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Fig. 9: Air-gap flux density at the mean diameter of the AFPM machine from
3D FEA: (a) waveforms, (b) amplitude spectrums. ”Semi-closed slot” refers
to the model whose tooth tops were widened and a fixed slot opening width
was used.

TABLE I: Ratings and Specifications of the AFPM Machine

Rated torque [Nm] 1.12
DC bus voltage [V] 60
Rated current [Arms] 4.4
Outer/inner diameter [mm] 100/65
Stator/rotor axial length [mm] 34.0/12.4
Air-gap length [mm] 1.0-3.0 (adjustable)

direction. The measured open-circuit back-EMFs shown in
Fig. 11 and Fig. 12 indicate good balance between phases.

VI. CONCLUSION

This paper presents a solution to use common AFPM ma-
chines with fractional-slot concentrated windings in IMMDs
to reduce the overall volume and mass of the motor and its
associated drive system based on a systematic comparison of
different winding configuration possibilities.

Though all the winding configurations can be used to build
the IMMD, the 2-phase configuration has the unique feature
of electromagnetically isolated phases leading to high fault
tolerance as a generator, and is suitable for low-cost motor
drive with a single-phase input using as few as 6 switches.
The 3-phase winding configuration shows an advantage by
using the standard 3-phase converters. By contrast, the 6-phase
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Fig. 10: The 12s10p AFPM machine under study, (a) stator with concentrated
coils, (b) stator core with full open slot, (c) rotor with bonded ring magnets,
(d) stator mounted to the test fixture.

Fig. 11: Measured open-circuit back-EMF at 544r/min for the 2-phase
winding configuration. The air-gap length was set to 2.7mm.

winding configuration provides better torque/power capability
and fault tolerance for the same phase current rating and dc
bus voltage.

An approx. 15% further torque enhancement is possible for
the 6-phase configuration by injecting 3rd harmonic current
when maintaining the same phase current peak value. The 3rd
field harmonic in the rotor MMF created by axially magnetized
PMs in AFPM machines cannot be utilized any more due to
the relatively large physical air gap and full open slot profiles.
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Fig. 12: Measured open-circuit back-EMF at 3,000r/min for the 3-phase
winding configuration. The air-gap length was set to 1.5mm.

A 12510p AFPM motor available in the lab is used to build
the 6-phase IMMD for experimental validations.
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