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Abstract: Permanent magnet synchronous motors (PMSMs), with their high power density, high
efficiency, and thermal stability, are widely used nowadays. PMSM magnets are composed of rare
earth elements. However, rare earth elements are subject to severe price fluctuations because of
their limited availability and the monopoly of some countries. Therefore, extensive research on
magnets devoid of rare earth elements has been conducted recently. Although a magnet devoid of
rare earth elements has a high irreversible demagnetization rate at high temperatures owing to its
low coercive force, an irreversible demagnetization improvement process is proposed in this paper
to compensate for this disadvantage. This process analyzes the contribution of the magnet’s back
EMEF (electromotive force) using the flux linkage equation, which does not change with time. Next,
the location of irreversible demagnetization is moved to a position with a low contribution to the
back electromotive force. Consequently, even if irreversible demagnetization occurs at the same size,
the irreversible demagnetization ratio is reduced. The proposed process can minimize irreversible
demagnetization while maintaining performance.

Keywords: traction motor; hybrid traction motor; irreversible demagnetization; back EMF contribution
analysis; demagnetization; Dy; Dy-Free; PMSM; motor

1. Introduction

In recent years, electric vehicles have attracted considerable attention from the industrial
sector owing to their advantages of cleanliness, high efficiency, and low noise [1]. In general,
motors with rare-earth permanent magnets that enable compact structures and high power
densities are often used in traction motors for electric vehicles. However, although permanent
magnets containing rare earth elements have high efficiency, power density, and thermal
stability, they are not suitable for future use owing to many disadvantages. For example, rare
earth’s limited reserves and the monopoly of certain countries lead to an unstable supply
of rare earth PM materials, which directly affects their cost. Therefore, many recent studies
have been conducted to reduce or completely exclude rare earth elements in permanent
magnets [2-8]. However, if the content of rare earth elements in the permanent magnet
is reduced or removed, the coercive force of the permanent magnet is lowered, and the
thermal properties deteriorate. Poor thermal properties make it susceptible to irreversible
demagnetization. Therefore, research to inhibit irreversible demagnetization caused by a low
coercive force has recently been studied [9-15]. For example, prior research, such as studies
to minimize irreversible demagnetization by changing the rotor shape [16,17] by modifying
the volume and thickness of the magnet and by adjusting the number of poles and slots, are
underway. In this paper, a process for minimizing irreversible demagnetization by using
permanent magnets completely devoid of rare earth, maintaining equivalent performance,
and compensating for low coercive force is proposed. The design process for irreversible
demagnetization minimization is illustrated in Figure 1. For the given process, several rotor
parameters are changed to determine its shape initially. In other words, after determining
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the rotor shape (bar type, V-shaped type, or spoke type), the performance and irreversible
demagnetization ratio are analyzed. If the target performance is not met or the irreversible
demagnetization ratio is not reduced, the rotor shape must be redesigned. If the target
performance is satisfied, the back EMF (electromotive force) contribution of the magnet is
analyzed. The analysis is performed using the flux linkage equation, which does not change
with time. This is because the back EMF of the magnet changes depending on the rotor
position when it changes with time. After analyzing the back EMF according to the position
of the magnet, a design is carried out to shift the region where irreversible demagnetization
occurs. That is, the position where irreversible demagnetization occurs is shifted to the side
where the back EMF contribution of the magnet is low. This is because even if irreversible
demagnetization occurs in the same range, the irreversible demagnetization ratio is reduced.
Next, the barriers and bridges are redesigned. If the target performance is satisfied, the
process continues. However, if it is not satisfied or the irreversible demagnetization ratio
is not reduced, the barrier and bridge should be redesigned. Then, an air hole is inserted
into the pole piece in front of the region where irreversible demagnetization occurs. By
inserting an air hole, the irreversible demagnetization area is reduced, and it is moved to
a part with a low contribution to the back EMF. The following process was performed to
reduce irreversible demagnetization.

START

Rotor shape design

Change Dimensions

Performance Satisfied
And irreversible demagnetization
ratio reduced?

Analysis of the back EMF
contribution of magnets
Barrier and Bridge Design|

+ Change Dimensions
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Figure 1. Rotor design process to minimize irreversible demagnetization.

2. Rotor Irreversible Demagnetization Minimizing Design
2.1. 35 kW Hybrid Traction Motor Analysis

Figure 2 depicts the conventional motor and the T-N curve. In Table 1, a 35 kW hybrid
traction motor was selected as the conventional motor, with the following specifications.
The conventional model used an NdFeB magnet. Figure 3 shows the B-H curves of
the NdFeB magnet and the Dy-free NdFeB magnet at 150 °C. Dy-free NdFeB magnets
have smaller coercive forces and smaller knee points than conventional NdFeB magnets.
Therefore, the Dy-free NdFeB magnet is unfavorable for irreversible demagnetization.
This is because irreversible demagnetization occurs when the motor operates below the
knee point present in the B-H curve of the magnet. Therefore, this study was aimed at
minimizing the irreversible demagnetization of a Dy-free NdFeB magnet. The temperature
was 150 °C, and 1.2 times the maximum current was applied.
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Figure 2. Picture and T-N curve of the 35 kW conventional hybrid traction model: (a) production
model, (b) T-N curve of the conventional model.

Table 1. 35 kW hybrid traction motor specifications.

Description Value Unit
Pole/Slot Phase 16/24/3 -

Power 35 kW

Maximum current/Rated current 205/102.5 Arms

Maximum speed /Rated speed 6000/1770 rpm

Maximum torque/Rated torque 205/102.5 Nm

Stator diameter 280 mm

Rotor diameter 200 mm
Turns/Number of parallel 69/8 -
Magnet material N42UH -

Coercive force (At 150 °C) —760 kA/m

Residual Magnetic
Flux Density [T]

800,000 -600,000 -400,000 -200,000 0
Coercivity [A/m]
—Dy magnet - -Dy-free magnet

Figure 3. B-H curve of NdFeB and Dy —free NdFeB magnet (temperature: 150 °C).

Figure 4 shows the irreversible demagnetization when the NdFeB magnet and the Dy-
free NdFeB magnet are inserted into the conventional motor. In Figure 4, blue represents
the irreversible demagnetization area, and red represents the remaining area. The figure
indicates that the area of irreversible demagnetization of the Dy-free NdFeB magnet was
large. Under the same conditions, the irreversible demagnetization ratio was less than 0.5%
for NdFeB magnets and approximately 20% for Dy-free NdFeB magnets.
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Figure 4. Irreversible demagnetization area obtained on inserting two magnets into a conventional

model: (a) NdFeB magnet inserted, (b) Dy—free NdFeB magnet inserted.

2.2. Rotor Design Resistant to Irreversible Demagnetization

The armature reaction magnetic flux generated by the stator winding acts as a reverse
magnetic field in the direction opposite to the main flux from the permanent magnet. Therefore,
as the reverse magnetic field generated by the armature reaction hits the magnet strongly,
the magnet loses its properties. This is called irreversible demagnetization. Irreversible
demagnetization can be controlled depending on the insertion type of the magnet. Figure 5
shows the magnetic flux density vector diagrams for the bar and V-shaped types.

(b)
Figure 5. Magnetic flux density plot depending on magnet type: (a) Bar type, (b) V-shaped type.

The existing bar type is vulnerable to irreversible demagnetization because the magnetic
path of the demagnetization magnetic flux emitted by the stator winding is not secured and
directly hits the permanent magnet. However, when the V-shaped magnet type is inserted,
the magnetic path of the demagnetization magnetic flux can be sufficiently secured compared
to the existing bar type; therefore, it has a more robust structure for preventing irreversible
demagnetization. Therefore, in this study, a V-shaped rotor was selected, and an optimal
design was carried out. Figure 6 shows the demagnetization ratio and back EMF depending
on the magnet depth and angle.

As shown in Figure 6, as the magnet depth increases, the demagnetization ratio
and back EMF decrease. As a result, irreversible demagnetization is improved, but the
performance is degraded. When the magnet angle increased, the demagnetization ratio
decreased and remained constant from a certain point; however, the back EMF continued
to decrease. Considering these factors, an optimal design was achieved. Figure 7 shows the
basic V-shaped type model and irreversible demagnetization, with the same performance
as the conventional motor and a minimum irreversible demagnetization ratio.
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Figure 6. Demagnetization ratio and back EMF depending on the magnet depth and angle (a) magnet
depth, (b) magnet angle.
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Figure 7. Basic model and its irreversible demagnetization area: (a) Basic model, (b) Irreversible
demagnetization area.

In Figure 7, the irreversible demagnetization ratio of the V-shaped type model was
reduced; however, the target irreversible demagnetization ratio was not yet achieved.
Therefore, the following process was carried out.

3. Analysis of the Contribution of Permanent Magnets to No-Load Back EMF Generation
Analysis of Back EMF Contribution Depending on the Magnet Part

The general linkage flux equation is shown in Equation (1).

Apm = ff Bpum - dscoir 1)

Scoil

The general linkage flux is the flux at which the magnetic flux generated in the
permanent magnet is linked to the coil. It is calculated using the area where the magnetic
flux is generated from the permanent magnet interlinks on the surface of the coil. However,
the general flux linkage equation cannot be used to obtain the back electromotive force
generated by the permanent magnet. Therefore, it must be calculated using the integral
of the magnetic quantity in the shape of a permanent magnet rather than on the coil side.
In doing so, the contribution of each microvolume does not depend on the time and has a
constant value. The back electromotive force per permanent magnet volume, which does
not change with time, can be obtained from the following equation.

Epve = Tzzltl)iﬂ H,(#) - By do @)

Equation (2) shows the average no-load counter electromotive force calculated using
an arbitrary current and the magnetic field strength at the moment ¢ = ¢;. The contribution
of each microvolume does not depend on the time and has a constant value. The back
electromotive force per permanent magnet volume, which does not change with time, can
be obtained from the following equation. If the conventional flux linkage equation is used,
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it has a value that varies with time; however, if Equation (2) is used, it has a constant time-
independent value. Then, the contribution of the back electromotive force according to the
position of the permanent magnet can be obtained. Based on the equations obtained above, the
actual implementation was calculated using the finite element method. Equation (2) was used
to calculate the contribution of the back electromotive force for each minute volume of the
permanent magnet. The calculated H, and B; results are shown in Figure 8. Figure 8 shows
that the contribution of the back electromotive force of the front of the permanent magnet
to its barrier side is significant. In addition, the contribution of the back electromotive force
of the back end and the remaining part is low compared to that of the front. Therefore, the
irreversible demagnetization ratio can be reduced by moving the irreversible demagnetization
region to a part with a low contribution to the back EMEF. The irreversible demagnetization
was assumed to have occurred at an arbitrary position in the permanent magnet of the basic
model, and the permanent magnet was divided into several parts and numbered, thereby
demonstrating the calculated contribution of the permanent magnet’s back electromotive force
that was calculated using the finite element method in the previous section. Figure 9 shows
the assumed irreversible demagnetization region and the number of permanent magnets. In
this case, the assumed irreversible demagnetization region is a square with a side length of
1.5 mm.

| -l |
HER W P
B d'( +Aﬁ

ack EMF Y
Contribution_| J‘f

2 3 456 78 9
10 11 12 13 14 15 16 17 18
19 20 21 22 23 24 25 26 27
28 29 30 31 32 33 34 35 36
37 38 39 40 41 42 43 44 45

Figure 9. Irreversible demagnetization contribution depending on magnet position: (a) Assumed
irreversible demagnetization region, (b) Magnet position.

Assuming that irreversible demagnetization occurs at one position of the magnet, the
counter electromotive force can be calculated for each position of the magnet and analyzed.
For example, assuming that irreversible demagnetization occurs at position 1, if the back
EMF is greatly reduced, it can be said that the contribution of the permanent magnet to
the back EMF at position number 1 is high. Conversely, if it is assumed that irreversible
demagnetization occurs at position 37, if the reduction in back EMF is minimal, it can
be said that the contribution of the permanent magnet back EMF is negligible. The back
electromotive force reduction rate can be calculated using Equation (3).

100 x (1—E2/E1) [%] 3)
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where E1 and E2 are the back EMFs before and after irreversible demagnetization, respectively.
Figure 10 shows the demagnetization ratio and no-load EMF when irreversible demagnetization
occurs depending on the order of each magnet position.
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Figure 10. Demagnetization ratio according to each part of the magnet.

In Figure 10, the back EMF of each part of the magnet is analyzed under the assumption
that irreversible demagnetization occurs in each part. In this analysis, the part with a low
back EMF has a high back EMF contribution. Therefore, when the part with a high
back EMF contribution undergoes irreversible demagnetization, it has a high irreversible
demagnetization ratio. As shown in Figure 10, the analysis results show the same pattern as
the back EMF contribution calculated in the previous section. By analyzing the contribution
of the back EMF depending on the position of the permanent magnet, a study was carried
out to reduce the irreversible demagnetization by moving its region of occurrence to the
position where the contribution of the back EMF is low. If the irreversible demagnetization is
moved to a position with a low contribution to the back electromotive force, the irreversible
demagnetization ratio can be reduced even if the irreversible demagnetization generating
area is the same in the permanent magnet.

4. Design for Minimizing Irreversible Demagnetization by Analyzing the Back Emf
Contribution

4.1. Design of the Inner Shape of Magnet for Securing Irreversible Demagnetization Magnetic Flux
Passage

Irreversible demagnetization occurs when the demagnetization magnetic flux, which is
generated from the winding of the stator, hits the magnet. Therefore, by creating a passage for the
demagnetization magnetic flux where the flow is high, the irreversible demagnetization area can
be moved to the part with a low back EMF contribution, and the irreversible demagnetization
ratio can be reduced. As shown in Figure 7b, irreversible demagnetization usually occurs on
the barrier and bridge sides. First, this paper proposes a method for reducing irreversible
demagnetization on bridge sides. Irreversible demagnetization can be reduced or displaced
by inserting a steel plate as a demagnetization magnetic flux passage near the bridge sides
that acts as a support structure for the magnet. The irreversible demagnetization can thus be
minimized because the magnetic flux generated from the stator winding enters the rotor and
escapes through the magnetic flux passage. Figure 11 presents the irreversible demagnetization
area before and after inserting the steel plate into the bridge. As shown above, irreversible
demagnetization was reduced after the insertion of a steel plate in the bridge. In terms of
performance, there was little change in counter-electromotive force, cogging torque, and torque
ripple. In other words, demagnetization was improved by inserting a steel plate into the bridge,
but there was little change in performance and the same.
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Figure 11. Irreversible demagnetization area before and after inserting a steel plate in bridge:
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(a) Basic model, (b) Irreversible demagnetization area.

4.2. Design of the Outer Shape of Magnet for Securing Irreversible Demagnetization Magnetic
Flux Passage

Similarly, a steel plate that acts as a magnet support structure and a magnetic flux
passage is inserted into the barrier region. If the thickness of the steel plate inserted into the
barrier part is too thin, its mechanical rigidity may be compromised. Therefore, a minimum
plate thickness of 0.6 mm was selected, and the irreversible demagnetization area was
analyzed based on the lengths of the steel plate. This is illustrated in Figure 12. As shown
in Figure 12, the longer the length of the steel plate inserted into the barrier, the smaller the
irreversible demagnetization region. In addition, according to the back EMF analyzed in
the previous section, the irreversible demagnetization area shifts from the part where the
back EMF contribution is high to the part where it is low. In other words, if the two different
parts of the magnet have the same demagnetization region, the demagnetization ratio will
decrease when it occurs in the part that has a low back EMF contribution. Figure 13 shows
the demagnetization region of the model comprising the inserted steel plates in the barrier
and bridge.

| E.L ’
@

Figure 12. Irreversible demagnetization area according to different lengths of steel plate inserted in
the barrier: (a) 0 mm, (b) 0.6 mm, (c) 1.2 mm.
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Figure 13. Demagnetization region of the model.

The thickness of the steel plate inserted into the barrier and bridge was set at 0.6 mm.
If the steel plate is thicker, the demagnetization area decreases; however, the performance
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decreases as well. To solve this problem, the ideal thickness for having the smallest
irreversible demagnetization region was selected as 0.6 mm based on previous performance.
Consequently, the irreversible demagnetization area was significantly reduced compared
to that of the basic model. However, the irreversible demagnetization ratio is still higher
than that of the conventional model that uses an NdFeB magnet.

4.3. Air Hole Shape Design

Irreversible demagnetization can be reduced by inserting an air hole into the pole
piece on the side where most of the demagnetization magnetic flux generated by the
stator winding flows into the rotor, thereby avoiding the concentration of demagnetization
magnetic flux. The demagnetization magnetic flux dispersed toward both ends of an air
hole flows into the steel plate in the barrier and bridge, further reducing the irreversible
demagnetization area. Moreover, by inserting an air hole in front of the magnet with
a high back EMF contribution, the irreversible demagnetization area can be moved to
the part with a low back EMF contribution. As a result, the total demagnetization rate
decreases. The thickness and length of the air hole were set as 1 mm, and the irreversible
demagnetization was analyzed according to the position of the air hole as it moved toward
the bridge. Figure 14 shows the irreversible demagnetization area when the air hole is
gradually moved by 0.6 mm each toward the bridge.

= ———

Ba

Figure 14. Irreversible demagnetization region with different air hole positions toward the bridge:
(a) 0 mm, (b) 0.6 mm, (c) 1.2 mm.

The results showed that when the air hole position was moved to the bridge, the
irreversible demagnetization decreased and moved to the part with a low back EMF
contribution. Figure 15 presents the irreversible demagnetization area when the air hole
position is gradually moved 0.4 mm toward the air gap. The irreversible demagnetization
area is not significantly reduced when the position of the air hole moves toward the
air gap. However, the irreversible demagnetization region moves to the side where the
back EMF contribution of the magnet is low. Accordingly, despite the same region, the
demagnetization ratio decreases when the magnet moves to the side where it has a low back
EMF contribution. The irreversible demagnetization region of the first air hole-inserted
model is shown in Figure 16.

Figure 15. Irreversible demagnetization region with different air hole positions towards an air gap:
(a) 0 mm, (b) 0.4 mm, (c) 0.8 mm.
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Figure 16. Irreversible demagnetization area of the model with the first air hole inserted.

The position of the first air hole was set at 0.8 mm toward the bridge side and 0.6 mm
toward the air gap. When inserting an air hole, it is not only necessary to consider performance
and demagnetization ratio but also mechanical rigidity. If the air hole is too close to the magnet
pocket or an air gap, the mechanical rigidity may be compromised, resulting in failure. Therefore,
the position of the first air hole was set as mentioned, considering rigidity. The irreversible
demagnetization can be further improved by inserting a second air hole. Figure 17 presents
the irreversible demagnetization area when the second air hole is moved toward the bridge
by 0.6 mm. The position of the second air hole was set to 1 mm from the bridge. In the final
model, the fillet was given to the air hole while considering the productivity. The irreversible
demagnetization region of the final model and final full model is shown in Figure 18. The
demagnetization region in the final model comprising Dy-free magnets decreased and moved to
the part where the demagnetization contribution was low. As a result, the final demagnetization
ratio decreased significantly. The demagnetization ratio of the final model was 0.55%, which is
the same as that of the conventional model in which an NdFeB magnet was used.

(b)

Figure 17. Irreversible demagnetization region by the second air hole position: (a) 0 mm, (b) 0.6 mm,
(c) 1.2 mm.

(b)

Figure 18. Irreversible demagnetization area of final model: (a) Final full model, (b) Irreversible

demagnetization region in final model.
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5. Characteristic Comparison through Simulation
5.1. Electromagnetic Performance Analysis

A comparative analysis of the electromagnetic performance between the conventional
and final models was conducted. Figure 19 shows the cogging torque and no-load back
EMF at the rated speed of the conventional model and the final model. As shown in the
cogging torque waveform in Figure 19, the cogging torques of the conventional and final
models are 3.7 N-m and 2.8 N-m, respectively, confirming that the cogging torque of the
conventional model is low. Moreover, the no-load back EMF of the conventional model
and the final model is similar. For traction motors, the cogging torque, torque ripple, and
performance are important factors. Figure 20 shows the maximum and rated torques at the
maximum and rated speeds.

25 —— Final model : 3.7 [Nm] —— Final model : 136.04 [V,,,.]
5 250
T Conventional model : 2.8 [Nm]

=== Conventional model : 138.74 [V,,,.]

o
S

Noload back emf [V,,,]
2

@1,770 [rpm]

Cogging torque [Nm]

@1,770 [rpm]

Rotating angle [deg] Rotating angle [deg]

(@) (b)

Figure 19. Cogging torque waveforms and no-load back EMF at rated speed of conventional model
and final model: (a) Cogging torque, (b) Noload back EMF.
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~ A current 20 1/ current
10
120 240 360 480 600 720 0 120 240 360 480 600 720
Rotating angle [deg] Rotating angle [deg]
(a) (b)

Figure 20. Comparison of rated and maximum torque waveforms at rated and maximum speed of the
conventional model and final proposed model: (a) Torque at rated speed, (b) Torque at maximum speed.

As shown in Figure 20, if the torque ripple result is checked when the rated current is
applied at the rated speed, a similar waveform appears, and when the maximum current
is applied, the torque ripple of the final model is slightly larger. However, the final model
has a small torque ripple when rated, and the maximum current is applied at maximum
speed. Table 2 shows the electromagnetic performances of the conventional and final models.
As shown in Table 2, the conventional model is advantageous in terms of cogging torque.
However, in terms of torque ripple, it can be seen that the final model has an overall advantage.
In addition, in terms of torque, the existing and final models are similar. In other words, the
final model that used the Dy-free NdFeB magnet designed through the process is similar
in performance to the conventional model that used the NdFeB magnet. Subsequently, an
irreversible demagnetization analysis was performed. Table 3 compares the results of the FEM
analysis of the back electromotive force and irreversible demagnetization ratio before and
after demagnetization of the conventional and final models.
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Table 2. Comparative analysis of the electromagnetic performance of the conventional model that
used the NDFEB magnet and the final model that used the Dy-free NDFEB magnet.

Conventional Dy-Fre? M?gnet Final
Insertion into

Model Conventional Model Model

(Maximum Current/ (Maximum Current/ (Maximum Current/

Rated Current) Rated Current) Rated Current)
No-load back EMF
(@1770 rpm) 138.74 [Vrms] 138.03 [Vims] 136.04 [Vims]
Cogging torque 3.7 [Nm] 2.85 [Nm] 2.8 [Nm]
Rated speed at
torque ripple 9.87/9.25 [Nm] 13.05/23.86 [Nm] 9.31/18 [Nm]
Maximum speedat 7 55 /93 05 [Nm] 24.38/51.06 [Nm] 24.48/42.38 [Nm]
torque ripple
Rated speed at torque 126.09/247.01 [Nm] 125.58/245.91 [Nm] 124.78/242.15 [Nm]
Maximum speed 24.49/51.03 [Nm] 24.38/51.06 [Nm] 24.13/51.29 [Nm]
at torque
Irreversible o . .
demagnetization 0.37 [%] 24.14 [%] 0.55 [%]

Table 3. Comparison of the back electromotive force and demagnetization ratio and FEM results of
the conventional model that used a magnet containing Dy and the final proposed model that USED a
Dy-free magnet.

Before Applying After Applying Demagnetization
Anti-Magnetic Field  Anti-Magnetic Field Ratio
Conventional model with o
a NdFeB magnet 193.74 [Vims] 193.02 [Vims] 0.37 [%]
Final model with a 201.47 [Vims] 200.36 [Virms] 055 [%]

Dy-free NdFeB magnet

The irreversible demagnetization ratios of the conventional and final models were
0.37% and 0.55%, respectively. In addition, the final model satisfied the target irreversible
demagnetization ratio of less than 1%. The operating points and B-H curves, which
determine the extent of irreversible demagnetization, were analyzed for both models. This
is because irreversible demagnetization occurs when the operating point of the motor lies
in the region below the knee point in the B-H curve of the magnet. Here, the operating
point is the point at which the permeance line and B-H curve of the magnet meet. The
formula to determine the permeance line is given by Equation (4).

P. — —Bm _ ZL
‘ ,uon ng

)

In this equation, B, and H,;, are the magnetic flux density and magnetic field strength
of the magnet, respectively, [, is the length of the magnet, ¢ is the air gap length, and Cy
is the magnetic flux concentration coefficient. The magnetic flux concentration coefficient
Cyp is expressed as Cyp = Ay, / Ag. Using Equation (3), the permeance line can be identified,
and the operating point can be determined. The permeance line of the proposed model is
higher than that of the conventional model. Figure 21 shows the operating points of the
conventional and final models. Through the design of the rotor, the driving point at which
the motor operates is raised upward, enabling it to operate above the coercive force of the
Dy-free magnet. Therefore, irreversible demagnetization may not occur. Here, the red line
is the B-H curve of the magnet and the blue dot means the operating point.
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Figure 21. Operating points of the existing and proposed models: (a) NdFeB magnet B—H curve and
operating point, (b) Dy—free magnet B-H curve and operating point.

5.2. Comparison of the Mechanical Rigidity

Figure 22 presents a comparison of the rigidity of the conventional and final models. In
addition, when performing the stiffness analysis, the speed was analyzed at the maximum speed
standard of 6000 rpm. The equivalent stress of the conventional model and proposed models
is 113.87 MPa and 148.34 MPa, respectively. Therefore, the final model is disadvantageous in
terms of mechanical rigidity. However, the safety factor is similar (8 for the existing model and
7 for the final model). As the safety factor of the final model is similar to that of the existing
mass-produced model, the rigidity of the final model was inferred to be adequate, and it was
confirmed that there was no abnormality in the production result.

148.34 Max
Fuusz
[ 13755

[ 12370
({11004
(| o625
i a2s3
ki e8776

41266
27512
1
13757
0.0054089 Min 0.0024156 Min

(a) (b)

Figure 22. Rigidity comparison between the conventional model and final model: (a) Conventional
model, (b) Final model.

6. Experiments and Results

Figure 23a,b present the rotor and stator production photographs, respectively. Figure 24
presents the experimental environment and the equipment used. Figure 25 presents photographs
of the experiment on applying a diamagnetic field current to both models. Figure 26 presents the
line back-EMF measurement results and the diamagnetic field current waveform before and after
the diamagnetic field is applied to the conventional and proposed models. The diamagnetic field
currents of the conventional and proposed models were 314 Apeak and 331 Apeak, respectively.
The experiments of the two models were performed at the same temperature. The input voltage
of the diamagnetic current-application device was set to the same level, and the respective
diamagnetic currents were then applied, resulting in an external diamagnetic field. Although
there are differences in the magnitude of the demagnetizing field current owing to the difference
in the parameters of the motors, a diamagnetic field current that exceeds the ratings was applied
to both motors. Table 4 compares the experimental results of the back EMF and demagnetization
ratio of both models. The experimental results of the conventional and proposed models, which
used the NdFeB and Dy-free NdFeB magnets, respectively, were similar. Consequently, the
experiments proved that irreversible demagnetization rarely occurred in both models.
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Figure 24. (a) Oscilloscope, temperature data logger, and temperature/humidity chamber coupled
dynamo test bench, (b) Power analyzer for counter EMF measurement, (c¢) Semi-EMF
demagnetization-ratio experimental environment and diamagnetic current-application device.

(a) (b)

Figure 25. Photographs of the experiment on applying a diamagnetic field current to both models:
(a) NdFeB magnet Apply conventional model, (b) Dy-free NdFeB magnet Apply final model.
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NdFeB magnet Apply existing model

(b)

Figure 26. Waveform for conventional and proposed models: (a) Back-EMF waveform before

applying the diamagnetic current, (b) Diamagnetic current waveform, (c) Back EMF waveform after
applying the diamagnetic current.

Table 4. Comparison of FEM simulation results and manufacturing experiment results.

Before Applying After Applying Diamagnetic

Diamagnetic Diamagnetic Field Applied Demaﬁnteihzatlon

Field Field Current ato

Convef(litli’“al 193.74 [Vims] 193.02 [Vims] 347 [Apeak] 0.37 [%]
FEM simulation results mode

Final model 201.47 [Vims] 200.36 [Vims] 347 [Apeak] 0.55 [%]

Conventional .
production experiment model 192.1 [Vims] 191.7 [Vims] 314 [Apeak] 0.21 [%]

1t

resuts Final model 199.9 [Vimel 199.1 [Viems] 331 [Apeat] 0.4 [%]

7. Conclusions

In this paper, an irreversible demagnetization improvement process is proposed through
a rotor improvement design utilizing a Dy-free NdFeB magnet. The most important aspect of
the process is to analyze the back EMF contribution of the magnet using a flux linkage formula
that does not change with time. After accurately analyzing the back EMF contribution of the
magnet, a design is implemented that shifts the region where irreversible demagnetization
occurs to a part with a low back EMF contribution. Therefore, regardless of whether the same
degree of irreversible demagnetization occurs, the irreversible demagnetization ratio can be
reduced if it occurs where the contribution of the magnet’s back electromotive force is low.
The proposed method enables the reduction of the irreversible demagnetization ratio while
maintaining the same performance. Finally, FEM simulation and experimental investigation
proved that the final model, which used the Dy-free NdFeB magnet, achieved the required
performance and irreversible demagnetization ratio.
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