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Experimental Study on Relative Angle of Magnetic Pole and Its Driving Performance
in Multi-Gap Type Variable Magnetic Flux PM Motors

Masahiro Aoyama*®, Member, Kazukiyo Nakajima*, Non-member, Toshihiko Noguchi**, Member

(20174E5 A 5 521, 2017487 A 16 H &)

This paper presents a variable magnetic flux PM motor in which space harmonic power is utilized for weakening
the magnetic flux, automatically. The stator has a toroidally-concentrated winding structure, and the torque generation
surfaces are composed of three air-gaps, including one single radial gap and two axial gaps. The radial-gap rotor is a
constant-magnetized PM rotor and the axial-gap rotors are self-excited wound-field rotors. These rotors are coaxially
fastened with opposite magnetic pole positions. The magnetomotive force of axial-gap rotor can automatically retrieve
space harmonic power, which is inevitably generated by the concentrated winding structure. In this study, the effect
of relative angle of the magnetic pole between the radial-gap rotor and the axial-gap rotors on the drive performance,
e.g., current phase-vs.-torque characteristics, adjustable speed drive characteristics, and variable-magnetic-flux range,
are experimentally demonstrated with a prototype machine.
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(b) Toroidally-concentrated winding stator

(a) Proposed motor
Fig. 1.

Proposed variable magnetic flux PM motor.

(a) Armature current vectors (b) Magnetic flux contour and vectors

Fig.2. Armature current and magnetic flux vectors.
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Fig.3. Rotor configuration of prototype (relative angle:
180 deg).

(d) Second space harmonic distribution
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stator

SiC-Diode
— —
(b) Wound-field axial-gap rotor with
diode rectifier circuits

Fig.4. Prototype.

Table 1. Specifications of prototype.

Number of rotor poles 8
Number of stator slots 12
Motor core outer diameter 120 mm
. Radial 0.7 mm
Air-gap length Axial 0.9 mm

51.8 mm (without axial-gap core)
Axial length of core
107.6 mm (with axial-gap core)

Maximum magnetomotive

900 AT (30 s)
force
Number of stator coil-turn 9
Armature winding
4 series
connection
Number of rotor induction 30
coil-turn
Number of rotor field 30

coil-turn

Armature coil size
o . . 5.26 mm X 0.56 mm
(with insulation coating)

Rotor coil size
2.57 mm X 0.47 mm
(with insulation coating)

) SMC (stator and axial rotors)
Core material
Magnetic steel sheet (radial rotor)
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(a) Relative angle between radial- (b) Rotor configuration

gap rotor and axial-gap rotor
Fig.5. Relative angle between
axial-gap rotor.

radial-gap rotor and

(a) RA: 0deg

Cew

(d) RA: 90 deg (e) RA: 120deg (f) RA: 150 deg
Fig.6. Radial-gap rotor of each relative angle.

(b) RA: 30deg (c) RA: 60 deg

(b) RA: 150 deg

(a) RA: 0deg
Fig.7. Relative angle between radial-gap rotor and
axial-gap rotor.
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(a) RA =0deg

(b) RA =180 deg

Fig.8. dg-axis reference frame on radial-gap rotor and
axial-gap rotor.
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(a) 0deg < RA < 90 deg with flux intensifying SE-WF pole

d-axis (Radial)
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a
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(b) 90 deg < RA < 180 deg with flux intensifying SE-WF pole
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Isin {90-(-B+RA) )k - d-axis(Axial)

We-coil d-axis (Radial)

(c) 0deg < RA < 90deg with flux weakening SE-WF pole

Fig.9. Vector diagram with respect to relative angle be-
tween radial-gap rotor and axial-gap rotor, and SE-WF
pole direction on axial-gap rotor.
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Table 2. Combination of RA and SE-WF pole direction.

RA (deg) RA' (deg) SE-WF pole direction

0 0 Flux intensifying
30 30 Flux intensifying
60 60 Flux intensifying
90 90 Flux intensifying
120 60 Flux weakening
150 30 Flux weakening
180 0 Flux weakening

Table 3. Motor parameter for calculation.

Parameter Value
1, 1.0
Y 1.0
Ly.axiat = Ly-axiat 0.4
We-coil 0.2
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Fig.10. Current phase-vs.-torque characteristics with

rotor. (Calculated by Eqgs. (5), and (6))

respect to relative angle between PM-rotor and SE-WF
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Fig.11. Current phase-vs.-torque characteristics for 500 r/min. (Measured)
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Fig.12. Comparison between measured and calculated of current phase-vs.-torque characteristics.
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Fig.13. Three-dimensional magnetic flux path coupling.
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Fig.16. Magnetic flux density and vectors in case of RA = 90 deg.
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