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Abstract — Vernier machine has been known as a prorsing Boy = F,,MICOE[ZZ(G1 - 6‘",)][PO + Plcos(Zﬂl)]

candidate for low-speed high-torque applications, écause they 1 1)
can provide high-frequency inner-stator operation ad low- = By, c05[22(91 - Gm)] +=Bou: COS{(Z2 - 21)491 - Zzé’m]

speed outer-rotor design. A new in-wheel permanentagnet 2

vernier (PMV) machine has been proposed in this pay. The _pd ”[P(F E )] OF,, 4@ 5
finite element method is used to analyze the harmas of the key _7 f ¢ T Few 1 ()
factors. The proposed PMV in-wheel motor has beenrptotyped m

for experimentation. The simulation results agree wll with

experimental results. The study showcases that th@oposed in- . SIMULATION RESULTSAND EXPERIMENTAL VERIFICATION

wheel motor can offer high torque, which is highlydesirable and
meaningful for EVs. Detailed simulation and experirental
results will be given in the full paper.

The knowledge of the field distribution in the apgof the
PMV is vitally important for predicting and optiniig its
performances [8]. The flux distribution of the posed
machine at 0° and 90° electric degree corresponttinipe
) ) _ rotor at the initial position and one fourth of thele pitch,

In-wheel motors are becoming attractive for electri 56 shown in Fig. 2. It can be observed that tie fihes per
vehicles (EVs), since they can provide the diredted  gizi0r tooth can pass through the FMPs separatelytieey
capability and the feature of electronic differahtAs present, 46 forced to pass through the rotor iron and @& in an
the in-wheel motor is based on either a low-fregyelow-  5jternate manner, hence verifying the desired fiaxulation.
speed gearless outer-rotor motor or a high-frequénigh-  the corresponding airgap flux density and its hanimo
speed planetary-geared inner-rotor motor [1]. Tdrenér one  gpectra are shown in Fig. 3. It can be seen tleafluk density
suffers from the disadvantage of bulky size andheeight, has 24 pole-pairs in the airgap within 360°, agrgeiell with
while the latter one inevitably involves transmissiloss,  the number of PM pole-pairs. It can also be notet the
acoustic noise and regular lubrication. Recentlg, toaxial 5 ger corresponding to 24 pole-pairs has the largakie.
magnetic gear was proposed to solve the problepleotary  There are also several other orders have significioes and

gear [2]-[4]. However, the magnetic-geared in-whe®ltor  should be further studied. The data of the propasadhine
still suffers from the drawback of complexity whighvolves  is shown in TABLE 1.

three concentric airgaps. On the other hand, bggusie

. INTRODUCTION

magnetic hearing effect, the permanent magnetee(RiMV) Wheel Outer MS P
machine was developed to offer low-speed high-terqu @
rotation [5]-[7]. In this paper, the concept of PNivachine is ’32231:{;6

extended to in-wheel motors. Hence, a new PMV ieath

. . . A PMV machin
motor, having high-frequency inner-stator operatonl low-
speed outer-rotor rotation, is proposed and impteetk for
EVs | i— |
: )
Inner
PMV machine stator

[I. THEORETICALANALYSIS @ )
a
The proposed PMV in-wheel motor is shown in Figini,

which the inner stator adopts high-frequency maeliesign,
and the outer rotor is directly mounted with the.tiThe key
is to incorporate the flux-modulation poles (FMRghich
modulate the high-speed rotating field of the atmat
windings and the low-speed rotating field of théeouotor. A
group of analytical equations concerning the airdx
density, the magnetic motive force and the torque a
evaluated considering the harmonics to describéoétavior - g
of the proposed machine. The detailed equatiordwigiven @ 0=0deg (b) 0=90 deg
in the full paper considering the limited spacehef abstracts. ~ Fig- 2. Flux distribution. (a) At 0°. (b) At 90°.

Fig. 1. Proposed PMV machine. (a) In-wheel sys{@nScheme.




TABLE |

16 DESIGN DATA
Z; ;‘; £ Item Parameter
g oal > Rated Power 2 kw
% ool 2 Rated Speed 200 rpm
2-0.4— g Overall outside diameter 240 mm
£-08 = Shaft diameter 40 mm
12 Axial length 60 mm
60 120 180 540 300 360 0 40 80 120 160 20C Airgap length 0.6 mm
A"(g"; (deg) Pole-pair numbers No. of stator pole-pairs 3
@ ®) :
Fig. 3. Airgap flux density. (a) Waveform. (b) Haonic spectra. mo' OI st?tor SIIOtS . 278
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_ ! o Vernier machine has been known as a promising dateli
Fig. 4. No-load EMF. (2) Waveform. (b) Harmonic epa. for low-speed high-torque applications. Althoughptinciple
of operation is resemble to the class of harmorechimes,
8O 50 the corresponding analyses are generally basetleonse of
jg 4 fundamental component only while the harmonic conembs
g 204 £s are ignored. In fact, some harmonics of the aiftjapdensity
s O S 2 are significant which should not be neglected.his paper,
= -204 5 . . . .
P ol 171 the detailed working principle and the performanoéshe
-60§ new PMV machine hav been analyzed by an analytical
-80

0 2 4 6 8 10 12 14 0

Time (ms
(a)

g. 5. Torque and harmonic spectra.

200 400 600

Frequency (H:
due Y (Hz

800 1000

Fi
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approach, finite element method and experimentatidre
analytical analysis results agree well with thob¢éamed by
the finite element method and experimental resulise

detailed simulation and experimental results wal given in
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Fig. 6. Measured no-load EMF. (a) Measured at 200. (b) No-load EMF
vs. speed.
] [4]

The no-load electromotive force (EMF) waveforms are
shown in Fig. 4. The no-load EMF waveforms are very
sinusoidal which is desirable for smooth torquedpiation.
Then, the electromagnetic torque waveform and atsnlonic
spectrum are obtained under the locked-rotor ojperads

described in Fig. 5. (6]
Furthermore, the proposed PMV in-wheel motor hamnbe
prototyped for experimentation. The measured nd-lBMF 7]

waveforms and the corresponding voltage versus dspee
characteristic are shown in Fig. 6. It can be fotimat the
measured results agree well with the simulationltesThe
detailed simulation and experimental results wal given in
the full paper.

(8]

100—r . . . the full paper.
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