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A Ferrite PM In-Wheel Motor without Rare Earth Materials for
Electric City Commuters
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! Graduate School of Information Science and Technology, Hokkaido University, Sapporo, Hokkaido 060-0814 Japan
? Dynax Corporation, Chitose, Hokkaido 066-8585 Japan

Abstract—Electric city commuters are vehicles used for commuting from suburbs to inner cities and for movement within cities.
Because of the short distances that they cover and their small battery size, such vehicles are beginning to attract attention. Generally, a
high-performance permanent magnet (PM) composed of rare earth elements, such as neodymium and dysprosium, is used in the in-
wheel PM synchronous motor (PMSM) of an electric city commuter. However, rising prices of rare earth elements and export
restrictions on them are serious problems. Development of an in-wheel PMSM that does not utilize rare earth PMs is therefore highly
desirable for electric city commuter vehicles. Accordingly, our research group has focused on a surface PM type axial gap structure
that can achieve a high torque density and a short motor length in the axial direction. The designed motor structure with ferrite PMs
replacing the rare earth PMs and the results of a three-dimensional finite element analysis are introduced in detail in this paper.
Moreover, to examine the fundamental characteristics of the designed motor, a prototype is produced and tested.

Index Terms— permanent magnet synchronous motor, electric city commuter, axial gap motor, surface permanent magnet rotor structure,

ferrite permanent magnet

. INTRODUCTION

Various efforts have been made to mitigate global warming
and energy problems. In particular, electric vehicles
(EVs) have attracted considerable attention and are
expected to rapidly become widespread in the future. However,
their inability to travel long distances with a single charge and
their high battery price may prevent the spread of EVs. In
contrast, electric city commuters are vehicles used for
commuting from suburbs to inner city areas and for movement
within cities. Such wvehicles are increasingly of interest
because they only need to travel short distances and have a
small battery size. However, the space in an electric city
commuter is limited, and thus use of an in-wheel motor is
desirable. In addition to having a small size, high performance
requirements such as high power output and high efficiency
are generally demanded for in-wheel permanent magnet (PM)
synchronous motors. Therefore, powerful rare earth PMs have
been employed in such motors [1]-[2]. However, over 90% of
the world’s rare earth elements such as neodymium and
dysprosium depend on China. Consequently, rare earth
elements are expensive and have the risk of export restrictions.
This paper thus introduces a low-cost in-wheel motor for
electric city commuters in which the rare earth PMs are
replaced with ferrite PMs. Since the residual flux density and
coercive force of a ferrite PM are small, only about 30% of
those of a rare earth PM, a decrease in magnet torque is a
considerable problem for ferrite PM motors. Therefore, we
adopt a surface PM (SPM)-type axial gap structure, which can
achieve a high torque density and short motor length in the
axial direction [3]-[6]. The motor structure with a coreless
rotor designed for the in-wheel motor of the electric city
commuter and the results of a three-dimensional (3D) finite
element analysis (FEA) are described in detail in this paper.
Moreover, to examine the fundamental characteristics of the
designed motor, a prototype is produced and tested.
Consequently, in spite of using the ferrite PMs, by adopting
the SPM-type axial gap motor with coreless rotor structure and
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Fig. 1. Schematic of designed SPM-type axial gap motor.

incorporating a reduction gearbox inside of the stator, we
show that the designed motor can satisfy the properties
demanded by the in-wheel motor of an electric city commuter.

Il. STRUCTURE OF PROPOSED SPM-TYPE AXIAL GAP MOTOR

Fig. 1 shows a schematic of the designed motor structure.
Because the motor size must be small, restricted by the wheel
size of the electric city commuter, generating reluctance torque
effectively is difficult. Accordingly, the magnetic torque in the
designed motor is maximized through an SPM-type rotor
structure constructed by inserting only ferrite PMs into a non-
magnetic stainless steel rotor support component. The designed
motor therefore has a coreless rotor structure, and only magnet
torque can be utilized because the motor is a nonsalient-pole
machine. In addition, to meet the required torque
characteristics of the electric city commuter, a reduction
gearbox with a gear ratio of 5:1 is inserted into one end of the
stator (Fig. 1). Conversely, a resolver is inserted into the other



TABLE |
SPECIFICATIONS OF DESIGNED MOTOR

Outer diameter of motor 200 mm
Outer diameter of rotor 202 mm
Total motor axial length 71.7 mm
PM thickness 14.3 mm
Arc angle of PM 22.5°
Number of poles 16
Number of slots 18
Slot fill factor of coil 48.7%
Air gap 1.2 mm
TABLE Il

TARGET VALUE AND ANALYSIS RESULTS OF DESIGNED MOTOR
Target value Analysis results

Maximum torque 30 Nm 32.36 Nm
Volume 143L 143L
Maximum power 5 kw 5.41 kW
Maximum torque density 20.97 Nm/L 22.59 Nm/L
Rated speed 1600 1600
Maximum speed 5000 5000

end of the stator. The designed motor thus utilizes the limited
wheel space effectively. The motor’s form and the number of
poles and slots are determined such that the magnet torque is
maximized for the restricted motor size. Tables I and I list the
specifications of the designed motor and the target values
demanded by the electric city commuter, respectively. The
dimensions of each part of the designed motor are thus
optimized by repeatedly performing 3D FEA until the target
values in Table Il are satisfied. The air gap is wide at 1.2 mm
in consideration of the assembly. The analysis results also
listed in Table Il are discussed in Section Ill. This designed
motor can realize a wide range of speeds at constant power

output by field weakening control in spite of the SPM structure.

Rare earth PMs have conventionally been used as key
components in realizing in-wheel motors for EVs [1]-[2].
However, by replacing rare earth PMs with ferrite PMs, the
designed motor can achieve sufficient performance by adopting
a coreless rotor structure and installing the reduction gearbox
inside the stator. The coreless rotor structure without a back
yoke of magnetic steel is also effective in suppressing the
irreversible demagnetization that becomes a problem in ferrite
PMs. Moreover, the coreless rotor structure is expected to have
high efficiency, owing to its suppression of iron loss, because
this rotor structure can lower the magnetic flux density in the
motor.

I1l. ReEsuLTS oF 3D FEA

3D FEA for the designed motor is performed with JIMAG-
Studio simulation software. Analysis results of the torque
characteristics and resistance to irreversible demagnetization of
the PMs are discussed here. Furthermore, we investigate the
durability of our motor to the stress caused by rotating the rotor
through results obtained with SolidWorks 3D CAD software.

A. Torque Characteristics

Fig. 2 shows the change in instantaneous and cogging
torques with rotational angle found through 3D FEA. Table Il
then lists the analysis results of the designed motor derived
from Fig. 2. The temperature of the ferrite PMs is constant at
75 °C. The maximum average torque of the designed motor is
32.36 Nm, which satisfies the target value at the maximum
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Fig. 2. Changes in instantaneous and cogging torques with rotational angle at a
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Fig. 3. Efficiency map of constant torque and power output operations for
designed motor. The solid line denotes torques realizing a constant output of
5.41 kW.

current density of 11.2 Arms/mm? The peak-to-peak torque
ripple is sufficiently small at 0.97%. Additionally, the peak-to-
peak cogging torque is very small at 0.086 Nm, and is only
0.27% of the maximum average torque of 32.36 Nm.

B. Constant Power Output Operation and Efficiency Map

Fig. 3 shows the efficiency map of constant torque and
power output operations for the designed motor. The solid line
denotes torques realizing a constant power output of 5.41 kW
at rotational speeds from 1600 to 5000 r/min. When
performing the analysis, the DC voltage of the inverter is
constant at the battery voltage of 200 V. The results establish
that the designed motor can achieve a constant power output
operation greater than the target value of 5.0 kW by means of
field weakening control.

The motor efficiency is calculated from the torque, iron loss,
and copper loss determined by 3D FEA. The iron loss is
derived from the sum of hysteresis loss and eddy-current loss
in the stator core and the eddy-current loss in the rotor support
component. Since the iron loss in the ferrite PMs is negligible
in comparison, this loss is ignored in the analysis. Fig. 3 was
generated by extracting the results attaining the highest
efficiency at each current and rotational speed from numerous
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Fig. 4. FEA results of irreversible demagnetization of ferrite PM at the
maximum current density of 11.2 Arms/mm? and 3-fold the maximum current
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calculations by precisely adjusting the magnitude and phase
angle of the current in the 3D FEA. As shown in the figure,
the efficiency is high for a wide range of high speeds, and the
maximum efficiency is 95.01% at 3200 r/min.

C. Durability to Irreversible Demagnetization of PMs

Verifying that the field weakening operation does not cause
irreversible demagnetization of the ferrite PMs in the designed
motor is imperative. To this end, we perform 3D FEA to
investigate the irreversible demagnetization of the ferrite PMs
under the conditions that the current phase angle is constant at
90° and the temperature of the ferrite PMs is -40 °C. The field
weakening flux at the current phase angle of 90° is directly
opposed to the magnetizing direction of the ferrite PMs. In
addition, irreversible demagnetization tends to occur in ferrite
PMs when the magnet temperature becomes low. Our analysis
condition on the temperature is thus the worst-case scenario
for the ferrite PMs. Fig. 4 shows 3D FEA results for a ferrite
PM in the designed motor displaying the highest irreversible
demagnetization factor. At the maximum current density of
11.2 Arms/mm?, irreversible demagnetization of the ferrite
PM clearly does not occur. In contrast, as an extreme example,
irreversible demagnetization occurs extensively in the ferrite
PM at 3-fold the maximum current density.
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Fig. 6. 3D stress analysis of the rotor at maximum rotation speed of 5000
r/min.
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Fig. 7. Relation between von Mises stress and rotational speed.

Fig. 5 shows the reduction () in the U-phase flux linkage
generated by the ferrite PMs. ¢ is an index that represents the
state of a PM’s irreversible demagnetization and is defined as

5 =Ymd ~¥ma . 00[0). 1)
mb

Here, ¥ and ¥, are the U-phase flux linkages generated
by the ferrite PMs before and after conduction of current,
respectively. At the maximum current density, & = 0.00%.
However, ¢ increases rapidly when the current density
exceeds 21 Arms/mm?; that is, 1.88-fold the maximum current
density. The designed motor can thus resist irreversible
demagnetization at the maximum current density.

D. Durability to Stress Caused by Rotating Rotor

Rotor stress is known to increase in proportion to the square
of the rotational speed. Therefore, a stress analysis is also
performed on the designed motor. Since the maximum
rotational speed of the designed motor is 5000 r/min, the
analysis is conducted using this speed. Fig. 6 shows the
analysis results. A maximum von Mises stress of 79.4 MPa is
found at the location indicated by the arrow. The 18Cr-8Ni
austenitic steel used for the rotor support component has the
lowest yield strength at 206 MPa. Fig. 7 shows the relation
between maximum von Mises stress and rotational speed.
When the rotational speed is 8056 r/min, the maximum von
Mises stress reaches 206 MPa, the minimum yield strength of
the component. The safety factor for the rotational speed is
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Fig. 8. Photographs of designed motor prototype.
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therefore considered sufficiently high at 1.61.

IVV. PROTOTYPE CONFIGURATION

Fig. 8(a) shows a photograph of the rotor in a prototype of
the designed motor. The ferrite PMs are fixed into the rotor
support component with an adhesive. Fig. 8(b) shows the
reduction gearbox and stator in the prototype. The limited
wheel space is used effectively by the axial gap structure,
because the reduction gearbox is inserted into the stator. The
stator core is constructed by fixing a soft magnetic composite
(SMC) core to the case with screws and adhesive. Figs. 8(c)
and (d) then show the exterior of the prototype.

V. EXPERIMENT RESULTS

A. Unloaded Test

Fig. 9 shows the U-V line voltage waveform (i.e., the
waveform of the induced electromotive force) when the
prototype is not loaded. The rotational speed here is the base
speed of 1600 r/min (Table Il). The measured and analysis
values of U-V line voltage are 73.43 and 73.88 Vrms,
respectively. Thus, the values are in good agreement, and the
prototype of the designed motor can be analyzed accurately
through 3D FEA. Moreover, the induced electromotive force
of the prototype has an almost perfect sinusoidal waveform. In
fact, the total harmonic distortion is small at 1.60%, and
therefore the designed motor is considered to have excellent
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Fig. 10. Relationship between torque and g-axis current iq under loading test.
The maximum torque is 30.0 Nm.

current control. Furthermore, the cogging torque of this
prototype can be assumed to be small (as shown in Fig. 2)
because of the small total harmonic distortion of the induced
electromotive force.

B. Loading Test

Fig. 10 shows the relation between torque and g-axis
current (i) when the motor is subjected to loading, where the
solid blue line denotes the result determined through 3D FEA
of the designed motor. The analysis and measured results are
almost equal. We can thus verify that the measured torque of
the prototype exceeds the target value of 30.0 Nm at the
current density of 10.12 Arms /mm?®.

VI. CONCLUSION

In this paper, we examined an in-wheel type axial gap
motor using ferrite PMs for an electric city commuter and
reported 3D FEA results for this motor. To examine the
fundamental characteristics of the designed motor, we also
produced and tested a prototype model. As a result, we found
that the designed motor satisfies the target values of the
electric city commuter. Future work includes continuing with
loading tests such that the constant power output operation and
efficiency map of the prototype can be verified.
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