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Abstract
Permanent magnet synchronous motors are widely employed for electric vehicles (EVs) because of their
high torque density and efficiency. However, rare-earth magnets have critical disadvantages such as an
unstable supply and high cost. In order to solve these problems, ferrite magnets are being considered for
these motors as an alternative to rare-earth permanent magnets (PMs). This paper compares interior
permanent magnet (IPM) and surface-mounted permanent magnet (SPM) motors using ferrite magnets for
a low-voltage system EV under the same design conditions. The IPM and SPM motors were compared
under the same voltage and current through d-q axis equivalent analysis. The results confirmed the
applicability of ferrite motors to low-voltage system EVs.
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Introduction

As environmental problems increase, research
and development into high-efficiency motors is
underway to replace power sources based on
conventional fossil fuels in various industries.
Part of this effort has involved the development
of an in-wheel type motor as a power source for
electric vehicles. An in-wheel type motor can
maximize the output transmission effect by
directly driving the wheels of the vehicle.
Furthermore, it reduces weight by simplifying
the devices of the drive system [1, 2].
However, the supply instability and rising prices
of rare-earth permanent magnets (PMs), which
are essential elements in high-power motors, are
posing challenges to the development of many
motors, including in-wheel type motors.
In recent years, ferrite-type PMs, which do not
have price and supply problems, are being
studied as replacements for rare-earth PMs in
existing motors.

Because most studies on replacing existing rareearth motors with ferrite motors have been on
high-voltage systems, the motors have been
designed as spoke or interior permanent magnet
(IPM) types, which use the reluctance and
magnetic torque through current phase control,
rather than as surface-mounted permanent magnet
(SPM) types, which only use magnetic torque [3-6].
However, the performances of the IPM and SPM
types have not been compared for low-voltage
systems where the current phase control of highspeed sections is difficult because of voltage
limitations.
In this study, IPM- and SPM-type in-wheel motors
using ferrite PMs were designed under low-voltage
system conditions to drive a golf cart. Finite
element analysis (FEA) and d-q axis equivalent
circuit analysis were used for the design process.
The design results were compared and analysed to
determine which of the IPM and SPM types is
appropriate for low-voltage systems.
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2

Design
of
IPMSM
and
SPMSM with ferrite PM for
low voltage system

In this study, motors were developed with the
objective of reducing the cost compared to
motors that use conventional rare-earth magnets.
The NdFeB PM was replaced with a ferrite
magnet to reduce the cost.
In-wheel-type IPM and SPM synchronous
motors (SMs) using ferrite were designed to have
the same volume as existing Nd magnet in-wheel
motors. The motor of each type was designed to
have a shape that meets all operation and design
requirements through FEA and d-q axis
equivalent circuit analysis [7].

2.1

(a) d-axis equivalent circuit

D-q axis equivalent circuit analysis
theory

D-q axis equivalent circuit analysis is generally
used for motor characterization. FEA can be used
to derive accurate results; however, it is
inefficient for characterization over a wide
operating range.
Figure 1 shows the equivalent circuit of a general
PMSM [8].
The PM is an equivalent circuit composed of a dq axis synchronous coordinate system that
includes the iron loss resistance, as shown in
Figure 1. The mathematical model of the d-q axis
equivalent circuit including the iron loss
resistance Rc is expressed by Eqs. (1)–(3). Here,
id and iq are the d- and q-axis currents,
respectively. icd and icq are the d- and q-axis iron
loss currents, respectively. vd and vq are the dand q-axis terminal voltages, respectively, and Ra
is the resistance of the armature winding. Ψa is
the magnetic flux inter-linkage amount per pole,
and Ld and Lq indicate the d- and q-axis
inductances. Finally, Pn is the pole pair count [9].
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(b) q-axis equivalent circuits
Figure 1 : Equivalent circuits of PMSM

2.2

Specification of in-wheel motor

Table 1 lists the system conditions of the designed
motor. The motor has a DC link voltage of 72 V
and size constraints of 250 mm for the stator outer
diameter and 32 mm for the stack length. A
concentrated winding combination of 16 poles and
24 slots was selected in consideration of the
inverter and production costs. The design
conditions were limited so that the motor would
attain a maximum output of 3 kW and maximum
torque of 30 Nm. The base and maximum speeds
of the motor are 915 and 3100 rpm, respectively.
Finally, the PM was required to have a residual
magnetic flux density of 0.4 T at 65 °C.
Table 1 : Requirements for In-wheel type motors with
ferrite PM design

(2)

Item
DC link voltage (V)
Stator outer diameter (mm)
Stack length (mm)
Pole/slot number
Max. power (kW)
Max. torque (Nm)
Base/Max. speed (rpm)
PM Br(@65oC) (T)
Core material

(3)

2.3

0  iod 
 
Lq  ioq 
(1)

Value
72
250
32
16 / 24
3
30
915/3100
0.4
50PN470

Design of In-wheel IPMSM and
SPMSM with ferrite magnets

An IPMSM and SPMSM using ferrite were
designed to meet the conditions in Table 1 through
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FEM and d-q axis equivalent circuit analysis.
Figure 2(a) and (b) show the shapes of the stator
and rotor of the IPMSM, and Figure 3(a) and (b)
show the shapes of the stator and rotor of the
SPMSM.
The shape of each motor was designed according
to the rotor shape, which included the PM, shape
of the stator, and number of coil turns, which
needed to satisfy the back electromotive force
(EMF) and inductance requirements for the pole
slot combination and performance.

circuits
Fill factor (%)
Rotor diameter (mm)
Current density
(A/mm2)
Permanent magnet
volume (mm3)

37.8
182.5

10

10.3

5360

7126.4

2.3.1

Back EMF results of in-wheel
PMSM with ferrite
Figure 4(a) and (b) show the harmonic analysis
results, phase back-EMF of the designed motors.
Both the IPMSM and SPMSM had low back-EMF
harmonics because they were applied with the
chamfer of the stator and the eccentricity of the
rotor to remove the harmonic impact of the torque
ripple and back-EMF.
40

Phase back EMF (V)

(a) Stator shape

(b) Rotor shape
Figure 2: Shape of IPMSM with ferrite PM
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Figure 3 : Shape of SPMSM with ferrite PM
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Figure 4: Back EMF of IPMSM and SPMSM
with ferrite PM
Table 2 : Design summary of in-wheel type motors
with ferrite PM design

Item
Series turns per phase
Number of parallel

IPMSM
56

SPMSM
64
8
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2.3.2

Inductance results of in-wheel
PMSM with ferrite
Figure 5(a) and (b) show the inductance
according to the current magnitude and phase
angle of the designed motors.
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Table 3: d-q axis equivalent circuit analysis condition

Item

IPMSM

q-axis inductance (Lq)

SPMSM

Pole

16

Max. Line-line
voltage (Vrms)

48
(Vdc: 72V)
(Modulation: 95%)

d-axis inductance (Ld)

0.3

0.00

7.96

9.86

Phase resistance
(mΩ)

19.14

19.54

120A

Because the number of stator coil turns for the
IPMSM (48 turns) was 25% less than that for the
SPMSM (64 turns), the IPMSM must have a
lower inductance than the SPMSM proportional
to the square of the difference in the number of
turns if all other conditions are the same.
However the size of the actual air gap is
significant because the PM of the designed
SPMSM was thick. Also, the V-type placement
of the PMs in the IPMSM increases the core area
between the air gap and PM and increases the qaxis inductance. Hence, the inductance of the
IPMSM, especially the q-axis inductance, was
more significant than that of the SPMSM despite
the former having fewer coil turns than the latter.
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Figure 5: d-q axis Inductance
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D-q axis equivalent circuit analysis
results of in-wheel PMSM with
ferrite
D-q axis equivalent circuit analysis was performed
to verify whether the relevant motor meets the
performance requirements for operation. Table 3
lists the analysis conditions, and then Figure 6(a)(d) shows the d-q axis equivalent circuit analysis
results of the two motors.
Figure 6(a) showed that the two electric motors
meet the torque and output conditions. However,
IPMSM used high current phase angle and more
input current at the base speed in having a smaller
phase back-EMF than SPMSM. Therefore IPMSM
was line-to-line voltage saturation is earlier than
SPMSM.
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Figure 6: D-q axis equivalent circuit analysis results
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Comparison of load condition
between IPMSM and SPMSM
with ferrite PM

The characteristics of the IPMSM and SPMSM
under loading conditions were compared to
determine which is appropriate for low-voltage
systems.
For the driving of a motor in a low-voltage
system, the peak value of the back-EMF
waveform under a load should never exceed the
voltage limit. Because this constraint can be a
major problem, the peak value of the line-to-line
back-EMF waveform under a load must be
determined.
Figure 7 shows the line-to-line back-EMF
waveforms of the IPMSM and SPMSM under
loads.

Line-line back EMF (V)
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120
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SPMSM
DC Link Voltage

72V

60

between the rotor and stator was not properly
achieved. This explains the improper transmission
of the flux generated in the rotor of the IPMSM
based on changes in the current phase angle to the
stator and the leakage situation. Based on analysis,
such phenomena appear when the air barrier of the
rotor is not sufficiently saturated according to the
current phase difference when a ferrite PM is used.
In contrast, the air barrier of the rotor is
sufficiently saturated in the case of an Nd magnet.
On the other hand, Figure 10 (a) and (b) showed
that the flux linkage between the rotor and stator
was properly achieved. Furthermore this motor
showed a suitable torque ripple under the current
conditions at the maximum speed.
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Figure 8: Torque waveform at load condition
(@Max speed)

Figure 7: Line to line back EMF at load condition
(@Max speed)

The line-to-line back-EMF waveform of the
SPMSM under a load showed a lower peak value
than that of the IPMSM. Therefore, the former is
less likely to exceed voltage limitations during
driving. The IPMSM recorded a line-to-line
back-EMF that exceeded the DC link voltage and
hence could not meet the voltage limitation
conditions. The torque waveform was compared
under the maximum speed conditions to
accurately review the above. Figure 8 shows the
torque waveforms of the IPMSM and SPMSM.
Even after the chamfer of the stator and
eccentricity of the rotor were applied to reduce
the torque ripple in the IPMSM, this motor still
showed a significant torque ripple under the
current conditions at the maximum speed and
had a wave form that made driving difficult.
Figure 9 (a) and (b) showed that the waveform
was severely distorted, and the flux linkage
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(a) Flux vector

(b) Flux density
Figure 9: Flux vector and flux density of IPMSM
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(a) Flux vector

the SPMSM more easily meets the voltage
conditions of the system.
Based on the PM volume and output density of the
motor, an IPMSM can obtain the same output with
relatively few magnets, which can be
advantageous. However, unlike motors using rareearth magnets such as NdFeB, an IPMSM under
current phase control conditions shows an increase
in the magnetic flux leakage of the air barrier and
the inductance. As a result, the voltage drop caused
by the inductor grows and can exceed the voltage
limit. Therefore, the SPMSM, which has low
distortions of the line-to-line back-EMF waveform
under a load and the inductance, is advantageous
for a system with low voltage limits.
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(b) Flux density
Figure 10: Flux vector and flux density of SPMSM
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Conclusion

In this study, a comparative analysis was
conducted to assess whether the SPM or IPM is
the appropriate type for in-wheel type SMs using
ferrite PMs in a low-voltage system. An IPMSM
uses both magnetic torque and reluctance torque,
so it can obtain the same power density as a
SPMSM even with fewer magnets used.
However, IPMSM has a higher inductance than a
SPMSM because of the decrease q-axis magnetic
path when PMs are placed within a limited
volume. The flux linkage between the rotor and
stator decreases, and the distortion of the backEMF waveform grows owing to the leakage flux
in the air barrier of the rotor under a load. For
this reason, the IPMSM has a higher peak value
for the line-to-line back-EMF waveform than the
voltage limit value in low-voltage systems, so the
voltage required for driving the motor can be
insufficient.
Because the SPMSM cannot use the reluctance
torque, it requires more magnets than the IPMSM
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