winding surface area,
facilitating better cooling, and reduce the axial forces on the
rotors, reducing the required structural mass.
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