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ABSTRACT: We are developing compact and lightweight in-wheel motors that can increase the cruising range for electric vehicles which

are becoming more prevalent in the decarbonized society. This paper proposes a Halbach magnet array to achieve a world-class motor

power density of 2.5 kW/kg. Finite element method analysis shows that our Halbach magnet array can obtain a large gap magnetic flux

density with a small amount of magnets compared with the conventional Halbach rotor with a surface-permanent-magnet layout.
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1. INTRODUCTION

Much money and effort have been invested into developing
technology for a decarbonized society. In the automotive industry,
laws and regulations to move from gasoline-powered vehicles to
electric vehicles (EVs) are being enacted in many countries.
Conventional EVs, however, have a drive system on the chassis,
which limits the vehicle space including the battery-installation
space. Therefore, not enough batteries can be installed to make
EVs suitable for long-distance running. This short cruising
distance inhibits their wider adoption. In-wheel motors are
attracting attention because they can expand the vehicle space by
mouting the motor in the wheel®. However, in the conventional
in-wheel motor, the large motor volume in the wheel (that is, the
small output density) increases the weight under the spring.
Solving this requires completely changing the suspension®),

To solve this problem, various high-output technologies have
been proposed, for example, interior permanent magnet
synchronous motors®-®), spoke motors®1) and Halbach
magnetized and Halbach array field motors2-(15,  However,
previous studies have not taken a broad approach to motor design
suitable for in-wheel motors.

On the basis of the above background, we clarified a strategy to
increase the output density of in-wheel motors and investigated
Halbach magnet arrays that can produce high power density of in-
wheel motors. We first propose a Halbach magnet array to increase
the motor torque by multi-polarization and increase tha gap
magnetic flux density. Our Halbach magnet array rotor is

characterized by having cores at the center of the pole, unlike a

conventional Halbach rotor with a surface permanent magnet
(SPM) layout. We then developed a rotor that includes our
Halbach magnet array and determined its superiority by comparing
it with a Halbach-array rotor with an SPM layout used for common
multi-polar motors through finite element method (FEM) analysis
and a simplified magnetic circuit model. Finally, we present the
results of evaluating a prototype in-wheel motor that includes the
developed rotor with our Halbach magnet array.

2. STRATEGY FOR HIGH POWER DENSITY
The magnitude of a motor's torque T is typically proportional to
the product of the motor size, specific electrical load A4;, and
specific magnetic load B,,. Using the following torque equation,
the relationship between torque density and pole pair p can be

investigated.

T « D3LA,By, (1)
Here, Dg is the gap diameter, and L is the core thickness. The

A; and By, can be expressed as

_ 6Nph11n ¢6

By = —
wpy B =] @)

Ay
where, Ny, is the number of turns in a phase, I, is the
fundamental wave component of the rated current, ¢s is the gap
magneitc flux per pole, and t,, is the polar pitch.

On the bases of Egs. (1)-(3), we investigated the relationship
between torque density and p. Assuming an in-wheel motor for
EVs, Ds was set to 300 mm, and L was set to 50 mm. As the

restrict conditions, the magnetic flux density in the stator back
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yoke was set to 1.2 T, and the current density of the winding was
set to 20 A/mm2. The A; was 1.0 x 105 A/m assuming large
torque, and two gap magnetic flux densities of 0.8 Tand 1.2 T
were compared. The torque density and stator back yoke width
were both 1.0 pu for p = 1 with the gap magnetic flux density of
08T.

The relationship between the stator back yoke width and torque
density with respect to p is shown in Fig. 1. When p is small, the
amount of magnetic flux across the adjacent poles becomes large,
which widens the stator back yoke. The back yoke can be
narrowed when p is large. Therefore, by increasing p, the size and
weight of the motor can be reduced, increasing the torque density.
When the gap magnetic flux density is larger, the back yoke is
wider, but the torque per unit core thickness is increased, so the
torque density can be increased.

The sensitivity of torque density to gap magnetic flux density is
more pronounced in multi-polarization. The above factors indicate
that it is effective to make a motor multi-polar; thus, high torque
density can be obtained by the synergistic effect of the multi-
polarization of the motor and increase in the gap magnetic flux
density. In the next chapter, we introduce our Halbach magnet
array to effectively increase the gap magnetic flux density.

3. HALBACH ARRAYS
3.1. Finite-element-method analysis

Conventionally, a Halbach array is capable of inreasing the gap
magnetic flux density. This is possible by providing a
magnetization distribution such that the magnetic flux is
concentrated in the gap in the SPM layout. However, since the
magnetic path inside the magnet becomes longer in such a layout,
the magnetic resistance inside the magnet is large compared with
the magnetic resistance of the gap. As a result, the permeance
coefficient is lowered, and the magnet operating magnetic flux
density at each part is lowered, so there is a concern that the gap
magnetic flux density cannot be increased sufficiently.

Therefore, we developed a rotor with our Halbach magnet array
consisting of flat plate-shaped main pole magnets, spoke magnets,
and pole center cores placed in the center of the poles, as shown in
Fig. 2.

Figure 3 shows the FEM analysis results of the gap magnetic
flux density by the permanent magnets in the SPM-type and
Halbach-magnet-array-type rotor models. When the spatial-
distribution fundamental-wave effective value of the gap magnetic
flux density of the SPM rotor was 1.00 pu, it was 1.06 pu in our
Halbach-magnet-array rotor. The amount of magnets was 0.61 pu
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Fig. 2 Rotor models (left: SPM, right: Halbach array).
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Fig. 3 Flux distribution (upper: SPM rotor, lower:
Halbach magnet array rotor).

for our Halbach-magnet-array rotor and 1.00 pu for the SPM rotor.
Therefore, our Halbach-magnet-array-type rotor can achieve a
large gap magnetic flux density with a small amount of magnets

compared with the conventional SPM-type rotor.

3.2. Analysis using magnetic circuit model
For a more comprehensive analysis, a magnetic circuit model

was used to demonstrate the superiority of the proposed Halbach
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magnet array. In this magnetic circuit design, the following
assumptions were made to simplify the calculations.

A) The permeability of the core is infinite.

B) The rotor shape for one pole is approximated by a rectangle.

C) The shape of the stator is irrelevant.

D) Since the back yoke width of the rotor is also related to
design items such as the connection with the housing, the
rotor back yoke shape is not considered.

Figure 4 shows the magnetic circuit model for one pole, where

d is the radial width of the rotor excluding the back yoke width, x
is the magnetization direction width of the main pole magnet, and
y is the magnetization direction width of the spoke magnets. Using
rotor outer diameter D,., and rotor inner diameter D, the 7, and

d of the rotor excluding the back yoke are expressed as

_ 7t(Dyo + Dyy) N Dy, d= Dyo — Dy e
4p 2p "’ 2

where, e is the radial width of the rotor back yoke.

Tp @)
Applying Ampere's law to each magnetic flux loop shown in
Fig. 4, the following equations are obtained.

Loop 1:

B,
(#—y - ¢y1Ry1) = 2¢sRs (4)
.
Loop 2:

2(23 = bakin) = dyal2Res + R) = byaRy. 9

Loop 3:
2(27% ~ uaRia) (Y ~ daRya) = ~20y2Res (@

Ur 2 Uy
where, B, is the residual magnetic flux density of the permanent
magnet, u, is the recoil permeability, ¢,, and ¢,, are the
magnetic fluxes passing through the main pole magnet, ¢,,; and
¢, are the magnetic fluxes passing through the spoke magnet, ¢
is the magnetic flux through the gap. From the magnetic circuit
diagram, the gap magnetic flux per pole is represented as 2¢s. The
notations R,, R,, and R, are the magnetic resistances of the
main pole magnets, R,; and R, are those of the spoke magnets,

and R; is that of the gap.

Rey = Ryp = Ry = ——— Ryg = 22
S N R T T AL
y y
Ryy =——>——, Ry, = ——

n ﬂr(d —X)L' 2 UrxL (8)
. 26 ©

§= 7 N,
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where L is the stack thickness, & is the gap length, and p, is the
vacuum permeability. There is the following relationship between
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Fig. 4 Magnetic circuit model.

the magnetic flux passing through the gap and that passing through
each magnet.

Ps = Py + ¢y1 (120)

Px1 = Px2 + ¢y2 (11)
From Egs. (4)-(11), ¢ can be obtained as a function of magnetic
resistance and magnet width.

" 11B, +1< 1 4 1)BT (12)
=on T XTo\r 2 T Y

TR Ry 1y R\Rxy + Ryy  Ry1/ iy
where,

RyyRs 2Rg

R=1l+——"———
RleJ,cy + szny Ryl

(13)

Ryy = 2Ry3+ Ry, Ryy = 2(Ryz + Ry3) + Ry, (14)
On the basis of the above, the total magnetic flux @ in the gap
and gap magnetic flux density Bs are expressed as follows.

D5
2pTplL
Since Bs in Eq. (15) is a function of the dimensional parameters

D5 =2p X 2¢5, Bs =

(15)

of the magnet and core, the range of geometry parameters for
maximizing the gap flux density can be determined.

Figure 5 shows the gap magnetic flux density map for the
thickness of the main pole magnet and spoke magnets. The
thickness of the magnets in the graph is standardized, and that of
the main pole magnet x is 1 pu when it is equal to the radial
thickness of the rotor, and the thickness of the spoke magnet y is
1 pu when it is equal to the pole pitch. That is, when x is 1 pu, the
core at the pole center disappears and the magnet arrangement
becomes similar to an SPM layout. This confirms that there is a set
of magnet dimensions that maximizes the gap magnetic flux

density in the range of x < 1 puand y < 1 pu.
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Fig. 5 Gap magnetic flux density map.
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Fig. 6 Calculated no-load iron loss.

3.3. No-load iron loss

As the gap magnetic flux density increases, the no-load iron
loss also increases. To quantify whether the no-load iron loss is
acceptable, it was calculated using FEM analysis. Figure 6 shows
the no-load iron loss versus rotation speed. The no-load iron loss
at the rated speed of 600 min- was 347 W. Since the designed peak
output is 60 kW, it can be said that the no-load iron loss is

sufficiently small.

4. PROTOTYPE AND MEASUREMENT
4.1. Prototype in-wheel motor
We fabricated a prototype in-wheel motor using our Halbach-
magnet-array rotor. Figure 7 shows the appearance of the motor
including the inverter and developed rotor. The rotor is fixed to the
shaft via a housing located on the inner circumference side, and
power is transmitted to the wheel.

4.2. Measurement of no-load induced back electromotive force
The prototype was built into the test bench and the no-load loss

and induced back electromotive force (EMF) was measured.

Inverter

Inner rotor (magnetic circuit part)

Fig. 7 Prototype in-wheel motor (left: external appearance, right:
developed rotor).
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Fig. 8 Comparison of measured and calculated no-load-
induced back EMF at 600 min-.,

Figure 8 compares the measured waveform (solid line) and
calculated waveform (dashed line) of the no-load-induced back
EMF. Both were under 600 mint. The measured stator core
temperature was used as the magnet temperature in the FEM
analysis because the heat of the motor was low enough and the
measurement time was short. While the measured no-load-induced
back EMF was 151.1 VVrms, the calculated value was 155.4 VVrms.
The error between the measured and calculated values was 2.9%,
which was small enough, and confirmed the prototype was made

as designed.

4.3. Measurement of peak power

The prototype in-wheel motor was installed in a test bench and
a load test was conducted. The wheel side of the motor was
fastened to the test bench, and direct current (DC) power and
cooling oil were input and output from the inverter side. The DC
voltage was 380 V. Figure 9 shows the measured waveforms of
voltage and current at a peak output of 60 kW (600 min-, 960 Nm).
Although the current waveform contains high-order pulsating
components corresponding to the carrier frequency of the inverter,
it was a substantial sine wave, and it was confirmed on the actual

machine that the prototype in-wheel motor can be stably driven.
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Fig. 9 Measured waveforms under peak output at 960 Nm
and 600 min- (upper: voltage, lower: current).

5. CONCLUSION

We presented a strategy to increase power density of in-wheel
system. We show that the output density can be improved by the
synergistic effect of increasing the number of poles and the gap
magnetic flux density.

To increase the gap magnetic flux density, we proposed a
Halbach magnet array which combines main pole magnets, spoke
magnets, and pole center cores. We also developed a rotor that
includes our Halbach magnet array and determined the rotor’s
superiority to the conventional Halbach-array rotor with an SPM
layout through FEM analysis and a magnetic circuit model. FEM
analysis showed that our rotor can increase the gap magnetic flux
density by 6.3% with 39% fewer magnets than the conventional
rotor.

We fabricated a prototype in-wheel motor using the developed
rotor and measured the no-load properties. The no-load-induced
back EMF of the prototype motor was almost sinusoidal and was
151.1 VVrms, which is in good agreement with the calculated value
of 155.4 VVrms. The peak output was 60 kW, verifying that stable

driving is possible with the prototype in-wheel motor.
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