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Abstract—This paper presents and evaluates the optimal design
of a coreless axial flux permanent magnet (AFPM) motor for
electric aircraft propulsion. Ferromagnetic cores are entirely
removed from the machine’s structure to improve the specific
power density and efficiency. An approach for envelope design
optimization of the proposed motor is introduced, considering
the polarity as an independent variable and employing an
evolutionary algorithm and 3D Finite Element Analysis (FEA).
In addition to the proposed electric motor’s electromagnetic
performance, fault-tolerant capability and thermal management
are considered in the optimization procedure. The optimization
results and similar studies from power electronic and thermal
management subsystems can be used to reach the system-level
optimal performance. The optimization results are discussed
through the evaluation of objectives’ behavior and variables’
trends toward the optimal design. It is shown that pole number
and magnet-to-magnet gap are the essential geometric variables
since they impact the active mass and efficiency of the machine,
respectively.

Index Terms—Axial flux PM machines, coreless AFPM, electric
aircraft, Halbach array, number of poles, 3D FEA.

I. INTRODUCTION

Electrification of air transportation through all-electric- or
more-electric-aircraft is a potential solution to address antic-
ipated economic and environmental impacts of the conven-
tional aviation industry [1, 2]. Permanent magnet synchronous
machines (PMSM) with high specific power density and
efficiency are suitable for electric aviation that may require
aggressive and multiphysics design optimization of the propul-
sion system [3, 4].

Following the NASA initiatives to enhance the performance
of large commercial airplanes, a large academic and industrial
collaborative framework has been funded under the University
Leadership Initiative (ULI) program for the Integrated Zero-
Emission Aviation (IZEA) project. This is focused on research
for advanced technologies suitable for a regional blended wing
body aircraft concept with distributed hybrid hydrogen-electric
propulsion [5] and with the main specifications for electric
motors considered in this paper.

In aircraft, typical requirements for electric machines to
replace conventional engines include ultra-high efficiency, high
specific power, and high fault tolerance, all at the multi-MW

level [6]. Benefiting from a compact design and high torque
density, permanent magnet axial flux machines (AFPMs) are
a potential candidate to meet electric aircraft’s high specific
power density requirement [7]. In one study, Kelch et al
[8] investigated the design of an AFPM for midsize electric
aircraft to meet the compact space and high torque output
requirement. Another study by Talebi et al. [9] presented a
highly efficient and ultra-light-weight yokeless and segmented
armature AFPM with Halbach rotors.

A review on the power density of PM motor technologies
currently commercially developed for electric aircraft has
been reported by Bird [10]. Example research aiming at
increasing the torque density of electric machines for aircraft
include a dual-rotor yokeless AFPM machine configuration
with surface-mounted and Halbach array PM rotor by Hong
et al. [11] and a 3-D electric machine concept introducing an
additional U-shaped rotor combined with an outer and inner
rotor by Du et al. [12].

Coreless AFPMs were proposed for unmanned electric
aircraft in early 2000 by Eastham et al. [13] due to their
capability of having low mass and being highly efficient,
Rallabandi et al. [14] employed carbon nanotube and alu-
minum rather than copper for stator winding to increase
torque to weight ratio, Lewis et al. [15] reported a relatively
higher specific power density among AFPM machines for
coreless structure, and Marcolini et al. [16] investigated the
multiphysics design of coreless AFPMs for electric aircraft.
The performance of coreless AFPM machines can be further
improved by employing Halbach array excitation. The Halbach
array arrangement of PMs increases the specific power density
within the same envelope by providing more flux density.

Example research on coreless AFPMs with Halbach ar-
ray rotors include the optimization for power density and
efficiency by Duffy et al. [17], establishing the torque and
power capabilities with surface-mounted and Halbach array
PM rotors by Chulaee et al. [18], and the study of coil and
pole number combinations by Wang et al. [19].

In this paper, multiple design optimizations have been per-
formed, considering fault-tolerant capability and thermal man-
agement in a double-sided Halbach array rotor coreless AFPM
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Fig. 1. Generic requirements for large electric aircraft with the peak power

during takeoff at approximately twice the rated power during long-term
cruising, illustrated together with the NASA ULI IZEA concept aircraft.

machine. The machine topology and design considerations are
discussed in Section II. Section III provides the optimization
targets and procedure. In Section IV the optimization results
and discussion are provided, and the conclusions of this paper
are in Section V.

II. MACHINE TOPOLOGY AND DESIGN CONSIDERATIONS

This paper studies the optimal design of a fully coreless
AFPM motor with double-sided Halbach array rotors and two
electrically separated three-phase stators for electric aircraft
propulsion, see Fig. 2. The proposed machine employs Hal-
bach array rotors with two PMs per pole. Segmentation of the
PMs is not required because of the relatively low armature
reaction in coreless machines and the consequent low eddy
current losses in the PMs.

The stator consists of two independent three-phase modules
fed from separate inverters to increase the fault-tolerant capa-
bility. An axial fixture for direct cooling is embedded between
the two stator modules, providing a maximum surface for heat
dissipation from the windings.

In coreless AFPM machines with Halbach array rotors, the
pole number significantly impacts other geometric variables
and the machine’s performance. The axial component of airgap
flux density at average diameter for a double-sided Halbach
array, shown in Fig. 3, in terms of PM dimensions and magnet-
to-magnet distance can be expressed as [20]:
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where B, is the remanence of the PMs, € = 1, Ly, is the
PM length, gps2ns is the magnet-to-magnet gap distance, n =
1+ mi, m is the number of PMs per wavelength, and 7, is
the pole pitch given by:
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Fig. 2. The proposed fully coreless AFPM machine with Halbach rotor and
integrated cooling for electric aircraft; (a) the exploded view of an example
design showing the components, (b) the compact view, (c) the electromagnetic
field plot calculated using 3D FEA, (d) the experimental prototype machine
employed for model verification.
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It can be derived from the terms exp (@) and
P

exp ( of equation 1 that the PM length and M2M
gap can be determined based on the pole number. It was
shown in [21] that increasing magnet-to-magnet distance up
to one pole pitch with modification of stator ampere-turn can
linearly enhance the output power. This, however, reduces the
efficiency since the copper loss increases. In the case of rotor
radial length increment, although it improves power produced,
a saturation in specific power density was observed for radial
lengths larger than one pole pitch.

Although the magnetic fields are of 3D essence in coreless
AFPMs, a 2D analytical modeling according to equation 1 can
be used to analytically design the coreless AFPM machines.
The 2D modeling does not consider the curvature effect
in AFPMs, meaning it cannot find results accurately when
the difference between the rotor’s outer and inner radii is
relatively large. It also does not model the edge effect, which
is significant in coreless AFPMs due to the large airgap and
the presence of significant fringing flux. In this paper, 3D FEA
was used to accurately calculate the flux density distribution
and torque for the proposed coreless AFPM.
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Fig. 3. Geometric design variables of the parametric 3D FEA modeled with
two pole pitch sections and simplified macro coil.

III. PROBLEM FORMULATION FOR 3D FEA BASED
OPTIMIZATION

Under the NASA ULI IZEA project goals, the proposed
coreless AFPM machine is expected to deliver different levels
of power at different speeds. In this paper, the proposed
coreless AFPM is designed to give 1.5SMW at a speed of
3,000 rpm within a constant reference diameter of 500mm.
The machine must deliver a 10kW/kg or higher specific power
density with an efficiency of higher than 93%. This section
discusses the impact of geometric parameters on the defined
project’s goals and formulates an optimization procedure to
find the optimized geometry.

The selected variables for the optimization are PM length,
magnet-to-magnet distance, rotor radial length, and pole num-
ber. The independent variables are listed in Table I and are
mostly normalized based on the pole pitch, which is mainly
affected by the pole number. Rotor radial length is the only
variable normalized based on the OD, which is taken as a
constant rather than varying with pole pitch. The pole pitch is
calculated according to the average rotor diameter, so the rotor
radial length cannot be normalized based on the pole pitch.

The developed optimization has a two-pass analysis to
ensure that all designs produce the required power of 1.SMW
at the rated speed of 3,000rpm. The designs are first analyzed
using a pre-assigned current density, and their power produc-
tion is evaluated. Then, the current density is modified to
ensure the production of the rated torque. This method enables
the consideration of a trade-off between more straightforward
cooling because of low current densities and high specific
power density with high values of current density.

To find accurate electromagnetic solutions for AFPM ma-
chines, 3D modeling is required due to curvature and edge
effects. The relatively large magnet-to-magnet gap in the
proposed coreless AFPM machine results in a comparatively
large fringing flux that can be taken into account with 3D finite
element analysis (FEA). The 3D FEA model of the proposed
Halbach array rotor coreless AFPM motor is provided in
Ansys Electronics Desktop software [22].

A computationally efficient technique was employed to
reduce the computation effort with the 3D FEA. This technique
enables the use of only one point solution rather than multiple
solutions at multiple positions in transient problems.

For the proposed coreless AFPM motor, there are three

Table 1
GEOMETRICAL INDEPENDENT OPTIMIZATION VARIABLES AND
CORRESPONDING LIMITS.

Var. Description Min  Max

P Pole number 12 52

Kpm  PM length ratio = @ 040 1.00
P

K, M2M gap ratio = gl‘ﬁiM 0.50 1.20

K, Radial length ratio = ©5=2[P= 005 0.30

coils over four poles, enabling the circumferential symmetry
for each o degrees. Matching boundary conditions were
employed to reduce the computation burden and calculation
time. Also, the axial symmetry allows to model only half of
the motor, so a symmetry boundary condition was applied.

The model for 3D FEA was made with the capability of
variable pole numbers, allowing the polarity to be considered
as a variable in the optimization. Although there are no core
losses with coreless machines and high pole numbers can be
employed, eddy currents exist in the stator conductors that may
prevent increasing the polarity and frequency. The relatively
low inductance in coreless machines is another major problem
preventing high polarity since a high switching frequency is
needed to maintain the current ripple within a reasonable band.

Being ultralightweight and highly efficient are the two most
essential criteria for electric motors from the perspective of the
aviation industry. The multiobjective optimization in this study
considers the copper loss and active mass as the objectives to
be minimized. The mass of the active components is calculated
from the following equation:

M = 2M,otor + 2Mstator =
T Lpmppm (OD2 —ID?)  3pS.Lepe, O
+ )
2 2

where L, is the PM length, p,,, is the PM mass density,
OD, is the rotor outer diameter, /D, is the rotor inner
diameter, p is the pole number, S, is the coil surface area
in the axial view, L. is the coil length, and p,, is the copper
mass density.

The eddy current and circulating losses in the stators were
not directly considered in this study because it requires a
detailed model of the stator conductors that significantly
increases the computation cost of the optimization. Taped
Litz wires are suitable candidates for the proposed motor to
reduce the eddy current and circulating losses in the stator.
In this study, the copper fill factor is assumed in the standard
range of Litz wires. The eddy current losses in the magnets
are negligible in the coreless machines due to their very low
armature reaction, so they are not considered in this study.

IV. OPTIMIZATION RESULTS AND DISCUSSION

A multi-objective differential evolution (MODE) optimiza-
tion algorithm along with the 3D FEA is employed in this
paper to identify accurately the Pareto front. The search for
the optimal design entails an extensive space, implying that
the optimization variables cover broad ranges, which is also
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Fig. 4. Optimization results for (a) Pareto front fitted curve and designs for three distinct pole numbers and (b) pole number included as an independent
variable with all designs have efficiencies higher than 95% and specific power densities of larger than 10kW/kg for active components.
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Fig. 5. Parametric study results for specific power density and efficiency with M2M gap as an independent variable, in which the ampere-turn is accordingly
modified for each M2M gap through coil thickness, for current density as (a) constant and (b) adjusted to deliver 1.5SMW.

required because of considering the pole number as a variable.
Mechanical limitations, such as required space for the axial
fixture of direct cooling, are considered in the optimization
space variables.

The Pareto front designs for three discrete polarities, includ-
ing 16, 24, and 32, are plotted in Fig. 4a. It can be observed
that the higher the polarity, the better the specific power den-
sity can be obtained with the cost of higher current density and
lower efficiency. To include every possible polarity between
12 to 52 poles in the design optimization, an optimization
that includes the pole number as an independent variable was
established, in which the Pareto front and the designs evaluated
close to the knee region are shown in Fig. 4b.

Only designs with a specific power density higher than
10kW/kg, efficiency of greater than 95%, and current density
lower than 60A/mm? are considered. The current density of
60A/mm? in conductor is equivalent to 27A/mm? in coil side
surface area. This relatively high current density value is
reachable alongside a high-performance thermal management
system, as reported in [23].

Designs with different locations on the Pareto front of Fig.
4b are labeled to discuss the polarity effect. Design (a) has
the lowest pole number, 20, among all Pareto designs, which
implies that designs with lower polarity than 20 have specific
power densities lower than 10kW/kg. Similarly, design (d) has
a 32-pole number, indicating that designs with higher polarity
either have lower efficiency than 95% or current densities
higher than 60A/mm?. This trend is due to the Halbach
array PM length being proportional to the pole pitch. As the
polarity increases, the PM length decreases to get in the right
proportion with the pole pitch, resulting in lower PM mass and
airgap flux density. This lower flux density requires an increase
of current density in compensation to deliver the rated power.

The specific power density effect of the M2M gap with
modifying ampere-turn through coil lengths is studied in Fig.
5 for two different conditions. The current density was kept
constant at three values as shown in Fig. 5a, while it is adjusted
to deliver 1.5 MW in Fig. 5b. It can be observed that the
maximum specific power densities at a given current density
can be achieved when the M2M gap increases up to one pole
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Fig. 6. Close to the knee region evaluated designs’ specific power density at 3,000rpm plotted in terms of (a) efficiency and (b) current density, in which
filled color and size of the scatters correspond to pole number and M2M gap, respectively.
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Fig. 7. Specific power density versus efficiency Pareto fronts, the designs
with 5,000rpm were scaled from designs with 3,000rpm.

pitch length and starts to decrease for larger M2M. According
to Fig. 5b, the selection of pole numbers and then deciding
on the PM length and M2M gap according to their optimal
proportion to the pole pitch is unsuitable since the specific
power density and efficiency must be sacrificed to achieve
1.5MW rated power.

The designs close to the knee region are plotted in Fig. 6
in terms of the main objectives. According to Figs. 6a and 6b,
with a higher pole number, significantly better specific power
density is achievable with a small sacrifice in efficiency. The
issue with this strategy of optimum design selection is the
relatively high values for current density that necessitate the
consideration of cooling alongside the electromagnetic design.

For low values of pole number that result in low specific
power density, although the lower current density is needed,
the efficiency does not improve with a similar rate of current
density decrease. The reason is that optimum designs with
low pole numbers have a larger M2M gap proportional to
their relatively bigger pole pitch. This enables having a greater
number of turns and, therefore, larger phase resistance that
results in efficiency reduction.

The designs on the Pareto of the optimization results at
3,000rpm are linearly scaled to 5,000rpm to study the effect
of speed on the objectives of this study in Fig. 7. It shows
that at 5,000rpm, the effect of pole number on the optimal
design selection will become even more significant since the
efficiency would be high at that speed, so higher polarity can
be employed to have high specific power density.

Because the stator conductors in coreless AFPMs are di-
rectly exposed to varying airgap magnetic fields, the eddy
current loss in the stator may increase, particularly at high
speeds. Precise evaluation of this loss entails intricate mod-
eling of the conductors using 3D FEA. Fatemti er al. [24]
proposed a computationally efficient approach for estimating
conductor eddy current losses, and Taran et al. [25] introduced
a method aimed at estimating these losses specifically in
coreless AFPMs.

To mitigate conductor eddy current losses, choosing conduc-
tors with dimensions smaller than the skin depth is essential.
Chulaee et al. [26] achieved significant reductions in eddy
and circulating current losses in coreless PCB stators by uti-
lizing narrow conductors and implementing transposed parallel
paths. Employing Litz wire with twisted, thin conductors can
mitigate eddy current losses in the proposed coreless AFPMs.

V. CONCLUSION

This paper discussed the optimal design for multi-megawatt
coreless AFPM motors with double-sided Halbach array rotors
and fault-tolerant electrically separated stators for electric
aircraft propulsion. It was shown through parametric study
and optimization results that the Halbach rotor axial length
and magnet-to-magnet (M2M) gap are proportional to the
pole pitch, which is a function of pole number. Increasing
polarity reduces the pole pitch, resulting in optimal designs
with smaller PM lengths and M2M gaps than those with low
pole numbers.

The smaller PM length reduces the airgap flux density
and torque production capability, meaning that higher current
densities are required to provide the rated power. The stator



ampere-turns are modified according to the M2M gap in this
study. The results indicate that the M2M gaps larger than one
pole pitch decrease the specific power density and efficiency.
The highest specific power density is achievable through high
polarities at the cost of higher current density and slightly
lower efficiency.
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