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Abstract— An axial-flux permanent-magnet machine (AFPM)
topology with coreless winding is proposed for generator units
required aboard ships, aircraft, or hybrid electric vehicles.
In the proposed AFPM configuration, the winding consists of
rhomboidal-shaped coils encapsulated in fiber-reinforced epoxy
resin. The coils have a double-layer arrangement to leave space
for a cooling water duct being used to remove heat directly
from the interior surface of the winding. The overall machine
structure has high compactness and lightness and, due to the
lack of the iron core, generator operation with power output at
400 Hz can be accomplished with high efficiency and acceptable
voltage regulation. This paper discusses the basic design and
construction of AFPM generators with coreless winding and
experimental results taken from a 16-pole machine prototype
rated 230 N1m, 3000 r/min are finally reported.
Index Terms— Aerospace power generation, on-board electric
generators, permanent-magnet machines.

I. INTRODUCTION

I

N THE DESIGN of electric machinery for power generation aboard ships, aircraft, or hybrid electric cars and buses,
considerable efforts are made to ensure that compactness
and lightness are as high as possible. Other factors, such as
material cost or manufacturing convenience, which may be of
prime importance for conventional generators, are relatively
minor considerations, because savings in generator weight
and size can be repaid by substantial fuel economies or
improvements in payload capability for the complete vehicle.
Because of the high compactness and lightness required,
to date, synchronous machines with Nd–Fe–B permanentmagnet (PM) excitation are the most suitable candidates for
such a generator application. Compared to machines having
adjustable field excitation, PM generators have the potential
disadvantage of a poor voltage regulation, but this problem
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can be easily overcome by using electronic circuits for power
conditioning.
Within the broad category of PM machines, several distinct
magnetic circuit configurations can be identified. These include
the axial-flux permanent-magnet machine (AFPM) topology,
which has been under investigation in the past [1]–[8] and, in
the last few years, has received renewed interest concerning
various machine applications, such as wheel motor drives [9]
and portable generator sets [10].
Among the AFPM topologies which have been investigated
more recently, a machine configuration with coreless winding
sandwiched between two PM rotor discs was proposed [11],
[12] for use in a prototype of wheel direct drive [13]. Such
an AFPM arrangement has similarity with the PM ac disc
motor presented in [6] and basically is a brushless machine
version of the well-known disc-armature or printed-circuit dc
motor which, in the past, has been widely used in servomotor
applications requiring fast-response dynamics [1]–[5]. However, unlike such earlier disc-shaped machines, an original
feature of the AFPM topology discussed in [11]–[13] is the
use of rhomboidal-shaped coils having suitable arrangement
to leave space for a cooling water duct. Thereby, heating
due to the power losses in the machine winding is directly
removed from the interior surface of the winding coils, and this
allows totally enclosed construction and long-term operation
with high overloads.
The AFPM topology with water-cooled rhomboidal-shaped
coils proved to be particularly suitable for the in-wheel motor
application, as high compactness and lightness are achieved.
On the other hand, it is found that the lack of the iron
core and, thereby, of the power loss inevitably associated
to any iron circuit subject to a time-variable magnetic field,
allows generator operation with substantially high efficiency,
even though power output at relatively high frequency is
required. In addition, generator operation with acceptable
voltage regulation is achieved due to a negligible armature
reaction, this being a consequence of the very low value
of the machine inductance which results from the ironless
arrangement of the winding. Thereby, a novel application of
the AFPM topology which was initially investigated for use
in wheel direct drives is envisaged concerning the light and
compact generator units being required for power generation
at 400 Hz. In consideration of that, this paper discusses design
and construction of AFPM generators having coreless winding
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(a)

(b)

Fig. 2. Coil shapes for AFPM’s with coreless winding. (a) Trapezoidal coil.
(b) Rhomboidal coil.

(a)

sides of each coil for giving a path to cooling water. Heating
and eddy–current loss in the winding is thereby
due to
removed by a water flow being forced to pass through the
coils, as shown in Fig. 1(b).
The torque generated at the airgap is mainly a function of
the machine outer diameter. If the available space is too small
in diameter, then the required torque can be achieved by means
of a multistage machine arrangement. In a multistage machine,
being the number of stages, the machine has three-phase
PM disc rotors. The
rotors share
windings and
a common mechanical shaft, whereas the terminals of the
windings may be connected either in series or parallel among
them. In multistage machines, only the two external rotor
discs must be made of material with good magnetic properties
(typically, mild steel), since they are used to provide a return
path for the main flux. The intermediate rotors, on the other
hand, are used merely for mechanical support of the magnets,
so that lightweight nonmagnetic materials (e.g., aluminum) can
be used for their construction, thus enhancing the machine
compactness and lightness [13].

(b)
Fig. 1. AFPM with coreless winding. (a) Cross section of the machine
layout. (b) Machine cooling arrangement.

III. DESIGN FUNDAMENTALS
A. Shape of the Winding Coils

with rhomboidal-shaped coils. Experimental results taken from
a 16-pole machine prototype rated 230 N m, 3000 r/min are
finally reported.
II. MACHINE STRUCTURE
Fig. 1(a) shows a cross section of the basic layout of an
AFPM with coreless winding. Because of the lack of the
toroidal core, the flux driven by the magnets is to pass axially
from a north pole on one rotor to a facing south pole on the
other, as depicted in Fig. 1(b). Thereby, the machine has quite
a large airgap, comprising the winding thickness and running
clearance on either side of it. The winding coils are located
toward the middle of this airgap and lie on the transverse
plane normal to the machine shaft. The interaction between the
airgap flux driven by the magnets and the current flowing in the
winding coils results in a tangential force on each conductor
and, thereby, all together, these forces produce the machine
torque. In the proposed machine layout, the winding coils have
rhomboidal shape and space is left between the two active

As in the earlier disc-shaped machines with ironless winding
[1]–[6], the winding coils may have the trapezoidal shape
shown in Fig. 2(a). This coil shape allows the maximum
coil flux linkage, as each coil embraces the entire pole area,
but, on the other hand, the coil end windings necessitate
a three-tier arrangement and may have significant length
if compared with the length of the conductor active sides.
Therefore, disregarding the case of machines having a very
large number of poles and, thereby, very short end windings,
the use of trapezoidal coils negatively affects the value of
, and this is undesirable for
torque produced per unit of
machine applications with high power ratings.
As discussed in [12], higher values of torque per unit of
can be achieved if the winding coils have the rhomboidal shape shown in Fig. 2(b). In fact, due to the inclined
arrangement of the coil active sides, in rhomboidal coils,
the end windings are greatly shortened, but with only a
small reduction of the coil flux linkage if compared with the
conventional trapezoidal-shape coils. In addition to that, the
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use of rhomboidal coils allows a two-tier arrangement of the
end windings with consequent reduction of the winding axial
thickness and simplification of manufacturing.
The geometry of rhomboidal coils is characterized by the
between the inner radius
inclination angle and the ratio
and outer radius
. For given values of the outside
diameter and of the magnetic and electric loadings, machine
characteristics such as torque, torque-to-weight ratio, and
efficiency are greatly affected by the coil geometry. Hence,
the machine design optimization process primarily consists
. With the
of selection of suitable values for both and
and
related to an optimized design, it is
values of
found that the use of rhomboidal coils results in 25%–30%
reduction of winding resistance and 10%–12% reduction of
EMF, compared to trapezoidal coils.
B. EMF Waveform
The EMF is nearly sinusoidal, whereas iron-cored AFPM’s
tend to produce a trapezoidal EMF. The sinusoidal waveform
is the result of using short-pitch distributed coils as in a
conventional three-phase ac winding and of the rhomboidal
coil shape which further suppresses harmonics in the same
way as skewed or herringbone coils. Both the flux density
distribution at the machine airgaps and the coil geometry
influence the peak value of the induced EMF and, thereby,
the machine torque.
C. Machine Torque
The electromagnetic torque developed at the machine airgaps can be expressed as
(1)
is the electric loading at the radius
is the
where
peak flux density of an ideal square-wave distribution at the
is a machine constant which depends on
machine airgaps,
both the actual airgap flux-density distribution and the coil
geometry being utilized. For any particular machine design,
can be viewed as the per-unit torque referred
the constant
to the torque of the same machine, but having square-wave
flux-density distribution and concentrated full-pitch coils.
Due to flux leakage and fringing, the flux density at the
airgaps is not a square wave in distribution and, therefore,
.
whatever coil geometry is being used, it is found that
On the other hand, compared to the conventional trapezoidal
coils, rhomboidal coils result in a further reduction of ,
as the peak of the EMF induced in the machine winding
is substantially affected by the inclination of the coil active
conductors. For the purpose of machine design, first-tentative
as a function of the inclination angle
can
values of
be determined by assuming a square-wave distribution of the
airgap flux density. It is found that a maximum value of
actually does exist, and this is achieved with a particular value
[12].
of which depends on the selected value of
D.

Power Loss

In a rhomboidal coil, the length of the conductors depends
and and, therefore, these parameters affect the
on
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loss of winding coils. For a fixed value of
, the coil
resistance can be expressed as a function of and then given
in per unit with respect to the resistance of a trapezoidal coil
. Such design calculations
which has the same value of
loss of rhomboidal coils decreases as
show that the
increases and, thereby, benefits would arise from values of as
high as possible. On the other hand, the higher values of lead
and, thereby, of the machine
to an undesirable decrease of
torque. A compromise value of is needed, and it is found
that the best design approach is based on the minimization of
loss and torque [13].
the ratio between
E. Eddy-Current Power Loss
The winding is located in the airgap and, hence, is situated
in the main field. Motion of the magnets past the winding
causes the field through each conductor to vary periodically
and to induce eddy currents. The loss due to eddy currents in
the conductors depends on both the geometry of the wire cross
section and the waveform of the flux density variation.
Round wires are less prone to eddy currents, but they
have a worse fill factor compared to rectangular conductors.
Hence, in cases where the phase current is large, the use of
rectangular-section conductors is unavoidable and, thereby,
a conductor arrangement consisting of either Litz wires or
thin wide rectangular-shaped conductors is to be adopted to
lower the high eddy-current loss that otherwise would occur.
Litz wires allow a great reduction of the eddy-current loss,
but they are much more expensive and have much lower
fill factor compared to solid wire conductors. On the other
hand, provided that the field through conductors has negligible
component of flux density in the direction orthogonal to the
conductor width, the use of copper-strip conductors with a
thickness of 1 mm, or even below that, allow a low-cost
conductor arrangement where the total winding loss, i.e.,
and eddy current, is reduced to an acceptable value.
Sinusoidal variation of uniform field through rectangularsection conductors gives rise to eddy-current loss per unit
volume
(2)
is the peak flux density of a sinusoidal distribution,
where
is the electrical angular frequency,
is the conductor
thickness, and is the conductor resistivity at the winding
working temperature. In AFPM’s, however, the flux density
distribution at the airgap is much closer to a trapezoidal
waveform with significant harmonic content of third and fifth,
although fringing of flux at the edges of the poles contributes
to lower the amplitude of the higher harmonics. Further to
that, in a machine with coreless winding arrangement, the
field through each conductor has tangential component of
flux density, which can lead to serious additional eddy-current
loss. Taken together, these features lead to eddy-current power
loss greater than the one resulting from (2) and, thereby, for
the purpose of design and performance calculations, the loss
found from (2) is to be multiplied by an empirical factor
obtained through a finite-element study of the distribution of
flux density at the airgap.
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TABLE I
LEADING CHARACTERISTICS OF THE PROTOTYPE MACHINE

Fig. 3. Machine prototype rated 70 kW at 3000 r/min.

F. Design Criteria
mainly
From design optimization studies, it is found that
influences torque and torque-to-weight ratio, whereas it has
a small impact on the machine efficiency. For given outside
is set
diameter and loadings, the torque is maximized if
, but, in most designs, the maximum torqueequal to
.
to-weight ratio is achieved at a slightly higher value of
, a compromise value is required to be
Therefore, for
generally found in the range from 0.6 to 0.7.
On the other hand, the angle greatly affects the machine
efficiency because of the influence on both the torque and the
loss, as previously discussed. Hence, for a given value
, the machine efficiency is maximized if
is chosen
of
loss as low as possible without producing
to result in
significant reduction of the torque. For most machine designs,
an optimum value of is generally found in the range from
60 to 70 .

machine, a 4-mm-thick toroidal duct is left between the active
sides of the coils. This toroidal duct is used for providing cooling of the machine winding through pump-assisted circulating
water. Due to the prototype nature of the above-described
AFPM generator, thermocouples for monitoring temperature
were placed at several points within the winding.
Table I summarizes the leading characteristics of the abovedescribed prototype machine, which actually was designed
having in mind motoring operation in a wheel direct drive with
base speed at 750 r/min. For this application, all the winding
coils were connected in series among them, but to the aim
of testing the machine at 3000 r/min, it was found suitable
to modify the connection of the winding coils to keep the
open terminal voltage at its original value. Hence, generator
operation with power output at 400 Hz was tested with the
machine winding being formed of four paralleled paths.

IV. MACHINE PROTOTYPE
Fig. 3 shows an external view of a prototype of an AFPM
with coreless winding which was initially constructed with
the aim of testing the novel winding arrangement with watercooled rhomboidal coils [13]. This machine has axially polarized rectangular slabs of Nd–Fe–B material being mounted
on the surface of soft-iron disc rotors. The remanence of the
PM grade used is approximately 1.3 T and the coercivity
is approximately 1000 kA/m. The winding consists of 48
rhomboidal coils wound from rectangular copper strip. To
achieve the machine stator as it stands in its final form, the
winding coils are placed side by side in a toroidal fashion
and then encapsulated with fiberglass-reinforced epoxy resin to
form a rigid body. Owing to the particular method being used
for encapsulating the winding with epoxy, in the prototype

V. 400-Hz GENERATOR PERFORMANCE
Testing of the prototype machine operation with power
output at 400 Hz required the arrangement of a test rig, as
schematically depicted in Fig. 4. Hence, laboratory tests were
devoted to evaluate generator performance concerning no-load
operation with variable speed up to 3000 r/min and machine
load conditions at 3000 r/min under either three-phase resistive
load or diode rectifier with adjustable dc load.
A. No-Load Tests
Tests were initially carried out driving the machine at
open terminals to display the machine EMF waveform and
determine the no-load power loss from the measurement of the
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Fig. 4. Test rig arrangement.

Fig. 6. No-load power loss of the test generator running at various speeds.

temperature of 45 C. Fig. 6 gives results of the generator
no-load tests in terms of shaft input power measured along a
wide range of running speeds. It is found that, at 3000 r/min,
the test generator has no-load power loss of approximately 3.8
kW, i.e., 5% of the nominal power output of the machine when
loaded at 3000 r/min with the rated torque.
Fig. 5. Oscilloscope trace of the prototype machine EMF waveform (time
scale: 500 s/div; voltage scale: 100 V/div).

input torque required to operate the machine at a given speed.
In order to evaluate whether circulating currents would occur
in the winding paralleled paths as a result of incidental EMF
dissimetries due to machine manufacturing, measurement of
the no-load power loss was carried out with the terminals of
the winding paths being either disconnected one from the other
or paralleled among them. However, these two arrangements
of the winding terminals resulted in very close values of the
measured input torque and, thereby, it was concluded that no
circulating currents actually occur in the winding paths when
paralleled.
Fig. 5 shows the waveform of the open terminal voltage
measured at 3000 r/min. According to design predictions, the
EMF should be sinusoidal with negligible harmonic content
and, at 400 Hz, the measured peak value is about 2% less
than the figure of 224 V resulting from design calculations.
As the machine winding has an ironless arrangement, only
the eddy-current loss together with frictional and aerodynamic
losses constitute the no-load loss of the generator. In principle,
all these losses vary according to the square of the speed,
although at the no-load condition any increase of the machine
speed produces an increase of the winding temperature which
results in a lower than expected eddy-current loss due to
a higher value of the copper resistivity. To consider such
an aspect, measurements of the machine input torque were
taken starting from the nominal condition of 3000 r/min and
then reducing the generator speed, so that it was possible to
achieve a set of data referred to an almost constant winding

B. Load Tests
The machine torque is proportional to the load current
and the rated torque of the test generator is achieved with
three-phase sinusoidal output current of 152-A rms. Hence, at
3000 r/min, the prototype machine is capable of working out
continuous input power of about 72 kW. Load tests included
running conditions with short-circuited winding terminals and
output frequency in the range of a few hertz. Because of
the very low speed used, the input torque measured in such
a short-circuit condition is proportional to the winding
loss and, thereby, from the measurement of the output rms
current, a mean value of the winding phase resistance can be
determined. At working temperature of about 45 C, the phase
resistance of the test generator was found to be about 29 m .
This value is close to the design prediction and has been used
for the calculation of generator efficiencies at several values of
load current. It is found that, at both nominal load and 100%
overload conditions, the machine efficiency is close to 92%,
whereas the test generator has maximum efficiency of about
93% somewhere around the 150% overload condition. This is
an odd feature which is due to a higher than expected loss
at no load.
Concerning the use of PM machines as generators, the output voltage regulation is one critical performance requirement,
as there is no excitation control to compensate the voltage drop
caused by the load current. Because of a very low machine
inductance, AFPM’s with coreless winding have rms output
voltage which varies almost linearly with load current. This
clearly appears from Fig. 7, which refers to data achieved
from operations at constant speed of 3000 r/min and under
diode bridge rectifier with various values of the dc load. From
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(a)

Fig. 7. Output voltage regulation of the test generator running at 3000 r/min
and with various loads.

the slope of the measured characteristic, it is found that the
test generator has percentage voltage regulation of about 6%
from no-load to full-load current.
(b)

C. Assessment of Test Results
Taken as a whole, the measured performance of the test
generator are substantially satisfactory, even though at the
nominal speed of 3000 r/min the no-load loss is rather serious
because of the very high eddy currents induced in the winding.
This, however, was not a surprise, as from tests carried out at
750 r/min [13], a no-load loss of about 250 W was found
and, thereby, the no-load loss measured at 400 Hz is just the
loss amount one should expect from running the machine at
a speed four times higher than the machine design speed.
Notwithstanding this, the tests carried out at 400 Hz have
brought to light a serious additional eddy-current loss due to
the tangential component of the airgap flux density. In fact,
due to the coreless arrangement of the winding, at the pole
edges, the tangential component of the airgap flux density
has a significant value, as it clearly appears from Fig. 8,
which shows results of a finite-element study conducted by
considering the actual airgap geometry of the test generator.
Hence, the presently adopted winding arrangement is unlikely
to be suitable for 400-Hz output operation, and some form
of two-tier construction of the conductors is needed. It has
been calculated that simply splitting the strips into two pieces
2-mm high would be sufficient in the present generator to
substantially reduce the eddy-current loss due to the tangential
component of the airgap flux density and achieve maximum
efficiency of 94.3% at the full-load current.
The use of finely divided strands would drastically reduce
the eddy-current loss, but, on the other hand, would also
loss because of the
inevitably result in an increase of the
much lower fill factor compared to solid wire conductors. As
an example, if Litz wires were used in the generator prototype,
the eddy-current loss would become practically negligible, but
loss would be 2.5–3 times higher than the present
the
value because of a fill factor being in the range from 0.55 to

Fig. 8. Flux density distribution along one pole pitch: (a) field map and (b)
tangential component Bt of the airgap flux density.

0.65. In this case, the prototype machine would have full-load
efficiency on the order of 92%–93%, although much higher
efficiency values would be achieved at light load conditions.
Hence, it clearly appears that a compromise choice is needed
for the conductors of an airgap winding, and for the prototype
generator, it is calculated that full-load efficiency slightly
exceeding 95% may be achieved with a conductor arrangement
and eddy-current losses.
which minimizes the sum of the
VI. CONCLUSIONS
Because of the high compactness and lightness required,
power generation aboard ships, aircraft, or hybrid electric vehicles is better accomplished with electric machines operated
with 400-Hz power output and, concerning such a generator
application, this paper has concerned the use of AFPM’s
having coreless winding. Basic aspects of the machine design
have been discussed, and laboratory results taken from a
general-purpose test generator have been reported to show
that satisfactory performance can be achieved, even though
the machine has nonoptimized design in terms of conductor
arrangement. This allows the conclusion that the combination
of the new high-field PM’s with the proposed machine layout
makes for a very compact machine which has extremely high
torque-to-weight ratio. Of course, because of the use of an
ironless winding immersed in a high-frequency rotating field,
the eddy-current loss is a serious difficulty, but it is believed
that in machines purposely designed for application in 400-Hz
power generation, this problem can be quite easily solved by
using conductor arrangements based on Litz wires or multitier
construction of the conductors.
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