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This article proposes the performance improvement of the rare-earth free high-speed multilayer (ML) interior permanent magnet
synchronous motor (IPMSM) by using the dual-phase magnetic material (DPMM). To ensure mechanical stability, ML IPMSM
should have many bridges. However, in the bridges, a significant leakage flux generates, and due to this, the performance of the
motor is decreased. Since the DPMM has magnetic and non-magnetic phases, to solve this problem, the non-magnetic phase is
applied to the bridges of ML IPMSM. Through it, the leakage flux is decreased, and the performance improvement of the motor is
achieved. In this article, the electrical parameters, torque, and efficiency are compared using finite element analysis (FEA) for the
motor with and without the DPMM. Finally, to verify the proposed method, the load test is conducted.

Index Terms— Dual-phase magnetic material (DPMM), ferrite permanent magnet (PM), high-speed multilayer (ML) interior
permanent magnet synchronous motor (IPMSM), leakage flux, rare-earth free motor, traction motor for electric vehicle (EV).

I. INTRODUCTION

RECENTLY, the traction motor of the electric vehicle
(EV) is required a high-power density. An interior

permanent magnet synchronous motor (IPMSM) using Nd
permanent magnet (PM) is the most attractive option to
achieve these characteristics [1], but there is a problem of
an unstable supply of Nd PM, which is the most important
component in the IPMSM using the Nd PM, due to inter-
national circumstances [2]. For this reason, various rare-earth
free motors have been studied to replace the IPMSM using Nd
PM. Among those, the multilayer (ML) IPMSM using ferrite
PM can achieve high-power density due to its large reluctance
torque. Therefore, in this article, the ML IPMSM using ferrite
PM is adopted to replace the IPMSM using Nd PM. However,
the ML IPMSM should have a large amount of ferrite PM to
secure magnetic torque, which causes mechanical weakness
of the ML IPMSM due to centrifugal force at high speed.
Therefore, to mechanically ensure stability at high speed, the
ML IPMSM inevitably requires many bridges. However, the
bridge causes the leakage flux, which decreases the motor
performance. To solve this problem, many previous studies
have used the optimization technique [3], [4], [5], [6].

In this article, to reduce the leakage flux in the bridge,
applying the dual-phase magnetic material (DPMM) is applied
to the ML IPMSM. Through this, in this article, it is to
examine how the performance is affected when the leakage
flux is reduced in the bridge and rib of the rotor of the ML
IPMSM by applying the DPMM. The DPMM is a material
with magnetic and non-magnetic phases [7]. In the previous
studies about the DPMM, only the torque of the synchronous
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TABLE I
MOTOR INFORMATION

reluctance motor was compared with or without applying the
DPMM [7], [8]. In [7] and [8], the torque is increased by
applying the DPMM to reduce the leakage flux. Using the
same principle, in this article, the performance of the ML
IPMSM is improved. To analyze the cause of the performance
improvement, the electrical parameter is compared with or
without applying the DPMM. Also, the efficiency of the two
motors is compared. To ensure the reliability of the analysis
results, the test result is compared with the analysis result.
To confirm the effect of applying the DPMM, the contents of
this article are organized as follows. First, the specification
and problem of the target motor to which the DPMM will
be applied are introduced. Next, information on the DPMM
is briefly introduced. Next, for the motor with or without
applying the DPMM, the electrical parameters, torque charac-
teristics, and efficiency are compared using the finite element
analysis (FEA). Finally, the test result and FEA result are
compared to each other.

II. RARE-EARTH FREE HIGH-SPEED ML IPMSM

In this section, the specification and the problem of the
target motor are introduced. The specification and the per-
formance curve according to the rotational speed of the target
motor are shown in Table I and Fig. 1, respectively. As shown
in Table I, the maximum rotational speed of the target motor
is 15 kr/min, which is a high rotational speed for a traction
motor. The configuration of the motor is shown in Fig. 2.
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Fig. 1. Power and torque curve according to rotational speed.

Fig. 2. Configuration of target model.

Fig. 3. Leakage flux at bridges and ribs.

As mentioned earlier, it is essential to secure mechanical sta-
bility because the target motor is operated at a high speed. For
this reason, as shown in Fig. 2, the PM shape is selected as the
C-shape because the C-shaped PM has a higher safety factor
under the same PM usage than the rectangular-shaped PM [2].
Also, the target motor is designed to have many bridges
between the PMs to secure mechanical stability. However, the
leakage flux is generated due to these bridges, as shown in
Fig. 3, which causes the deterioration of motor performance.
Therefore, to improve motor performance, it is necessary to
reduce the leakage flux at the bridge. To reduce the leakage
flux at the bridges, the optimal design is generally conducted,
but the DPMM is used in this article. Section III introduces a
brief information on the DPMM used in this article to solve
this problem.

III. DUAL-PHASE MAGNETIC MATERIAL

As mentioned earlier, DPMM is a DPMM developed by GE
and consists of materials with a magnetic phase and a
non-magnetic phase [9]. According to [8], DPMM has mag-
netic and mechanical properties, as listed in Table II. A region
with a magnetic phase has a maximum relative permeability
of 1100 and magnetization saturation of about 1.5 T, and a
region with a non-magnetic phase has a permeability similar
to a vacuum. Therefore, in this article, to reduce the leakage
flux at the ribs and bridges, the non-magnetic phase is applied

TABLE II
MAGNETIC AND MECHANICAL PROPERTIES OF DPMM AND 35PNT600Y

Fig. 4. Rotor configuration applying DPMM.

Fig. 5. Leakage flux at bridges and ribs of DPMM model.

to the ribs and bridges of the rotor, which results in improved
motor performance. The non-magnetic phase of the DPMM
used for ribs and bridges has a yield stress of 565 MPa. Com-
pared to the yield stress of high strength steel 35PNT600Y,
it can be seen that the yield stress of the non-magnetic
phase of the DPMM is considerably higher. Fig. 4 shows the
rotor configuration applying the DPMM. In Fig. 4, a region
represented gray and green color is material with the magnetic
phase and non-magnetic phase, respectively. Fig. 5 shows the
magnetic field distribution of the DPMM model, which is
a model to which DPMM is applied. Unlike Fig. 3, there
is almost no leakage flux at the ribs and bridges in Fig. 5.
Therefore, it can be expected to the motor performance is
improved. To confirm the effect of applying the DPMM, the
various characteristics of the original and DPMM models are
compared in the next section.

IV. PERFORMANCE COMPARISON

In this section, the various characteristics including the
torque characteristics, efficiency, and losses of the two motors
are compared.

A. Torque Characteristics

First, the torque characteristics of the two motors are
reviewed. In general, to review motor performance, the d- and
q-axes equivalent circuit as in Fig. 6 is used. In the d- and
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Fig. 6. Equivalent circuit of synchronous motor. (a) d-axis. (b) q-axis.

q-axes equivalent circuit, the output power is expressed as
follows:

Pout =
[
vod voq

][iod
ioq

]
(1)[

vod
voq

]
=

[
0 −ωe Lq

ωe Ld 0

][
iod
ioq

]
+

[
0

ωeψ f

]
(2)

where Pout is the output power; vod and voq are the
d- and q-axes induced voltage, respectively; iod and ioq are
the magnetizing d- and q-axes current, respectively; ωe is the
electrical angular velocity; Ld and Lq are the d- and q-axes
inductance, respectively; ψ f is the flux linkage by PM. The
torque is obtained by dividing the output power by the
mechanical angular velocity and expressed as follows:

T =
Pout

ωm
= p

{
ψ f ioq +

(
Ld − Lq

)
iodioq

}
(3)

Tm = pψ f ioq (4)

Tr = p
(
Ld − Lq

)
iodioq (5)

where T is the torque, ωm is the mechanical angular velocity,
p is the number of pole pairs, and Tm and Tr are the
magnetic and reluctance torque, respectively. As shown in (3),
ψ f and the difference between Ld and Lq are the parameters
affecting the torque. Therefore, before examining the torque
characteristics according to the application of DPMM, the
change of electrical parameters is reviewed. Fig. 7 shows ψ f ,
L , and Lq under the same current condition using the FEA.
As shown in Fig. 7, ψ f of the DPMM model is largely
increased compared to the original model, but the difference in
the inductances model is smaller in the DPMM model than in
the original model. ψ f of the original model decreases since
some of the flux generated by the PM is leaked in the ribs
and bridges. On the other hand, ψ f of the DPMM model is
larger than that of the original model since the flux generated
by the PM is not leaked in the ribs and bridges.

Based on the previous result, the change in the torque is
reviewed. Fig. 8 shows the change in the magnetic, reluctance,
and total torque according to applying the DPMM. Since ψ f of
the DPMM model is larger than that of the original model, it is
obvious that the magnetic torque of the DPMM is larger than
that of the original model. On the other hand, the reluctance
torque of the DPMM model is reduced because the difference
in the inductances of the DPMM model is smaller than that of

Fig. 7. Electrical parameter comparison under the same current condition.
(a) Flux linkage by PM. (b) Inductance.

Fig. 8. Torque comparison under the same current condition.

Fig. 9. Core loss comparison according to current magnitude.

the original model. The total torque, which is the sum of the
magnetic torque and the reluctance torque, is slightly larger in
the DPMM model than in the original model under the same
current condition. Conversely, it can be seen that the current
magnitude of the DPMM model is smaller under the same
torque condition.

B. Core Loss

In this section, the change in the core loss is introduced
according to the application of the DPMM. Since the core
loss data of the DPMM are currently difficult to obtain, the
core loss data of 35PNT600Y are used as that of the DPMM in
this article. Therefore, in this section, only the change in the
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Fig. 10. Efficiency map. (a) Original model. (b) DPMM model. (c) Difference
between two models.

core loss due to the magnetic characteristics of the DPMM
is presented. Fig. 9 shows the core loss of the two models
according to the current magnitude and current phase angle.
As shown in Fig. 9, it can be seen that the tendency of the core
loss is different according to the current magnitude. For the
low current, the core loss of the DPMM model is higher than
that of the original model at most current phase angle. Due
to the magnetic characteristics of the DPMM, the rotor of the
DPMM model reaches the saturation flux density earlier than
the original model, which leads to an increase in the core loss
of the DPMM model. On the other hand, for the high current,
the core loss is lower in the DPMM model compared to the
original model. The rotor and stator of the original model
have a higher flux density than the DPMM model, which is
presented in Figs. 3 and 5, respectively. For this reason, for the
high current, the core loss of the original model is higher than
that of the DPMM model. Consequently, it can be seen that
the higher the current, the lower the core loss of the DPMM
model than that of the original model.

C. Efficiency

Using the previous analysis, the efficiency of the two models
is compared. Fig. 10(a) and (b) shows the efficiency map of

Fig. 11. Copper loss difference map between two models.

Fig. 12. Core loss difference map between two models.

the two models, respectively. Fig. 10(c) shows the difference
in the efficiency map between the two models, which is
obtained by subtracting the efficiency of the original model
from that of the DPMM model. As shown in Fig. 10(c), the
efficiency of the DPMM model is higher than that of the
original model in the low-speed regions. Also, in high-speed
and high torque regions, the DPMM has a higher efficiency
than the original model. To analyze in detail, the difference
in the copper and core loss maps of the two models is shown
in Figs. 11 and 12, respectively. As shown in Fig. 11, the
DPMM model has a lower copper loss than the original model
in all operating regions. This is a natural result considering
that the torque of the DPMM model is higher than that of the
original model under the same current condition, as mentioned
in Section IV-A. In Fig. 12, the core loss of the DPMM
model is lower than that of the original model in the high
torque region. This is because the higher the current, the lower
the core loss of the DPMM model than the original model,
as described in Section IV-B. If higher power is used at the
high-speed region, the efficiency increase area of the DPMM
model is expected to be larger.

V. VERIFICATION

To verify the proposed method, it is correct that the DPMM
model should be fabricated and tested, but currently, the
DPMM model cannot be produced because the DPMM is
difficult to obtain. For this reason, in this section, it is tried
to indirectly verify the proposed method by ensuring the
reliability of the FEA result. To ensure the reliability of the
FEA result, the test result of the original model is compared
to the FEA result.

Fig. 13(a) and (b) shows the setup of the test and fabricated
motor, respectively. As shown in Fig. 13(a), the fabricated
motor and load are mechanically connected in series through
the torque sensor. Fig. 14 shows the result of the load test.
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Fig. 13. Test setup and fabricated motor. (a) Test setup. (b) Fabricated motor.

Fig. 14. Load test result.

The load test is conducted at 5.5, 7.5, and 15 kr/min under
the maximum torque condition. As shown in Fig. 13, the
errors of the torque between the test and FEA are 1.2%,
1.4%, and 0.8%, respectively. Errors at all test points are less
than 2%. Also, the efficiency between the two results is similar.
Based on those test results, it is confirmed that the result
reviewed using FEA in Section IV is reliable. Since the FEA
was conducted using the same method for the original and
DPMM models, it can be expected that the FEA result of the
DPMM model is also similar to the test result. Consequently,
it can be concluded that the proposed method is effective in
improving the performance of the rare-earth free ML IPMSM.

VI. CONCLUSION

In this article, by applying the DPMM, the performance
improvement of the rare-earth free high-speed ML IPMSM
was proposed. The high-speed ML IPMSM should have many
bridges and ribs to be mechanically stable. However, at the
bridges and ribs required to ensure the mechanical stability,
a significant amount of leakage flux is generated, which
causes performance degradation. To solve this problem, the
DPMM was applied in this article. Since the DPMM has
magnetic phase and non-magnetic phase, the DPMM was
applied, so that bridges and ribs have a non-magnetic phase.

Applying the DPMM, the flux linkage by PM of the DPMM
model is increased compared to the original model because
of decreasing in the leakage flux. As a result, the torque
of the DPMM model was higher than the original model.
Conversely, the input current required for the same torque is
reduced for the DPMM model than for the original model.
For the core loss, the DPMM model is lower than that of
the original model under the high current condition. Based
on those reviewing results, the DPMM model has higher
efficiency than the original model in the low-speed region
with the low core loss and in the high-speed and high torque
region with the high current. Finally, to verify the analysis
contents, the original model was fabricated instead of the
DPMM model, which is because the DPMM is difficult to
obtain. The torque and efficiency were measured through the
load test. As a result, the torque errors between the test and
FEA results at all test points were less than 2%, and the
efficiency of the test result was similar to that of the FEA
result. From the test results, it can be confirmed that the FEA
results were reliable compared to the test results. Therefore,
it can be concluded that the proposed method is suitable for
improving the performance of the rare-earth free high-speed
ML IPMSM.
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