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Abstract

Conventional permanent magnet electric machines utilize ferromagnetic cores of high
permeability. The high core permeability relative to the surrounding material helps to
concentrate the magnetic flux in the core, and guide the flux across the airgap of the machine.
An ironless machine design removes the ferromagnetic core, thus eliminating core losses due
to hysteresis and eddy currents. As a result, the machine is capable of improved efficiency
even at high speeds where core losses are problematic in conventional designs. The ironless
design also has zero cogging torque, reduced weight, and is simple to manufacture. The
axial flux implementation of this machine has been shown to have performance advantages
over the radial flux machine, and also permits an adjustable airgap length.

However, the absence of an iron core generally results in lower airgap flux, which is a
handicap in terms of torque production. For high torque, the airgap magnetic flux density
should be as high as possible. Although this is difficult to achieve without an iron core, a
Halbach array of permanent magnets can be used to focus the magnetic flux toward the
airgap. The Halbach magnet array also produces a naturally sinusoidal airgap flux
distribution, which helps to reduce torque torque ripple when operated with synchronous
drives. The Halbach array requires additional permanent magnetic material, however, which
yields higher material cost.

In the paper the design and test of an ironless axial flux permanent magnet motor are
presented. The machine requirements and drive constraints (power, speed, diameter,
available bus voltage) are used to size the motor. The rotor design consists of optimizing the
airgap length and determining magnet dimensions. From the identified airgap length, the
stator arrangement and coil design is then realized. The machine is constructed and tested,
with predicted performance compared to observed experimental results.

Introduction

Traditional permanent magnet electric machines are constructed with iron core in both the
rotor and stator to reduce the machine’s magnetic reluctance and obtain a strong airgap flux.
The continued advancement of high energy density permanent magnet materials has enabled
the development of ironless electric motors [1, 2] while still maintaining a sufficient airgap
magnetic flux. The elimination of iron has several advantages, including increased efficiency
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due to absence of core losses [3, 4], no cogging torque [5], and light weight [6]. Due to these
advantages, the ironless machine is especially attractive in applications such as high
frequency energy storage flywheel [7], large [8] and small [9, 10] vehicle propulsion
systems, aerospace auxiliaries [11], renewable energy systems [12], and general purpose
industrial servos [13]. The drawback to the ironless motor is a typically low airgap magnetic
flux density, and high current ripple resulting from the use of traditional PWM electric drives
to low inductance machines such as those without iron cores [14].

Permanent magnet machine topologies are generally classified as radial flux or axial flux
machines. In the common radial flux machine, the permanent magnets are arranged on the
rotor (an inner cylinder) so that the torque is produced from magnetic flux that is
perpendicular to the rotor shaft. In the axial flux machine [15], the magnets are arranged on
a disk so that magnetic flux flowing parallel to the shaft produces the torque. The work in
[16] and [17,18] shows that the axial flux design will in general result in higher specific
torque and smaller volume per unit torque, respectively, than the radial machine. Although
there are many variants of the axial flux machine, the topology adopted in this paper utilizes
two external rotor disks sandwiched around a single internal stator. This modular topology
allows several identical axial rotor stages to be stacked onto a single shaft to increase output
torque as needed.

Without an iron core, a large effective airgap is unavoidable, and a higher volume of
permanent magnet material is necessary to establish sufficient airgap flux. To address the
low airgap magnetic flux that is typically present in an ironless machine, a Halbach array
[19] is employed in this paper. An arrangement of discrete permanent magnet segments with
their angle of magnetization varying with respect to the stator winding magnetic axis forms a
Halbach array. A Halbach array where the permanent magnets are at 0, 90, 180, and 270
degrees from the winding is shown in Fig. 1. As shown, the magnetic field produced by the
Halbach array is focused on one side of the magnetic array, and nearly zero on the other side,
so that rotor backiron is unnecessary. This focusing of the field by the Halbach array is used
to obtain high airgap flux (where flux is needed to produce torque) even in the absence of an
iron core.

In this paper, the development and testing of an axial gap, dual-rotor single stator
motor/generator is presented. The mechanical design of the machine is presented, and both
the rotor and stator electromagnetic design aspects are discussed in detail. The test results
will be then be used to show that the resulting air-cooled ironless design compares favorably
with commercially availably iron core machines in terms of specific torque and power,
torque per unit volume, and efficiency.

Fig. 1. Halbach magnetic array.
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Machine Design

Machine Sizing: In this section, the dimensions of the axial flux ironless machine are
determined. The sizing analysis begins with the design parameters and desired machine
ratings, which are are summarized in Table I. The machine is being constructed mainly for
laboratory experimentation and to compare the performance of an ironless machine to
commercially available iron core machines in terms of efficiency, noise, specific torque and
power, and torque per unit volume. However, this machine is appropriate for a variety of
applications, including small vehicle propulsion, aerospace or electric vehicle auxiliaries, and
small-scale wind turbines.

Table I. Machine Design Parameters

Parameter Value
DC Bus Voltage 60 V
Torque 5.94 N-m
Base Speed 1200 RPM
Rated Current 10 A (rms)
Rated Power 1 HP
Voltage Constant 092 Ve /O,
Torque Constant 276 N-m/A (per phase)
Poles 6
Connection Star (Y connection)

A starting point for determining the axial machine dimensions that will allow the machine to
conform to the specifications of Table I is the average airgap shear stress 7. Airgap shear
stress is a measure of the torque producing force relative to the active surface area of the
rotor. In general, the airgap shear stress is similar across different sizes of the same class of
machines and is therefore widely used as an indicator of torque per unit volume. For an axial
flux machine, the average airgap shear stress (7)) is defined as

T

- 1
rA . (D

rotor’ av
where T is the torque applied to the machine shaft, A,,,,, is the active surface area where

stator current is interacting with the magnetic flux, and 7, is the average radius of the rotor
magnets. The active surface area is given by

2 2
Arotor = ”(ro -5 ) ) ()
where 7, and 7 are the magnet outer and inner radii, respectively, as shown in Fig. 2. Since

rav='5(ro+ri)’ 3)

we can define the ratio of inner to outer magnet radius by

a:i 4
- O
and the torque is
_(1_2 T 3
T-(1-0%)(1+a) o (5)
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The relation between outer radius and airgap shear stress can be expressed as

b
2T

) (1—0{2)(1+a)m' _ 6)

Thus, the outer radius of the machine is dependent on the rated torque (from Table I), the
airgap shear stress, and the ratio of inner to outer radius. Clearly, the ratio of the inner to
outer radius of the machine is an important design parameter. Many studies have been
performed to find the optimum ratio. In [20], the ratio was shown to be .57, while in [21]
the optimum ratio was .63. In [22] the optimum ratio is shown to depend on many other
design parameters such as flux density, speed, and number of poles, but was generally in a
limited range near the results cited in [20] and [21]. Based on these studies, the inner to
outer radius ratio a was selected to be 0.5. This value is in the narrow range cited in the
studies, and is also a value that would allow a commercially available arc magnet to be
obtained without the expense associated with custom magnet dimensions.

In eq. (6), the average airgap shear stress must also be selected to determine the machine
radius. Airgap shear stress is generally similar for different sizes of the same class of
machines [23, 24]. Of the various classes of electric machines, the permanent magnet
synchronous motor (PMSM) is capable of the highest airgap shear stress. In [24] high
performance industrial PMSM designs without special provisions for forced cooling have an
airgap shear stress ratings in the range from 13.75 to 27.5 kPa. For the present design, the
upper range of shear stress (27.5 kPa) is selected as a starting point for sizing the ironless
machine. With this airgap shear stress, along with the rated machine torque, the outer

diameter 7, is found to be 1.95 inches from eq (6). This was rounded up to 2 inches because

of off-the-shelf magnet availability in that size. Consequently, the inner radius 7 is 1 inch.

The fundamental relationship for torque production in an axial flux permanent-magnet (PM)
machine is the equation which links the force F on a wire of length [ carrying a current i in a
uniform magnetic field B, where the field and current are perpendicular to one another:

F=Bli. (7
Consider now the linear current density Z (in A/m), which is the total current per unit length

around the airgap occupied by the stator coils. This is also often called the electrical loading
of the machine. The force on the conductors can be related to the airgap shear stress and

Fig. 2. Axial Dimensions
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therefore to the electrical loading by

T=——=—=—=BZ (8)

where w is the average linear length around the airgap, and B is the mean airgap flux density
per pole (units Teslas) — or equivalently the magnetic loading. Note that airgap shear stress
is dependent on the electrical and magnetic loading points. For the sinusoidal flux density

distribution, the mean airgap flux density per pole is related to the peak flux density B, by

_2Bn
p )

To achieve the desired airgap shear stress of 27.5 kPa, we will choose a mean magnetic flux
density B near .5 Tesla, and Z near 55,000 A/m. In the following sections, the average airgap
shear stress, and hence the electrical and magnetic loading, will be used to design the stator
and rotor.

Stator Design: From the sizing computations, an electrical loading (Z) of 55,000 A/m was
chosen as a baseline. Now, using the electrical and magnetic loading, rated current, and dc
bus voltage, the coil size and number of turns per phase of the stator may now be specified.

From the radial dimensions of the permanent magnets (7, and 7 ) the stator coil dimensions

can be determined. For ease of manufacture, a non-overlapping winding is used, with 1 coil
per phase for each pole pair. For the 6 pole machine, this translates to 3 coils per phase, and
a total of 9 coils for the 3-phase machine. Each coil in the same phase will be connected in
series, and the phases connected in a star (or “Y”’) configuration.

The 9 non-overlapping coils will each occupy 40°, or 1/3 of a magnetic pole pair. The coil
shape is trapezoidal, as shown in Fig. 3, with an average area enclosed by the winding of

A =3% 10™m? . From the DC bus operating voltage of 60V, and the star connection, each

phase should develop a peak emf of 60/ V3 or34.6V at the base speed of 1200 RPM. To
find the number of turns per phase N, to accomplish this, Faraday’s law is used:
dB(6)

eph = NphAcoil T (10)
Here, e, is the per phase emf, and the flux density varies sinusoidally around the airgap

according to
B(6) =B, sin(w,?) . (11)
The term @, represents the electrical frequency of the stator voltage, as determined by the

shaft speed and the number of poles. At the base speed of 1200 RPM, @, is 377 rad/sec (or
60 Hz). From the two previous equations,

eph = NphACOilweBm Cos(a)et) . (12)
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Thus, the number of turns per phase required to produce a peak per phase emf is given by

eph

Npp=—"".
AcoilweBm

ph = (13)

The number of turns per phase N, is determined to be 233. Since there are 3 coils per
phase, each coil should have 77 turns.

For the actual coil construction, 18 gauge (round) class H magnet wire was chosen to handle

the required 10 A rms, yielding an acceptable conductor current density J=8 A/ mm? . An
18 gauge conductor has a diameter of approximately 1.2 mm. Thus, to accommodate the 77
turns, the coil has a height of approximately 15 mm or .59 inches. Half of a single coil is
shown in Fig. 3. Also, the total resistance per phase is computed to be 0.39€2 .

Any torque, speed, or position controller for a PMSM requires rotor position feedback. To
accommodate this need, three Hall effect sensors were installed onto the stator between the
phase A, B, and C coils to allow coarse rotor position detection sufficient to drive the ironless
machine with trapezoidal, or six-step currents. A rotary encoder can be added to the shaft if
higher resolution rotor position feedback is preferred.

The electrical loading for the stator design at the outer radius 7, is the product of the total

number of wires (2 wires per turn) per coil, multiplied by number of coils per phase, the

number of phases, and the rated current — divided by the length around the gap at that radius:
Z=2mN,, lrms , (14)

2mr,

where m is the number of phases. This yields Z=58,600 A/m, which essentially meets the
target electrical loading of 55,000 A/m specified in the sizing section.

Rotor Design: As shown in eq (8), the designated average airgap shear stress of 27.5 kPa can
be realized by many combinations of electrical and magnetic loading. When selecting
electric and magnetic loading, it is important to consider that they compete with one another
for space in a fixed size machine. For example, if magnetic loading is increased by reducing
the airgap length, this leaves less room for electrical conductors in the airgap, and therefore a
decrease in the electrical loading. An electric loading of 55,000 A/m, and magnetic loading
of approximately .5 Tesla is selected in this case to yield the targeted airgap shear stress.

Fig. 3. Stator coil.
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In the machine sizing section, the rotor magnets were selected to have an inner and outer
radius of 1 and 2 inches, respectively. For a 6 pole Halbach rotor disk with 4 magnets per

pole pair, each magnet must have an arc of 30° . The magnets to be used are NdFeB grade
N52, with B, =148 T. To implement the Halbach array, half of the magnets are magnetized
in axial direction, others in circumferential direction, as shown in Fig. 2.

The axial thickness of the permanent magnets can now be determined. Theoretical formulas
for airgap flux density produced by Halbach magnet arrays have been developed in [25].
From these results, the airgap flux density versus gap thickness for various magnet
thicknesses have been computed, and the results shown in Fig. 4. Noting that the desired
mean average flux density per pole (B) of 0.5 T corresponds to a peak flux density B,, of
0.78 T, the results show that the magnetic loading can be achieved with a 1 inch thick magnet
using an airgap of approximately .65 inches. Considering that the required coil thickness
(from previous section) is .59 inches, this leaves very little room for clearance, coil support
structure, and magnet retainers. Thus, a sacrifice in magnetic loading was made to
accommodate readily available magnets of thickness 1 inch so that the prototype ironless
machine could be built with adequate clearances and magnet retainers at a reasonable cost. A
conservative airgap length of 1.2 inch was selected, which in theory will reduce the magnetic
loading from the target of .5 T to about .39 T. It should be noted that after the machine is
fully tested, the magnet retainers and stator support structures can reduced in thickness (or
eliminated), and the coils re-wound with rectangular wire to enable the stator to fit into the
targeted airgap of .65 inches (or even less) so that the magnetic loading target value of .5 T
can be realized.

To verify the theoretical computation of the airgap flux density shown in Fig. 4, the Halbach
rotor disks with magnets of 1 inch thickness were positioned for various gap lengths, with the
peak airgap flux density measured using a gaussmeter. The experimentally measured peak
flux density shown in Fig. 5 for various gap lengths agree very well with the theoretical
results for the 1 inch magnets shown in Fig. 4. For example, in Fig. 4 a 1 inch thick magnet
with a gap of 1 inch yields a theoretical peak airgap flux density of .61 T. The

Fig. 4. Airgap flux density versus gap length for various Halbach magnet thicknesses.
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Fig. 5. Measured airgap flux density versus airgap length for 1 inch magnets.

experimentally measured peak for the same gap length, as shown in Fig. 5 was found to be
64 T.

Machine Construction and Testing

The rotor PM disks were designed using Solidworks. The magnet disk was constructed with
aluminum for light weight. Since the aluminum disk rotates with the magnets, it does not see
a changing magnetic flux and therefore will not be subject to significant eddy current losses.
The Solidworks implementation of a single Halbach magnet disk, showing the magnet
locations, is shown in Fig. 6.

In the ironless motor design, two magnet disks will be sandwiched around the stator such that
the Halbach array focuses the magnetic field to the airgap between the disks. The full
assembly — minus the stator — is shown in Fig. 7. The stationary end bells shown in the
figure are also constructed with aluminum, and hold bearings to accommodate the rotating
shaft. The magnet disks are fixed to the keyed shaft with a shaft collar and keystock. Note
also that the airgap length (axial distance between the magnets) is easily adjustable. The
stator (not shown) is held fixed to the end bells using screws and spacers of appropriate
length. The actual Halbach rotor disk is shown in Fig. 8.

Fig. 6. Solidworks design of rotor magnet disk.
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Fig. 7. Dual rotor disks on shaft, with endbells.

Fig. 8 Rotor disk with Halbach array.

The stator was constructed by mounting the coils onto a supporting acrylic sheet of thickness
3/32 inch. Each coil, as presented in the previous section has a total of 77 turns. In practice,
this was accomplished with two separate coils of 38 turns mounted to opposite sides of the
stator support structure, and connected in series. The constructed stator assembly is shown in
Fig. 9, and the fully constructed ironless axial flux machine in Fig. 10.

As indicated in Table I, the voltage constant of the machine k, is the computed ratio of the

peak phase voltage relative to the electrical frequency. From the design parameters, the per
phase peak voltage at rated speed is 34.6 V, since the maximum line-to-line voltage is limited

Fig. 9. Stator Assembly.
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Fig. 10. Constructed Ironless Axial Flux Motor.

by the DC bus voltage of 60 V. The electrical frequency at 1200 RPM is 377 rad/s, so the
voltage constant k, is .092 v-s. For the torque constant K, , the number of pole pairs (3 for

the machine of interest) must be considered, so the torque constant is &, is .276 N-m/A per
each phase. Assuming the drive enforces optimum commutation angle using the rotor
position feedback 6, , the total machine torque is obtained from the instantaneous phase
currents:

T-= k,(ia sinf), +i,sin(0, ~120° )+ sin 6, +120°)) _ (15)

For sinusoidal current excitation, the torque will ideally be constant, with no ripple.

TESTING: For the machine testing, the ironless machine was placed on a motor test
dynamometer, as shown in Fig. 11. The first test that was performed was to determine the
voltage constant k, , which was computed earlier to be .092 v-s. To experimentally
determine the voltage constant, the machine was driven as a generator with the induced phase
voltages recorded, as shown in Fig. 12. Note in the figure that the induced voltages are
sinusoidal with the 3-phase voltages balanced. The peak voltage in is seen to be 6.15 volts,
and the electrical frequency is 20 rad/sec. The voltage constant %, is .098 v-s, which agrees
well with the value computed in the previous section of .092 v-s.
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Fig. 11. Ironless motor coupled to dynamometer on motor test stand.

Fig. 12. Back EMF waveform (2 V div, 25 ms/div).

The torque versus speed characteristic of the machine was obtained by placing the ironless
machine on a dynamometer, while measuring shaft torque and RPM. For the tests, the stator
current was limited to 10 A rms per phase due to thermal constraints. Likewise, the rotor
speed was limited to 1200 RPM for several reasons: the DC bus voltage would need to be
increased for higher speed, and the centrifugal force F,. on the magnets increases in
proportion to speed squared:

F. =mro” (16)

At 1200 RPM, approximately 13 Ibs. of centrifugal force is acting on each magnet, whose
mass is .0975 kg. Until the adhesive used to bond the magnets to the disk is qualified for
higher forces, rotational speed shall limited to 1200 RPM. The obtained torque versus speed
characteristic is shown in Fig. 13. Note that the experimentally obtained torque is in good

agreement with the expected value. For example, with the shaft angle at 8,, =90° and the

instantaneous phase currents of i, =14.14 A, i, ==7.07 A, and i. =-7.07 A, the theoretical
torque, from eq. (15) should be 5.85 N-m.
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Fig. 13. Torque vs. Speed.

Next, the machine efficiency was experimentally determined for various operating points. In
each case, the input (electrical) power was determined from measured phase voltages and
currents. The output power was obtained from measured shaft torque and speed. For this
experiment, a fan type load was assumed, where load torque is proportional to the speed
squared. The applied load torque versus speed curve used is shown in Fig. 14. Efficiency
versus speed results are above 90% over a wide range of speed, as shown in Fig. 15.

Efficiency tests reveal that the machine delivers 1 HP at 1200 RPM as expected. Additional
qualification of the magnet adhesive may allow power rating increases by running the
machine at higher speed, without the core losses associated with iron core machines. The
total weight of the machine is 4.8 kg, which yields a power to weight ratio of 156 W/kg.
Comparison to commercial machines of the same rating are difficult because the required
data is only available from data sheets, and maximum versus short-time power ratings are not
always clearly defined. Machines in the same power range with convection cooling must be
used as comparison because the specific power (W/kg) tends to increase with the machine
power rating. For comparison, specifications from several vendors’ iron core PM machines
in the range of 1 HP were examined. The specific power of those machines ranged from 64
W/kg up to 177 W/kg. Thus, the prototype ironless machine, even without serious
consideration to weight reduction, compares well with those commercial iron core machines.

Fig. 14. Load torque versus speed characteristic used for efficiency tests
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Fig. 15. Ironless machine efficiency for pump load where torque proportional to speed”.

The power density (power per unit volume) of the ironless design was also compared to the
commercial iron core machines. The ironless machine was found to have a power density of
505 kW/m’. The commercial iron core machines that were examined had power densities
ranging from a low of 375 kW/m’ to 525 kW/m’. Thus, the power density of the ironless
machine compares well with those commercial machines.

Conclusion

The design of an ironless axial flux electric machine is presented. The design is carried out
starting with basic design goals and constraints, and by using motor sizing estimates. For the
rotor, a Halbach magnet array is used to concentrate flux in the airgap of the machine. This
choice enables reasonable magnetic loading even in the absence of an iron core, while
maintaining sufficient airgap length for aggressive electric loading. The proposed machine
design is then constructed and tested, with results showing excellent efficiency of well over
90% across a large operating range. The proposed design is also shown to be on par with
many commercially designed machines of the same power rating in terms of power density
and specific power rating. With additional attention to the magnet bonding to the rotor disc,
the rated machine speed (and therefore power) can be increased to further improve power
density without incurring additional inefficiencies that are unavoidable with iron core
designs. The results suggest that the ironless machine is easily manufactured, and is a viable
alternative to iron core designs — especially in applications where high speed, high efficiency,
and low cogging torque are essential.
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