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Abstract—Coreless axial flux permanent magnet machines are
attracting increasing attention due to their compact structure
and high torque density. The torque to weight ratio can be
further enhanced by the use of alternate conductor materials
such as carbon nanotube (CNT), or aluminium windings in
place of the copper material coils. This paper proposes a
coreless axial flux permanent magnet synchronous motor with
CNT windings. Analytical equations are developed to allow
a systematic comparison of machine designs with different
conductor materials. The performance of machine designs with
different coil materials, namely copper, aluminum, CNT, are
evaluated and compared. The calculations are also backed by
3D finite element analysis.

Index Terms—axial flux machine, coreless motor, carbon
nanotube conductors.

I. INTRODUCTION

Coreless axial flux permanent magnet (AFPM) machines
have the advantages of high torque density and compact
structure. The coreless AFPM machine topology considered
in this paper includes multiple stacks of rotors with surface
mounted permanent magnets, and stators (Fig. 1). This
machine topology offers several benefits, i.e., high power
factor, no stator iron loss. In this machine, the stator consists
mostly of copper coils which constitute a significant proportion
of the total mass of the machine. Copper coils also have the
drawback of eddy current losses in high speed applications.
Non-conventional conductors such as carbon nanotubes (CNT)
can overcome some of the problems associated with copper.
However, being more recent technology, extensive studies on
the applicability of this material to electrical machinery are
missing. This paper attempts to bridge this gap by studying
the benefits of replacing the copper coils in a coreless AFPM
machine with CNT windings.

Carbon nanotubes (CNT) exhibit excellent electrical,
thermal, and mechanical properties with low mass density.
Individual CNTs have very high conductivities (up to 100 x
105 S/m) along the axial direction. However, conductivity
substantially decreases when individual CNTs are assembled
to form macroscopic conductors, because of the isotropic
conductivity of CNTs. The fibers produced today have a
wide range of conductivities due to limited control over the
alignment [1]. In addition, CNTs also have other significant
properties, such as lack of skin effect and low temperature
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coefficient of resistance, that make them specially attractive
options for utilization in electrical machines [1], [2].

Previous designs employing CNT wires for a low voltage
high speed radial flux permanent magnet synchronous machine
and of a high frequency transformer, previously reported
by other authors in [3] and [4] respectively, reported low
efficiencies as the special properties of CNT conductors
were not entirely leveraged. The present paper brings further
contributions to the subject matter by proposing the use of
CNT based conductors in a coreless multidisc AFPM machine.
In this machine, a reported problem is the high AC losses in
the windings which are exposed to the fundamental air gap
flux, unlike the slot leakage flux as in conventional machines,
necessitating special winding technologies such as Litz wire,
or copper conductors with multiple strands connected in
parallel [5], [6]. Considering this, the use of CNT is expected
to have a two-fold benefit, due to (a) The significantly lower
mass density of CNT as compared to copper (%th) and (b) The
lack of skin effect in CNT conductors. Both of these factors
would lead to a machine with power density comparable to
copper in certain cases.

This paper also reports a systematic framework for
comparison of coreless AFPM machine designs with different
conductor materials—copper, CNT, and aluminum. Since the
properties of CNT wires reported in literature vary over
a range, calculations in this study are performed for an
average value of the reported conductivities, i.e., 6 X 106 S/m.
Calculations are performed based on analytical equations and
3D FEA.

II. PROPERTIES OF DIFFERENT CONDUCTOR MATERIALS

The conductor materials considered for coreless AFPM in
this paper include copper, aluminum and CNT. The electrical
conductivity, mass density, and temperature coefficient of
resistance of these materials are listed in Table I. Copper has
been the popular conductor for electrical machine winding
for many years, mainly because of its high conductivity
and stability over time. Copper, being a non-precious metal,
is relatively cost-efficient compared to alternatives with
higher conductivity such as silver. However, it is not the
preferred option for cost-sensitive and mass-sensitive cases.
Considerable skin effect and eddy current losses at higher
speeds and frequency is another important problem concerning
copper coils [5].

Replacing copper coils with aluminum coils partly solves
the cost issue, however it reduces the conductivity. Aluminum
has over two times the specific heat capacity of copper, which
implies that electrical equipment wound with aluminum has
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Fig. 1: The exploded view of coreless AFPM machine 3D model
with 3 stator and 4 rotor discs. Each stator stack has 12 coils and
each rotor disc contains 16 PM poles. Only the two rotor stacks on
the sides have back iron and magnets are surface mounted.

a better overload withstanding capability as compared with
copper. Aluminum also has an electrical conductivity by mass
ratio which is twice that of copper, indicating that the choice
of aluminum conductors is a good one in weight critical
applications [7]. In high frequency applications with aluminum
winding, skin effect is still a problem. Solutions such as
utilizing litz wire are often considered for high frequency
applications which adds even more financial burden due to
their complex and expensive coating process.

CNT wires are over 80% lighter than copper and 40%
lighter than aluminum. They have virtually no skin effect and
their resistance almost does not increase significantly with
temperature [1], [3]. Presently, the main drawback of the CNT
wire is its low electrical conductivity which results in bulkier
machine designs. In applications which are weight sensitive
but have no constraint on volume, for instance solar powered
aircrafts, the use of CNT materials can be justified.

III. AFPM MACHINE STRUCTURE AND MAIN SIZING
EQUATIONS

The motor considered for this study is a multidisc coreless
AFPM machine that includes 4 rotor discs and 3 stator discs
with 16 poles on each rotor stack and 12 coils on each stator
stack. The motor is inspired by a machine originally developed
for a EU stratospheric unmanned aircraft propulsion project
[8]. Figure 1 shows the exploded view of the 3D model used
for three-dimensional finite element analysis (FEA). In order
to increase the speed of 3D FEA only two pole pairs of the
whole structure was meshed and analyzed. The quarter model
of the machine with copper coils is shown in Fig. 2. The
specifications and main dimensions of the motor are presented
in Table II.

TABLE I: MATERIAL PROPERTIES FOR WINDINGS.

Material Conductivity ~ Density =~ Temperature coefficient
[MS/m] [kg/m3] of resistance [/K]

Copper 58.0 8960 0.0038

Aluminum 35.0 2700 0.0043

CNT 6.0 1500 0.0015
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Fig. 3: Magnetic flux density magnitude and direction for two pole
pairs of the 3D FEA model for the original coreless AFPM machine
with copper coils.
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Fig. 4: Air-gap flux density at the mean radius obtained for the
original coreless AFPM machine with copper coils.
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Fig. 5: Three-phase induced voltages for the original machine with
copper coils.

TABLE II: SPECIFICATIONS OF THE CORELESS AFPM MACHINE,
WITH COPPER COILS.

Rated power 5 hp
Rated speed 3600 rpm
Active outer diameter 485 mm
Total axial length 59 mm

Total active mass 25.23 kg
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Fig. 6: Variation of power per unit volume and power per unit mass of the coreless AFPM machines with different materials for the coil. a)

3600 rpm, b) 7000 rpm, and c¢) 10000 rpm.
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Fig. 7: Visual comparison of the diameter of the motor with copper,
litz wire, aluminum, and CNT coils. The produced torque and loss
per dissipation area in all three cases are kept the same.
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Fig. 8: The total weight and that of each component for the motor
with copper coils, litz wire coils, aluminum coils, and CNT coils.

The generated electromagnetic torque, 7t,,, for the AFPM
machine can be calculated by

mpr?sB,,CL\/cND3(1
82

where m is the number of phases; p, the number of poles, s,
the slot fill factor; B,,, the maximum air-gap magnetic flux
density; L, the axial length of the coil; o, conductivity; NNV, the
number of turns per phase; D, the outer diameter; A, the ratio
of inner to outer diameter of the rotor; and C is a constant
representing loss per unit conductor volume.

A relation between torque output and electrical conductivity
of the winding of the motor may be derived in terms of the
motor diameter and length as follows:
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It can be seen that, keeping loss density constant, the
produced electromagnetic torque is proportional to outer
diameter, axial length, and the conductivity of the coils. If
axial length is kept constant, in order to produce the same
amount of rotational torque in two different designs, with two
different conductor materials, the amount of diameter increase
can be calculated by
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If the outer diameter is kept constant, for the same torque
production, the amount of increase in coil's axial length can
be calculated by
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Comparing equation (3) and (4), it is evident that adjusting
diameter to offset the lower electrical conductivity results in a
higher torque density compared to the case with adjusted axial
length. As an example of the effect of increasing axial length
versus increasing diameter, for the multidisc AFPM machine
under study, using the properties of Table I, adjusting diameter
(1.3 times more) to offset lower electrical conductivity in CNT
coils makes the volume 1.73 times larger, while adjusting axial
length (2.11 times more) results in a design with 1.85 times
larger. For this reason, the focus of this study is to adjust
the diameter of the designs, with different materials for coil,
having the same loss per dissipation area at the rated torque.

IV. PERFORMANCE EVALUATION AND COMPARATIVE
STUDY

Calculations are performed on the base AFPM machine
with the rated values of 5 hp and 3600 rpm. The 3D FEA
was performed using ANSYS Maxwell 17.2 and the results
coincide with nominal values. The flux density magnitude and
vector, are plotted in Fig. 3. Figure 4 represents the air-gap flux
density for one pole pair—45 mechanical degrees. The induced
three-phase voltages are plotted in Fig 5.

The copper coils are replaced with CNT coils, and
aluminum coils. The electrical conductivity and mass density



of each type of coil materials is displayed in Table I [1]. As
the non-conventional materials are less conductive than copper,
larger dimensions are needed to obtain the same torque, which
is achieved by increasing the diameter. As a result of larger
diameter the area available for the coils increases. Diameter
is increased such that produced torque as well as loss per
dissipation area for all studies are the same.

Figure 7 represents a visual comparison for the diameter
of motors with different coil materials. The comparatively
lower mass density of CNT wires leads to a lighter design
although bulkier than the machine with copper coils. Figure
8 demonstrates the total weight and the weight of each
component for motors with different winding materials. It is
seen that for the copper based machine designs, the largest
fraction of the mass is due to the coils, while the mass of
coils for the CNT based machine is the lowest. Aluminum
and CNT based machines also have lower mass.

To evaluate the effect of rated design speed on the
performance of the machines with different materials, designs
are done for rated speeds of: 3600 rpm, 7000 rpm, and 10,000
rpm. Power per unit mass and power per unit volume are
illustrated in Fig. 6. It can be seen that at 3600 rpm CNT
and Al based machines are lighter but larger than the other
designs.

As the speed goes up, the power per unit mass of the CNT
based machine improves by a greater proportion as compared
to the copper based machine due to lack of skin effect in
CNT wires. Due to AC losses in the copper conductors,
the resistance at high frequencies in copper can be about 7
times the DC value [9], [10]. Furthermore, the effect of AC
loss is higher in the coreless AFPM machine. Therefore, the
comparison also includes Litz wire, which is used to reduce the
AC loss in the coreless AFPM machine. In case of Litz wire,
the AC losses are only considered to be double the DC losses
at the highest speed of operation. Also, the use of Litz wire
enforces a smaller slot fill factor, increasing the DC resistance.

At the design speeds of 7000 rpm and 10,000 rpm it is seen
that the CNT based and Al based designs have significantly
higher power per unit mass than both copper based designs.
At 10,000 rpm, the CNT based machine has the best power
per unit mass, although the design employing Litz wire offers
the best power per unit volume. It is also observed that the
design with Aluminium coils has a higher power per unit mass
than the designs with copper coils irrespective of operating
speeds. Further improvements can be achieved by employing
compressed Aluminum technology which would allow very
high slot filling factors [11]. These calculations, indicate that
coreless AFPM machines with CNT windings may be used
for applications where weight is critical, but the constraints
on volume are not strict.

V. CONCLUSION

A multidisc coreless AFPM motor topology is proposed for
a benchmark study on the suitability of current CNT wires for
application in electric machine windings. The largest portion
of mass for such a motor is due to copper coils. Aluminum
coils and CNT material coils are used in place of copper coils
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to reduce the coil mass. These new materials have advantages
over copper although their electrical conductivity is lower.
Aluminum is lighter and less expensive, and CNT material, the
most recent alternative, is much lighter, with no skin effect,
and negligible temperature coefficient of resistance.

The derived main sizing equations indicate that lower
electrical conductivity may be compensated by enlarging the
dimensions of the machine. The results specify that the power
per unit mass of this machine with non-conventional materials
is higher than that of the copper based machine. For the
same power output, the weight of the coreless AFPM machine
designs with CNT and aluminum coils is 66% of that of the
machine with copper coils.

Calculations based on three-dimensional FEA show that at
higher speeds the improvement in power density achieved
by using CNT is even more substantial. These calculations
indicate that even with small improvements of the electrical
conductivity, in line with short term expectations from
materials engineering, the CNT version of the AFPM machine
maybe already competitive for applications in which specific
power per weight is important and volume is not a constraint.
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