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[Document Type] Specification

[Title of the Invention]

ROTOR, METHOD FOR DESIGNING ROTOR, AND METHOD FOR PRODUCING
ROTOR

[Technical Field]

[0001]

The present invention relates to a rotor, a method for designing a rotor, and a
method for producing a rotor.

Priority is claimed on Japanese Patent Application No. 2019-185110, filed
October 8, 2019, the content of which is incorporated herein by reference.

[Background Art]
[0002]

Rotors are cores used as rotating bodies in motors. Rotors have so far been
produced mainly using caulking structures. However, in recent years, for the purpose of
reducing thicknesses of electrical steel sheets and improving production efficiency,
production methods in which (1) a bonding structure and (2) a combination structure of
caulking and bonding are utilized have been proposed (for example, refer to Patent
Document 1).

[Citation List]
[Patent Document]
[0003]

[Patent Document 1]

Japanese Unexamined Patent Application, First Publication No. 2014-197981
[Summary of the Invention]

[Problems to be Solved by the Invention]
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[0004]

With the advent of hybrid vehicles and electric vehicles, rotors of motors are
required for having high rotation speeds of 14,000 rpm or more. IPM motors are
mainstream motors used for vehicles. In IPM motors, magnets are embedded in rotors.
From the viewpoint of efficiency of motors, installing magnets at positions close to the
outermost circumference is required. For this reason, a stress concentrates on places of
steel sheets having narrow widths called bridges on outer sides of magnets and rotors
deform as the bridges attempt to expand. Deformation of a rotor means that it may not
be possible to maintain a narrow gap between the rotor and the stator, which may lead to
damage to a motor.

[0005]

An object of the present invention is to provide a rotor in which damage at the
time of high speed rotation is minimized.
[Means for Solving the Problem]

[0006]

In order to achieve the aforementioned objects, the present invention proposes
the following means.

A rotor according to the present invention is a magnet-embedded rotor
incorporated in a traveling motor of a vehicle, and includes a laminated core having steel
sheets laminated on each other and bonding layers for bonding steel sheets adjacent to
each other in a laminating direction; and a magnet embedded in the laminated core.
When the rotor rotates at 11,000 rpm, a maximum amount of displacement of an outer
edge of the laminated core of the rotor in a radial direction is 0.1 mm or less.

[0007]
When the rotor rotates at 11,000 rpm, the maximum amount of displacement of
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the outer edge of the laminated core of the rotor in the radial direction is 0.1 mm or less.
Therefore, even when the rotor rotates at a maximum rotation speed (for example, a
rotation speed which exceeds 11000 rpm) when the vehicle travels, it is possible to
minimize deformation of an exterior form of the rotor, and for example, it is possible to
prevent the rotor from coming into contact with the stator. Thus, it is possible to
minimize damage to the motor.

The maximum amount of displacement of the outer edge of the laminated core
in the radial direction can be obtained using, for example, the following methods (1) and
(2).

(1) An amount of displacement of a position at the outer edge of the laminated
core in the radial direction before and after rotation is acquired for each position of the
rotor in a circumferential direction and a maximum value among values obtained by
adding an amount corresponding to elastic deformation during rotation to the amount of
displacement is defined as the maximum amount of displacement.

(2) When a portion at the outer edge of the laminated core which is displaced
most between before and after rotation is known in advance (for example, when this is
theoretically clear or may be ascertained through simulation or an empirical rule), an
amount of displacement at a position of this portion in the radial direction between before
and after rotation is acquired and a value obtained by adding an amount corresponding to
elastic deformation during rotation to the amount of displacement is defined as the
maximum amount of displacement.

[0008]

A yield stress YPr of each of the steel sheets may be 150 MPa or more and 580

MPa or less.

[0009]
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When the yield stress of the steel sheet is assumed to be YPr (MPa), the yield
stress of the bonding layer is assumed to be YPg (MPa), and a maximum rotation speed
when the vehicle travels is assumed to be ® (rpm), the following Expression (1) may be
satisfied:

[Math. 1]

2
YPBZA[QJ o—-C e |4 E Cee (1)
B D

where, A=0.105, B=17000, C=17000, D=410, and E=30.
[0010]

The following Expression (2) may further be satisfied:

0.1xYPr<YP<10xYPr --(2)
[0011]

The magnet may be disposed in a through hole which passes through the
laminated core in the laminating direction and a sealing resin which seals between an
outer surface of the magnet and an inner surface of the through hole may be provided in
the through hole.

[0012]

A method for designing a rotor according to the present invention is a method
for designing a magnet-embedded rotor incorporated in a traveling motor of a vehicle, in
which the rotor includes: a laminated core having steel sheets laminated on each other
and a bonding layer for bonding the steel sheets adjacent to each other in a laminating
direction; and a magnet embedded in the laminated core. In addition, in the designing
method, when the rotor rotates at a maximum rotation speed when the vehicle travels, a

yield stress of the steel sheets and a yield stress of the boding layer are set so that a
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maximum amount of displacement at an outer edge of the laminated core of the rotor in a
radial direction is 0.1 mm or less.
[0013]

According to the rotor designed using the designing method, when the rotor
rotates at the maximum rotation speed when the vehicle travels, the maximum amount of
displacement at the outer edge of the laminated core of the rotor in the radial direction is
0.1 mm or less. Thus, even when the rotor rotates at the maximum rotation speed when
the vehicle travels, it is possible to minimize deformation of an exterior form of the rotor,
and for example, it is possible to prevent the rotor from coming into contact with the
stator. Therefore, it is possible to minimize damage to the motor.

[0014]

Incidentally, evaluation of a bonding layer based on a bonding strength (an
adhesive force between the bonding layer and the steel sheet under conditions such as
tension, compression, shearing, and 90-degree peeling) has been emphasized. Against
this background, there was no technical idea to restrict deformation of the steel sheet on
the basis of a yield stress of the bonding layer. In order to restrict deformation of the
steel sheet, there was practically no choice but to use a high-strength steel sheet. As a
result, a rotor having a high cost was provided, which makes rotor production difficult.
Particularly, when an electrical steel sheet is adopted as the steel sheet, it is necessary to
satisfy the requirements for high strength in addition basic characteristics (low iron loss
and high magnetic flux density). For this reason, not only is it difficult to design
components, but also in each process such as rolling and annealing, the production
conditions are restricted and production is difficult.

Therefore, in this design method, (1) the yield stress of the steel sheet and (2) the

yield stress of the bonding layer are set so that the deformation of the steel sheet is
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restricted when the rotor rotates at the maximum rotation speed when the vehicle travels.
That is to say, the yield stress of the steel sheet as well as the yield stress of the bonding
layer is taken into consideration. Thus, even when the yield stress of the steel sheet is
low to some extent, it is possible to restrict the deformation of the steel sheet by
increasing the yield stress of the bonding layer. This is because the bonding layer can
minimize the deformation of the steel sheet by partially guaranteeing a function of the
steel sheet for minimizing the deformation thereof.

When a von Mises stress, particularly a force generated in a thickness direction
increases and a sheet thickness of a steel sheet decreases, deformation of the steel sheet is
caused. As aresult of diligent studies by the inventors of the present invention, it has
been found that it is effective to utilize a bonding layer having a high yield stress to
minimize a decrease in sheet thickness of the steel sheet. When a bonding layer having
a high stress is utilized, it is possible to minimize deformation of a steel sheet in a plastic
region. Thus, a minimum amount of deformation of a steel sheet is an amount of
deformation in an elastic region and it is possible to minimize an upper limit of
deformation of the steel sheet which is the limit in use.

Generally, when a strength of a steel sheet increases, the number of suppliers
becomes limited and the cost increases. On the other hand, a strength of an adhesive
generally has a positive correlation with the cost. In addition, there are also restrictions
due to a producing facility such as a high curing temperature required for the adhesive
when a high strength is required.

In this design method, when the yield stress of the steel sheet as well as the yield
stress of the bonding layer are taken into consideration as described above, it is possible
to select an optimum combination of a steel sheet and an adhesive according to cost,

regional characteristics, and marketability. Therefore, it is possible to produce a rotor
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which satisfies quality requirements and producing requirements. That is to say, if the
present invention is utilized, the high-strength steel sheet, which is difficult to produce as
described above, with a limited number of suppliers, and a high-strength steel and has a
high cost, is not utilized, deformation of a steel sheet can be minimized without
increasing the number of operations for strengthening a steel sheet such as special steel
sheet hardening treatment or heat treatment on a fine portion of the rotor.

[0015]

When the yield stress of the steel sheet is assumed to be YPr (MPa), the yield
stress of the bonding layer is assumed to be YPg (MPa), and the maximum rotation speed
is assumed to be ® (rpm), the yield stress YPr of the steel sheet and the yield stress YPs
of the bonding layer may be set to satisfy the following Expression (1):

[Math. 2]

YP,
D
where, A=0.105, B=17000, C=17000, D=410, and E=30.

2
YPBZA(QJ w—C +E ce e (1)
B
[0016]
The yield stress YPr of the steel sheet and the yield stress YPg of the bonding
layer may be set to further satisfy the following Expression (2):
0.1xYPr<YPp<10xYPr -(2)
[0017]
The method for producing a rotor according to the present invention utilizes this
method for designing a rotor.
[Effects of the Invention]
[0018]

According to the present invention, it is possible to provide a rotor in which
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damage at the time of high speed rotation is minimized.
[Brief Description of Drawings]
[0019]

Fig. 1 is a plan view showing a part of a rotor according to an embodiment of
the present invention.

Fig. 2 is a cross-sectional view taken along arrow A-A shown in Fig. 1.

Fig. 3 is a cross-sectional view taken along arrow B-B shown in Fig. 1.

Fig. 4 is a graph showing a relationship between a rotation speed of a rotor and
an amount of displacement at an outer edge of a laminated core.

Fig. 5 is a plan view showing an analysis result of a von Mises stress distribution
of a steel sheet when a rotation speed of a rotor is 14000 rpm.

Fig. 6 is a perspective view showing the analysis result of the von Mises stress
distribution of the steel sheet when the rotation speed of the rotor is 14000 rpm.

Fig. 7 is a plan view showing an analysis result of a von Mises stress distribution
of a steel sheet when a rotation speed of a rotor is 15000 rpm.

Fig. 8 is a perspective view showing the analysis result of the von Mises stress
distribution of the steel sheet when the rotation speed of the rotor is 15000 rpm.

Fig. 9 is a plan view showing an analysis result of a von Mises stress distribution
of a steel sheet when a rotation speed of a rotor is 16000 rpm.

Fig. 10 is a perspective view showing the analysis result of the von Mises stress
distribution of the steel sheet when the rotation speed of the rotor is 16000 rpm.

Fig. 11 is a diagram for explaining displacement at an outer edge of a laminated
core and is a cross-sectional view including an outer edge of a laminated core in a state in
which a rotor is not rotating.

Fig. 12 is a diagram for explaining displacement at an outer edge of a laminated
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core and is a cross-sectional view including an outer edge of a laminated core in a state in
which a rotor is rotating at high speed.

Fig. 13 is a graph showing a relationship between a rotation speed of a rotor and
a magnitude of a stress generated in a bonding layer.

Fig. 14 is a graph showing a relationship between a strength of a steel sheet
which can withstand a prescribed rotation speed and a strength of a bonding layer.
[Embodiments for implementing the Invention]

[0020]

A rotor for a motor according to an embodiment of the present invention will be
described below with reference to Figs. 1 to 14.

[0021]
<Constitution>

As shown in Figs. 1 to 3, a rotor 10 is incorporated in a traveling motor of a
vehicle (for example, a hybrid vehicle or an electric vehicle). The motor is an inner
rotor type IPM motor (embedded magnet 30 type motor). The rotor 10 is a magnet
embedded type. A maximum rotation speed of the motor is determined in accordance
with the performance characteristics required for the vehicle and tends to increase when a
maximum speed, acceleration, or miniaturization of the motor is important. The
maximum rotation speed is, for example, 11000 rpm or faster, and more specifically
12000 rpm or faster and 20000 rpm or slower.

[0022]

In the following description, an axial direction of the rotor 10 (a direction of a
central axis line O of the rotor 10) is referred to as an “axial direction,” a radial direction
of the rotor 10 (a direction orthogonal to the central axis line O of the rotor 10) is referred

to as a “radial direction,” and a circumferential direction of the rotor 10 (a direction
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around the central axis line O of the rotor 10) is referred to as a “circumferential
direction.”
[0023]

The rotor 10 includes a laminated core 20, magnets 30, and sealing resin pieces
40.

The laminated core 20 includes steel sheets 21 laminated to each other and a
bonding layer 22 configured to bond the steel sheets 21 adjacent to each other in a
laminating direction Z. The laminating direction Z coincides with the axial direction.
Furthermore, in the embodiment, the steel sheets 21 adjacent to each other in the
laminating direction Z are not fixed using a means different from the bonding layer 22
(for example, caulking). The steel sheets 21 are fixed only using the bonding layer 22.
[0024]

The steel sheets 21 each are electrical steel sheets. The steel sheet 21 is
formed, for example, by punching an electrical steel sheet. As the electrical steel sheet,
a known electrical steel sheet can be utilized. A chemical composition of the electrical
steel sheet is not particularly limited. In the embodiment, as the electrical steel sheet, a
non-oriented electrical steel sheet is adopted.  As the non-oriented electrical steel sheet,
for example, a non-oriented electrical steel strip of JIS C 2552:2014 can be adopted.
[0025]

The bonding layer 22 is an adhesive cured between the steel sheets 21 adjacent
to each other in the laminating direction Z. As the adhesive, for example, a
thermosetting adhesive and the like using polymerization bonding may be utilized. As a
composition of the adhesive, (1) an acrylic resin, (2) an epoxy resin, (3) a composition
containing an acrylic resin and an epoxy resin, and the like can be applied. When a

strength (yield stress) of the bonding layer 22 which exceeds 80 MPa is required, as the
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adhesive, resins called super engineering plastics may be utilized.
[0026]

The bonding layer 22 bonds a portion of the steel sheet 21 including at least a
bridge 23. The bridge 23 is a portion of the steel sheet 21 located further outward in the
radial direction than the magnets 30. In the illustrated example, the bonding layer 22
bonds the steel sheets 21 adjacent to each other in the laminating direction Z over the
entire surface. When a thickness of the bonding layer 22 is less than 1 um, bonding is
poor, and when the thickness of the bonding layer 22 exceeds 10 pum, the efficiency of
the motor is lowered. Thus, the thickness of the bonding layer 22 is preferably 1 to 10
um.

[0027]

The magnets 30 are permanent magnets. The magnets 30 are embedded in the
laminated core 20. In the embodiment, a set of two magnets 30 form one magnetic
pole. The plurality of sets of magnets 30 are disposed at equal intervals in the
circumferential direction (every 45° in the illustrated example). The two magnets 30
forming the same magnetic pole are formed line-symmetrically in the circumferential
direction with reference to a virtual line L extending in the radial direction.

[0028]

Through holes 24 are formed in the laminated core 20. The through holes 24
each pass through the laminated core 20 in the laminating direction Z. The through
holes 24 are provided in correspondence with the magnets 30. Each of the magnets 30
is fixed to the laminated core 20 in a state of being disposed in the corresponding through
hole 24. Each of the magnets 30 is fixed to the laminated core 20 using an adhesive
provided between an outer surface of the magnet 30 and an inner surface of the through

hole 24. This adhesive may be of the same type as the adhesive which forms the
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bonding layer 22.
[0029]

In the embodiment, gaps 25 and 26 in which the magnet 30 is not disposed are
provided in each of the through holes 24. The gaps 25 and 26 are provided on both
sides of the magnet 30, respectively, in the circumferential direction. As the gaps 25
and 26, a first gap 25 and a second gap 26 are provided. The first gap 25 is located on
the virtual line L side in the circumferential direction with respect to the magnet 30.
The second gap 26 is located on an opposite side of the virtual line L in the
circumferential direction with respect to the magnet 30.

[0030]

Each of the sealing resins 40 is disposed in the through hole 24. The sealing
resin 40 seals between the outer surface of the magnet 30 and the inner surface of the
through hole 24.  As the sealing resin 40, for example, the same adhesive as the
adhesive forming the bonding layer 22 can be adopted.  As the sealing resin 40, a
composition and the like containing (1) an acrylic resin, (2) an epoxy resin, (3) an acrylic
resin, and an epoxy resin can be applied. An adhesive of the bonding layer 22 and an
adhesive of the sealing resin 40 may be the same or different. The sealing resin 40 seals
the second gap 26. Thus, the two magnets 30 forming the same magnetic pole are
disposed between the two sealing resin pieces 40 in the circumferential direction. A
yield stress of the sealing resin 40 is preferably 10 MPa or more and 200 MPa or less.
When the yield stress of the sealing resin 40 is within this range, the stress generated in
the bonding layer 22 can be reduced.

[0031]
It is preferable that various dimensions of the rotor 10 be, for example,

dimensions which are shown below:
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(1) Diameter of rotor 10 (laminated core 20 and steel sheets 21): 50 mm or more
and 200 mm or less;

(2) Thickness T1 of steel sheets 21: 0.1 mm or more and 2.0 mm or less;

(3) Thickness T2 of bonding layer 22: 2 um or more and 4 pm or less; and

(4) Laminated thickness of laminated core 20: 30 mm or more and 300 mm or
less.

[0032]

Also, in the embodiment, when the rotor 10 rotates at 11000 rpm for 30 seconds
or more, a maximum amount of displacement at an outer edge 20a of the laminated core
20 in the radial direction is 0.1 mm or less. In the illustrated example, when the rotor 10
rotates at a rotation speed of 14000 rpm or less, the maximum amount of displacement is
0.1 mm or less.

[0033]

The maximum amount of displacement at the outer edge 20a of the laminated
core 20 in the radial direction can be obtained using, for example, the following methods
(1) and (2).

(1) An amount of displacement (a dimension D shown in Fig. 12) of a position at
the outer edge 20a of the laminated core 20 in the radial direction before or after rotation
is obtained for each position of the rotor 10 in the circumferential direction (for example,
every 11.25° or every 15°), and a maximum value among values obtained by adding an
amount corresponding to elastic deformation during rotation to the amount of
displacement (hereinafter also referred to as an “amount of exterior form displacement”)
is defined as the maximum amount of displacement. The amount of displacement can
be measured using, for example, a laser displacement meter.

(2) When a portion at the outer edge 20a of the laminated core 20 which is most
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displaced before and after rotation is known in advance (for example, when it is
theoretically clear or when it is grasped through simulation or an empirical rule), an
amount of displacement of a position of the portion in the radial direction before and
after rotation is obtained, and the amount of displacement is defined as the maximum
amount of displacement.

[0034]

Also, in the embodiment, when a yield stress (yield point, strength) of the steel
sheets 21 is assumed to be YPr (MPa), a yield stress (yield point, strength) of the
bonding layer 22 is assumed to be YPg (MPa), and a maximum rotation speed when the
vehicle travels is assumed to be o (rpm), each value of YPr and YPg satisfies the

following Expressions (1) and (2):

[0035]
[Math. 3]
2 ;
Yfgzz{ﬂ) a)—C\/E +E Ce e (1)
B D

where, A=0.105, B=17000, C=17000, D=410, and E=30;
[0036]

0.IXYPR<YP<10xYPr -(2).
[0037]

When each value of YPr and YPp satisfies the above Expression (1), the bridge
23 of the steel sheet 21 is restricted to deforming within an elastic region and plastically
deforms when the rotor 10 rotates at the maximum rotation speed. In other words, the
bridge 23 elastically deforms and does not plastically deform. Furthermore, when the
rotor 10 rotates at 11000 rpm, the maximum amount of displacement at the outer edge

20a of the laminated core 20 in the radial direction is 0.1 mm or less. When the rotor 10
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rotates at 11000 rpm, the bridge 23 deforms within the elastic region. Thus, at least the
outer edge 20a of the laminated core 20 deforms by about 0.020 pum in the radial
direction. The maximum amount of displacement at the outer edge 20a of the laminated
core 20 in the radial direction may be 30 pum or more.

[0038]

When each value of YPr and YPs satisfies the above Expression (2), the yield
stress YPg of the bonding layer 22 can be kept within an optimum range. That is to say,
when the yield stress YPs of the bonding layer 22 is less than 0.1 times the yield stress
YPr of the steel sheets 21, there is a concern concerning the yield stress YPg of the
bonding layer 22 being too low and deformation occurring at a low rotation speed.

When the yield stress YPg of the bonding layer 22 exceeds 10 times the yield stress YPr
of the steel sheets 21, the yield stress YPg of the bonding layer 22 is too high, the effect
is saturated, and economic efficiency is not established.

[0039]

The yield stress YPr of the steel sheets 21 is preferably 150 MPa or more and
580 MPa or less. The yield stress YPg of the bonding layer 22 is preferably 10 MPa or
more 200 and MPa or less.

[0040]

Examples of a method for measuring the yield stress YPr of the steel sheets 21
include a method which will be shown later.

That is to say, a test piece having a prescribed shape (for example, a rectangular
shape of 35 mmx250 mm) is cut out from the steel sheet 21 used for the laminated core
20. After that, a tensile test conforming to JIS Z 2241:2011 is carried out using this test
piece. When a test piece of the steel sheet 21 is cut out from the laminated core 20 and

a yield stress is measured, for example, there is a method for performing conversion of a
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hardness to a tensile strength on the basis of the result of hardness measurement. To be
specific, the hardness of the steel sheet 21 is measured and the hardness is converted into
a tensile strength using a hardness conversion table (JIS handbook) on the basis of the
obtained hardness. Since a general yield ratio of a steel material is 0.73 (0.69 to 0.75), a
yield stress of the steel sheet 21 can be calculated from the converted tensile strength.
[0041]

Examples of a method for measuring the yield stress YPg of the bonding layer
22 include a method which will be shown later.

That is to say, a test piece of a prescribed shape (for example, a rectangular
shape of 10 mmx110 mm) is cut out from the bonding layer 22 used for the laminated
core 20.  After that, a tensile test conforming to JIS K 7161-1 (2014) is carried out using
the test piece.

[0042]

When the material used for the steel sheets 21 and the bonding layer 22 are
known, it is also possible to prepare a test piece independently using the materials instead
of preparing a test piece from the rotor 10.  As an example of the method for measuring
the yield stress of the bonding layer 22 in such a case, a method in which an adhesive is
cured in a strip shape, a sample piece of the bonding layer 22 is prepared, and the sample
piece is subjected to a tensile test is recommended. In the case of an adhesive having a
poor filling rate, a thin filter paper may be attached to a back surface to prepare a sample
piece. A shape of the test piece may be a shape conforming to JIS K 7161-2:2014.
When the bonding layer 22 is taken out from the laminated core 20, the bonding layer 22
may be obtained by preparing an approximately 30% by mass hydrochloric acid aqueous
solution, immersing the laminated core 20 in the hydrochloric acid aqueous solution, and

melting the steel sheet 21.  An immersion time can be appropriately adjusted in
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accordance with an amount and a size of the steel sheet 21. Furthermore, particularly,
when the laminated core 20 is large, the hydrochloric acid aqueous solution may be
replaced with a new hydrochloric acid aqueous solution in the middle of the process to
promote a melting reaction.  After all of the steel sheets 21 are melted, the bonding
layer 22 is taken out and cleaned.  After cleaning, it is processed into a test piece
conforming to JIS K 7161-2:2014 and the yield stress of the bonding layer 22 is
evaluated. A composition of the bonding layer 22 may be analyzed using infrared
spectroscopy (FT-IR) or the like and a test piece may be prepared by the same material
using the analysis result.

[0043]

<Relationship between rotation speed and amount of exterior form displacement of rotor
10>

The motor is prepared to confirm a relationship between a rotation speed and an
amount of exterior form displacement of the rotor 10. The rotor 10 having a diameter of
162 mm is incorporated in the motor. The rotor 10 has the laminated core 20 obtained
by laminating the steel sheets 21 having a yield stress YPr of 400 MPa and a sheet
thickness of 0.25 mm and the bonding layer 22 having a yield stress YPg of 12 MPa and
a thickness of 2.5 um. In each of the tests which will be shown later, the rotor 10
having the same size is assumed.

[0044]

In the motor, the rotation speed of the rotor 10 is changed from O rpm to 17000
rpm and the amount of exterior form displacement of the rotor 10 is measured. The
amount of exterior form displacement is an amount of exterior form displacement with
respect to a specific measurement point P as shown in Fig. 1 in the outer edge 20a of the

laminated core 20. The measurement point P is a position (a part of the bridge 23) of
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the outer edge 20a of the rotor 10 which intersects the virtual line L.
[0045]

The results are shown in Fig. 4. A horizontal axis of Fig. 4 indicates the
rotation speed of the rotor 10 and a vertical axis of the Fig. 4 indicates the amount of
exterior form displacement at the measurement point.  As shown in Fig. 4, as the
rotation speed of the rotor 10 increases, a centrifugal force of the rotor 10 in the radial
direction increases and the amount of exterior form displacement of the rotor 10
increases. Furthermore, if the rotation speed exceeds a specific rotation speed (14000
rpm), the amount of exterior form displacement of the rotor 10 rapidly increases.

[0046]
<Analysis of stress distribution>

Here, in order to examine the cause of a rapid increase in the amount of exterior
form displacement, the inventors of the present invention quantify a stress generated in
the bridge 23 at the time of high speed rotation through FEM analysis.

The analysis results of a von Mises stress distribution in the bridge 23 of the
steel sheet 21 are shown in Figs. 5 to 10.  Figs. 5 and 6 show a case in which a rotation
speed of the rotor 10 is 14000 rpm. Figs. 7 and 8 show a case in which the rotation
speed of the rotor 10 is 15000 rpm. Figs. 9 and 10 show a case in which the rotation
speed of the rotor 10 is 16000 rpm.

[0047]

In Figs. 5 to 10, a shade of a hatch indicates a magnitude of a von Mises stress
(although the magnet 30 and the sealing resin 40 are also hatched, the von Mises stress in
the magnet 30 and the sealing resin 40 is smaller than a lower limit of contour display).
The von Mises stress refers to an equivalent stress used for indicating a stress state

generated inside an object using a single value.
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For example, in Figs. 5 and 6, two types of hatches such as a thin hatch and a
dark hatch are shown on the steel sheet 21. In the drawings, the thin hatch means that
the von Mises stress is less than 380 MPa. The dark hatch means that the von Mises
stress is 380 MPa to 430 MPa. In the rotor 10, the yield stress YPr of the steel sheets 21
is assumed to be 356 MPa. In addition, it is conceivable that the steel sheet 21 in a
region of the dark hatch surely plastically deforms.

[0048]

When the analysis results of Figs. 5 and 6 (14000 rpm), the analysis results of
Figs. 7 and 8 (15000 rpm), and the analysis results of Figs. 9 and 10 (16000 rpm) are
compared with each other, it can be seen that, as the rotation speed increases, a region
having a dark hatch, that is, a region having a large von Mises stress and plastic
deformation rapidly increases.

[0049]

From the above analysis results, it is confirmed that the bridge 23 in the rotor 10
plastically deforms if the rotor 10 rotates at a rotation speed which exceeds 14000 rpm.
It is conceivable that the results lead to a rapid increase in the amount of exterior form
displacement at the time of rotating at a rotation speed which exceeds 14000 rpm as
shown in Fig. 4.

[0050]
<Factor analysis of increase in stress>

In order to examine factors of an increase in stress as described above, a shape
of the steel sheet 21 before and after rotation of the rotor 10 will be considered

As shown in Fig. 11, when the rotor 10 is not rotating, a centrifugal force is not
acting and the steel sheet 21 does not expand.

On the other hand, as shown in Fig. 12, when the rotor 10 rotates at high speed,
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a centrifugal force of the rotor 10 in the radial direction increases. Thus, the steel sheet
21 expands in the radial direction of the rotor 10 (a broken line in Fig. 12). When the
steel sheet 21 expands in this way, a sheet thickness of an outer circumferential portion of
the steel sheet 21 is reduced. As a result, it is conceivable that stress concentration is
caused and thus the above-described rapid increase in von Mises stress occurs.

[0051]

From the above description, it is conceivable that it is possible to reduce the
amount of exterior form displacement of the rotor 10 by minimizing the expanding of the
laminated steel sheet 21 in the radial direction when the rotation speed of the rotor 10 is
increased.

Also, as a measure thereof, a measure of minimizing the expanding of the steel
sheet 21 using the bonding layer 22 is taken into consideration by the inventors of the
present invention.

[0052]

A strength of an adhesive used for the bonding layer 22 usually indicates a
strength (adhesive force, peeling strength) when an object to be bonded peels off.
However, in the embodiment, although a tensile stress in the laminating direction Z is
generated in the bonding layer 22, a shearing force is extremely small. Thus, the
strength (tensile strength) of the bonding layer 22 itself, that is, the yield stress YPg
which minimizes internal deformation of the bonding layer 22, is more important than
the adhesive force.

When the yield stress YPg which minimizes the internal deformation of the
bonding layer 22 increases, the effect of minimizing the expanding of the laminated steel
sheet 21 increases. That is to say, when a tensile stress is generated in the radial

direction of the rotor 10, the bonding layer 22 minimizes the deformation of the steel
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sheet 21. Thus, even if the rotation speed of the rotor 10 increases, it is possible to
reduce the amount of exterior form displacement of the rotor 10.
[0053]

Fig. 13 is a graph showing a relationship between a rotation speed of the rotor
10 and a stress generated in the bonding layer 22 in the laminating direction Z. A
horizontal axis of Fig. 13 indicates the rotation speed of the rotor 10. A vertical axis of
Fig. 13 indicates the stress generated in the bonding layer 22. Among graph lines
shown in Fig. 13, a solid line indicates a case in which the sealing resin 40 is not present
and a broken line indicates a case in which the sealing resin 40 (yield stress: 12 MPa) is
present.

[0054]

As shown in Fig. 13, as the rotation speed of the rotor 10 increases, the stress
generated in the bonding layer 22 in the laminating direction Z increases. When the
laminated core 20 having the bonding layer 22 which can withstand the stress in the
laminating direction Z is formed, the expanding of the rotor 10 of the laminated steel
sheet 21 in the radial direction is minimized and even if rotation speed of the rotor 10
increases, the it is possible to reduce the amount of exterior form displacement of the
rotor 10. It can also be seen from Fig. 13 that, when the sealing resin 40 is present, the
stress generated in the bonding layer 22 is reduced in a range in which the rotation speed
is 16000 rpm or less.

[0055]
<Yield stress of bonding layer 22>

The inventors of the present invention have found that a reference value of the

yield stress of the bonding layer 22 can be calculated on the basis of the following

Expression (3) when the rotation speed of the rotor 10 is assumed to be ® and the yield
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stress of the steel sheet 21 is assumed to be YPr. Expression (3) is the right-hand side
of the foregoing Expression (1). The strength of the bonding layer 22 needs to satisfy

the condition of the foregoing Expression (1):

[0056]
[Math. 4]
oY YP
A —j o—C,|=2& |+ E Cee (3)
B D
where, A=0.105, B=17000, C=17000, D=410, and E=30.
[0057]

For example, when a rotation speed is 17000 rpm, a diameter of the rotor 10 is
162 mm, a sheet thickness of the steel sheet 21 is 0.25 mm, and a thickness of the
bonding layer 22 is 0.002 mm, it is confirmed through verification using an actual
machine that the maximum amount of displacement of the laminated core 20 is 0.1 mm
or less which is a target value when each value of YPr and YPg satisfies Expression (1).
[0058]
<Verification of Expression (1)>

First, a relationship between a rotation speed of the rotor 10 and the yield stress
YPr of the steel sheet 21 and the yield stress YPg of the bonding layer 22 in which plastic
deformation does not occur is obtained using FEM analysis. The results are shown in

Table 1 which will be shown below.

[0059]
[Table 1]
Rotation speed | 15000 16000 17000 18000
(rpm)
Steel sheet
YPr (MPa)
320 30 122
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360 30 135

410 30 163

456 30
[0060]

In Table 1, a heading column (first column) indicates the yield stress YPr (MPa)
of the steel sheet 21. A heading row (first row) indicates the rotation speed (rpm) of the
rotor 10. A value in each cell indicates a value of the yield stress YPg (MPa) of the
bonding layer 22 required for preventing the steel sheet 21 from plastically deforming
when the rotor 10 rotates at a rotation speed of the heading row of the column to which
the cell belongs and when the yield stress YPr of the steel sheet 21 of the heading
column of the row to which the cell belongs is assumed. A blank cell means that the
yield stress YPg of the bonding layer 22 under the conditions corresponding to the cell is
not obtained.

[0061]

The above relationship obtained from the foregoing Expression (1) is shown in
the following Table 2 below. The view of Table 2 is the same as that of Table 1. Each
value in the table in Table 2 is a value obtained by rounding off the value obtained from
the right-hand side of the foregoing Expression (1) by a first decimal place. In Table 2,

the yield stress YPg of the bonding layer 22 is obtained in more cases than in Table 1.

23



1% €96

L81 ov 80§

IL1 8¢ 4

9L 4%

eCl 0y

3rl 0¢ Oly

Ll [ 00¥

L6 08¢

(44! LE 09¢

061 8L ore

X! 8¢ 0T¢

991 L9 00¢

Cll 0¢ 8LT

0¢l £9 09¢

€61 101 0¢ 0vc

ovl ¥9 0T¢C

ELI 6 0¢ v0¢

4] 8 0¢ Ll

(edIN) ¥d A
JIIYS [0S
(tudr)

0000¢ 00061 00081 000LI 00091 000€1 000¥1 000€l | 000<I 00011 | paads uonejoy

[T a1qeL]

[2900]

24



10

15

20

25

[0063]

As a result of comparing the values in Tables 1 and 2 described above, it is
confirmed that a difference between two values is small and the result of the FEM
analysis can be approximated by Expression (1).

[0064]

In this way, the rapid increase in the amount of exterior form displacement can
also be realized by any of adjusting the yield stress of the bonding layer 22 and adjusting
the yield stress of the steel sheet 21.

[0065]
<Method for designing rotor 10>

When the rotor 10 is designed, the yield stress of the steel sheet 21 and the yield
stress of the bonding layer 22 are set as follows. That is to say, when the rotor 10
rotates at a maximum rotation speed and a centrifugal force is transmitted from the
magnet 30 to the laminated core 20, each yield stress is set so that the deformation of the
steel sheet 21 is restricted (so that the stress generated in the steel sheet 21 does not reach
the yield stress YPr of the steel sheet 21).  To be specific, each yield stress is set so that
each yield stress satisfies the foregoing Expressions (1) and (2).

[0066]

Here, the graph of Fig. 14 shows a boundary line obtained through the foregoing
Expression (1). A horizontal axis of the graph of Fig. 14 indicates the yield stress YPr
of the steel sheet 21.  Among graph lines in Fig. 14, a graph line of a solid line indicates
the value (Expression (3)) on the right-hand side of Expression (1) when the rotation
speed is 16000 rpm. A graph line of a broken line indicates the value (Expression (3))
on the right-hand side of Expression (1) when the rotation speed is 17000 rpm. A graph

line of a chain line indicates the value (Expression (3)) on the right-hand side of
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Expression (1) when the rotation speed is 18000 rpm.
[0067]

In order to obtain the laminated core 20 which can withstand each rotation
speed, a combination of the yield stress YPr of the steel sheet 21 and the yield stress YPg
of the bonding layer 22 needs to be a combination included in a region on an upper right
side of the graph line of each rotation speed shown in Fig. 14. In other words, in
combinations of the strength of the bonding layer 22 and the strength of the steel sheet 21
included in an upper right region of the graph line shown in Fig. 14, all of the
combinations can withstand each rotation speed. Here, a case in which a combination
of the yield stress YPr of the steel sheet 21 and the yield stress YPg of the bonding layer
22 is set to a combination included in a lower left region than the graph line of each
rotation speed shown in Fig. 14 is not preferable because the maximum amount of
displacement of the outer edge of the laminated core of the rotor 10 in the radial direction
exceeds 0.1 mm when the rotor 10 rotates. Furthermore, although the deformation
strength can increase if the combination is set to a combination included in an upper right
region because an unnecessary high-strength steel sheet is used and problems such as
punching accuracy and production inhibition due to die wear occur. Thus, it is
important to perform designing so that the combination is located on the graph line.
[0068]

For example, when the rotor 10 which can withstand 17000 rpm is created, a
combination of the strength of the steel sheet 21 of 360 MPa and the strength of the
bonding layer 22 of 142 MPa or a combination of the strength of the steel sheet 21 of 400
MPa and the strength of the bonding layer 22 of 52 MPa is selected.

[0069]

<Method for producing rotor 10>
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The rotor 10 designed using the above design method can be produced using a
known production method. For example, as the method for producing the rotor 10
using an adhesive, a method for coating each of the steel sheets 21 with an adhesive, an
impregnation immersion method, a method for utilizing an adhesive processed into a tape
shape, an in-mold bonding method, and the like are proposed. In the embodiment, any
production method can be utilized for production and the production method is not
limited.

[0070]

As described above, according to the rotor 10 associated with the embodiment,
when the rotor 10 rotates at 11000 rpm, the maximum amount of displacement of the
outer edge 20a of the laminated core 20 in the radial direction of the rotor 10 is 0.1 mm
or less. Therefore, even when the rotor 10 rotates at the maximum rotation speed (for
example, a rotation speed which exceeds 11000 rpm) when the vehicle travels, it is
possible to minimize the deformation of the exterior form of the rotor 10, and for
example, it is possible to prevent the rotor 10 from coming into contact with the stator.
Thus, it is possible to minimize the damage of the motor.

[0071]

Also, according to the rotor 10 designed using the designing method associated
with the embodiment, when the rotor 10 rotates at the maximum rotation speed when the
vehicle travels and a centrifugal force is transmitted from the magnet 30 to the laminated
core 20, the deformation of the steel sheet 21 in the radial direction is minimized by the
bonding layer 22 and the deformation of the steel sheet 21 is restricted. Thus, even
when the rotor 10 rotates at the maximum rotation speed when the vehicle travels, it is
possible to minimize the deformation of the exterior form of the rotor 10, and for

example, it is possible to prevent the rotor 10 from coming into contact with the stator.
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Thus, it is possible to minimize the damage of the motor.
[0072]

Incidentally, evaluation of the bonding layer 22 using the bonding strength (the
adhesive force with the steel sheet 21 under the conditions such as tension, compression,
shearing, 90-degree peeling, and the like) has been emphasized. Against such a
background, the technical idea of restricting the deformation of the steel sheet 21 on the
basis of the yield stress of the bonding layer 22 does not exist. In order to restrict the
deformation of the steel sheet 21, there is practically no choice but to utilize a high-
strength steel sheet 21.  As a result, the cost of the rotor 10 increases and it becomes
difficult to produce the rotor 10. Particularly, when the electrical steel sheets 21 is
adopted as the steel sheet 21, it is necessary to satisfy the requirements of high strength in
addition to the basic characteristics (low iron loss, high magnetic flux density). For this
reason, not only is it difficult to design the components, but also in each process such as
rolling and annealing, the producing conditions are restricted and producing becomes
difficult.

[0073]

Therefore, in the design method, (1) the yield stress of the steel sheet 21 and (2)
the yield stress of the bonding layer 22 are set so that the deformation of the steel sheet
21 in the radial direction of the rotor 10 is minimized by the bonding layer 22 and the
deformation of the steel sheet 21 is restricted when the rotor 10 rotates at the maximum
rotation speed when the vehicle travels and a centrifugal force is transmitted from the
magnet 30 to the laminated core 20. That is to say, the yield stress of the steel sheet 21
as well as the yield stress of the bonding layer 22 is taken into consideration. Thus,
even when the yield stress of the steel sheet 21 is low to some extent, it is possible to

restrict the deformation of the steel sheet 21 by increasing the yield stress of the bonding
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layer 22.
[0074]

Here, when the strength of the steel sheet 21 increases, the supply supplier is
limited and the cost thereof also increases. On the other hand, the strength of the
adhesive generally has a positive correlation with the cost.  In addition, there are also
restrictions due to a producing facility such as a higher curing temperature required when
the strength of the adhesive increases.

In the design method, when the yield stress of the steel sheet 21 as well as the
yield stress of the bonding layer 22 are taken into consideration as described above, it is
possible to select the optimum combination of the steel sheet 21 and the adhesive
according to not only the cost but also the regional characteristics and marketability.
Therefore, it is possible to produce the rotor 10 which satisfies not only quality
requirements but also producing requirements.

[0075]

Although the relationship between the strength of the bonding layer 22 and the
strength of the steel sheet 21 has been defined as described above using the specific
mathematical expression, the present invention is not limited to such examples. Various
changed examples or modified examples including modifications of mathematical
expressions could have been clearly conceived by a person who has ordinary knowledge
in the field of technology to which the present invention belongs within the scope of the
technical idea described in the claims and it is naturally understood that these also belong
to the technical scope of the present invention.

[0076]
For example, although a pair of magnets 30 forms one magnetic pole in the rotor

10 in the above-described embodiment, the present invention is not limited thereto. One
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magnet 30 may form one magnetic pole or three or more magnets 30 may form one
magnetic pole.

Expressions (1) and (2) may not be satisfied.

The sealing resin 40 may be omitted. The first gap 25 and the second gap 26
may be omitted.
[Brief Description of the Reference Symbols]
[0077]

10 Rotor

20 Laminated core

20a Outer edge

21 Steel sheet

22 Bonding layer

23 Bridge

24 Through hole

30 Magnet

40 Sealing resin

30



[CLAIMS]

1. A magnet-embedded rotor incorporated in a traveling motor of a vehicle, comprising:

a laminated core including steel sheets laminated to each other and a bonding layer
configured to bond the steel sheets adjacent to each other in a laminating direction; and

a magnet embedded in the laminated core,

wherein, when the rotor rotates at 11000 rpm, a maximum amount of displacement of
an outer edge of the laminated core in a radial direction of the rotor is 0.1 mm or less, and

wherein, when a yield stress of the steel sheet is assumed to be YPr (MPa), a yield
stress of the bonding layer is assumed to be YPs (MPa), and a maximum rotation speed
when the vehicle travels is assumed to be ® (rpm), the following Expressions (1) and (2)

are satisfied:

[Math. 1]
oY YP
YPBEA(—j o—C. =& |+ E cee (1)
B D
0.1xYPr<YPB<10xYPr -+ (2)

where, A=0.105, B=17000, C=17000, D=410, and E=30.

2. The rotor according to claim 1, wherein a yield stress YPr of each of the steel sheets is

150 MPa or more and 580 MPa or less.

3. The rotor according to claim 1 or 2, wherein the magnet is disposed in a through hole
which passes through the laminated core in the laminating direction, and
a sealing resin configured to seal between an outer surface of the magnet and an inner

surface of the through hole is provided in the through hole.
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4. A method for designing a magnet-embedded rotor incorporated in a traveling motor of
a vehicle, in which the rotor includes:

a laminated core including steel sheets laminated to each other and a bonding layer
configured to bond the steel sheets adjacent to each other in a laminating direction; and

a magnet embedded in the laminated core, and

in which, in the design method, when the rotor rotates at a maximum rotation speed
when the vehicle travels, a yield stress of each of the steel sheets and a yield stress of the
bonding layer are set so that a maximum amount of displacement of an outer edge of the
laminated in a radial direction of the rotor is 0.1 mm or less, and

wherein, when the yield stress of the steel sheet is assumed to be YPr (MPa), the
yield stress of the bonding layer is assumed to be YPs (MPa), and the maximum rotation
speed is assumed to be o (rpm), the yield stress YPr of the steel sheet and the yield stress

YPs of the bonding layer are set so that the following Expressions (1) and (2) are satisfied:

[Math. 2]
oY YP
YPBZA(_j o-C,[—& |+ E e (1)
B D
0.1xYPr<YPB<10xYPr -+ (2)

where, A=0.105, B=17000, C=17000, D=410, and E=30.

5. A method for producing a rotor using the method for designing a rotor according to

claim 4.
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