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DESCRIPTION

TITLE OF INVENTION: ROTOR CORE, ROTOR, ROTARY ELECTRIC MACHINE,

AND METHOD OF DESIGNING ROTOR CORE

TECHNICAL FIELD
[0001]

The present invention relates to a rotor core, a rotor, a rotary electric machine,
and a designing method for the rotor core.

Priority is claimed on Japanese Patent Application No. 2023-060098, filed April
3, 2023, the content of which is incorporated herein by reference.
BACKGROUND ART
[0002]

In the related art, for example, a rotary electric machine described in Patent
Document 1 below is known.
Citation List
Patent Document
[0003]

Patent Document 1: Japanese Patent No. 5985358
SUMMARY OF INVENTION
Technical Problem
[0004]

In such a type of interior permanent magnet synchronous motor (IPMSM), there
is a growing demand for practical implementation of techniques capable of curbing
torque pulsation (torque ripple).

[0005]
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The present invention has been made in view of the above-described
circumstance, and an object of the present invention is to reduce torque pulsation.
Solution to Problem
[0006]

<1> A rotor core according to an aspect of the present invention is a rotor core
used in an interior permanent magnet motor, to which a plurality sets of permanent
magnets that form magnetic poles are to be disposed in a circumferential direction of the
rotor core; wherein: a plurality of insertion holes penetrating through the rotor core in an
axial direction of the rotor core and into which the permanent magnets are to be inserted
are formed in the rotor core; a flux barrier provided corresponding to at least one of the
plurality of magnetic poles is formed in the rotor core; the insertion holes include a first
insertion hole into which the permanent magnet disposed closer to a rotational forward
side than another of the magnetic poles is to be inserted; and the flux barrier is provided
at a position facing a first side surface outward in a radial direction of the rotor core,
between side surfaces of the first insertion hole in a transverse direction, and is connected
to the first side surface.

[0007]

<2> A rotor core according to an aspect of the present invention is a rotor core
used in an interior permanent magnet motor, to which a plurality sets of permanent
magnets that form magnetic poles are to be disposed in a circumferential direction of the
rotor core, wherein: a plurality of insertion holes penetrating through the rotor core in an
axial direction of the rotor core and into which the permanent magnets are to be inserted
are formed in the rotor core; a flux barrier provided corresponding to at least one of the
plurality of magnetic poles is formed in the rotor core; the insertion holes include a first

insertion hole into which the permanent magnet disposed closer to a rotational forward
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side than another of the magnetic poles is to be inserted; and the flux barrier is provided
close to the first insertion hole to partition a magnetic flux generated from a permanent
magnet inserted into the first insertion hole in the circumferential direction at a position
facing a first side surface outward in a radial direction of the rotor core between side
surfaces of the first insertion hole in a transverse direction.
[0008]

<3> In the rotor core according to <1> or <2>, the flux barrier may have a
portion that becomes larger in a circumferential direction of the rotor core outward in the
radial direction.
[0009]

<4> In the rotor core according to any one of <1> to <3>, the flux barrier may
block a magnetic flux from a rotational rearward side to a rotational forward side of the
magnetic pole among magnetic fluxes generated from the permanent magnet inserted into
the first insertion hole.
[0010]

<5> In the rotor core according to any one of <1> to <4>, a bridge may be
provided in a portion located outward in the radial direction of the rotor core with respect
to the flux barrier.
[0011]

<6> A rotor according to another aspect of the present invention includes: the
rotor core according to any one of <1> to <5>; and the plurality sets of permanent
magnets embedded in the rotor core and forming a magnetic pole, and disposed in a
circumferential direction of the rotor core in the rotor core.
[0012]

<7> A rotary electric machine according to still another aspect of the present
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invention includes an annular stator and the rotor according to <6> disposed in the stator.
[0013]

<8> In the rotary electric machine according to <7>, a barrier opening angle 8w
in a circumferential direction of the rotor in an outer circumferential side surface of the
flux barrier located outward in a radial direction of the rotor may satisfy Formulae (1)
and (2) below.

When (2/5)8s < 6m < (3/4)8s,

0 < 6w < (22/7)6m - (44/35)0s ... (1)

when (3/4)8s < 6m < (9/10)0s,

0 < Ow < -(22/3)0m + (33/5)8s ... (2)

0s = 2n/Nslot ... (3)

where Nslot in the above Formula (3) is the number of slots of the stator.

Om is a barrier central angle formed between a circumferential central position
on the outer circumferential side surface and an outer end portion in the radial direction
of the flux barrier extending rotationally forward from the first insertion hole.

[0014]

<9> A method of designing a rotor core according to still another aspect of the
present invention is the method of designing a rotor core according to any one of <1> to
<5>. The method includes a step of designing a position and a shape of the flux barrier
based on a magnetic flux of the magnetic pole close to a rotational forward side.

[0015]

<10> In the method of designing the rotor core according to <9>, in the step, the
position and the shape of the flux barrier may be designed to block a magnetic flux that
generates a rotational forward torque among magnetic fluxes in the magnetic pole close

to the rotational forward side when the torque becomes maximum, and to block a
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magnetic flux that generates a rotational rearward torque among magnetic fluxes in the
magnetic pole close to the rotational forward side when the torque becomes minimum.
Advantageous Effects of Invention
[0016]

According to the present invention, torque pulsation is reduced.
BRIEF DESCRIPTION OF DRAWINGS
[0017]

[FIG. 1] A diagram illustrating a rotary electric machine according to an
embodiment of the present invention and is a plan view including a partial cross section.

[FIG. 2] An enlarged plan view illustrating a stator and a rotor included in the
rotary electric machine illustrated in FIG. 1.

[FIG. 3] An enlarged plan view illustrating the rotor included in the rotary
electric machine illustrated in FIG. 1.

[FIG. 4] A diagram including a partial cross section of a rotary electric machine
according to the embodiment of the present invention, and an enlarged plan view
illustrating a rotor included in the rotary electric machine.

[FIG. 5] An enlarged plan view schematically illustrating a part of the rotor
illustrated in FIG. 3.

[FIG. 6] A plan view illustrating a rotary electric machine according to a
comparative example.

[FIG. 7] A graph illustrating a result obtained by comparing torque ripples of the
rotary electric machine according to the embodiment and the rotary electric machine
according to the comparative example by electromagnetic field analysis.

[FIG. 8] A plan view illustrating a rotor capable of optimally reducing torque

pulsation in the rotary electric machine according to the embodiment.
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[FIG. 9] A plan view illustrating a rotor in which an average torque becomes
maximum in a rotary electric machine according to the comparative example.

[FIG. 10] A graph illustrating a relationship between an electric angle and a
torque between the rotary electric machine according to the embodiment and the rotary
electric machine according to the comparative example.

[FIG. 11] A plan view illustrating a magnetic flux density vector when a rotor is
located at an electric angle at which a torque waveform of a rotary electric machine
according to the comparative example becomes minimum in the rotary electric machine
according to the embodiment.

[FIG. 12] A plan view illustrating a magnetic flux density vector when a rotor is
located at an electric angle at which a torque waveform becomes minimum in the rotary
electric machine according to the comparative example.

[FIG. 13] A plan view illustrating a magnetic flux density vector when a rotor is
located at an electric angle at which a torque waveform of the rotary electric machine
according to the comparative example becomes maximum in the rotary electric machine
according to the embodiment.

[FIG. 14] A plan view illustrating a magnetic flux density vector when a rotor is
located at an electric angle at which a torque waveform is maximum in the rotary electric
machine according to the comparative example.

DESCRIPTION OF EMBODIMENTS
[0018]

Hereinafter, a rotor core, a rotor, a rotary electric machine, and a method of
designing the rotor core according to an embodiment of the present invention will be
described with reference to FIGS. 1 to 14. The rotary electric machine is an electric

motor, specifically, an AC electric motor, more specifically, a synchronous electric motor,
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and still more specifically, a permanent magnet field type electric motor. Such a type of
electric motor is adopted appropriately in, for example, an clectric vehicle.
[0019]

As illustrated in FIGS. 1 and 2, a rotary electric machine 10 includes a stator 20,
a rotor 30, a case 50, and a rotary shaft 60. The stator 20 and the rotor 30 are housed in
the case 50. The stator 20 is fixed to the case 50. The rotary electric machine 10 is of an
inner rotor type in which the rotor 30 is located inside the stator 20.

[0020]

In the embodiment, the rotary electric machine 10 is a three-phase AC motor
that has eight poles and twenty four slots. However, for example, the number of poles,
the number of slots, the number of phases, and the like can be changed appropriately.

In the rotary electric machine 10, the axes of the stator 20 and the rotor 30 are on
a common axis. Hereinafter, this common axis is referred to as a central axis O (a center
axis of the rotor 30). A direction of the central axis O (an axial direction of a rotor core
31 to be described below) is referred to as an axial direction, a direction orthogonal to the
central axis O (a radial direction of the rotor core 31 described below) is referred to as a
radial direction, and a direction circling around the central axis O (a circumferential
direction of the rotor core 31 to be described below) is referred to as a circumferential
direction.

[0021]

The stator 20 includes a stator core 21 and a winding (not illustrated).

The stator core 21 includes a core back 22 (yoke) that has a cylindrical shape
(cylinder shape) and a plurality of teeth 23.

[0022]

The core back 22 is formed in an annular shape (annular shape) in a plan view of



10

15

20

25

8

the rotary electric machine 10 viewed in the axial direction.

The plurality of teeth 23 protrude inward in the radial direction from the core
back 22 (toward the central axis O of the core back 22 in the radial direction). The
plurality of teeth 23 are disposed at equal intervals in the circumferential direction. In
the embodiment, twenty four teeth 23 are provided at central angle intervals of 15
degrees about the central axis O. The plurality of teeth 23 are formed in the same shape
and the same size. A slot 24 is formed between the teeth 23 adjacent in the
circumferential direction.

The winding is wound around the tooth 23. The winding may be wound
concentratedly or may be wound distributedly.

[0023]

As illustrated in FIG. 3, the rotor 30 is disposed inward in the radial direction
with respect to the stator 20 (the stator core 21). The rotor 30 includes the rotor core 31
and a plurality of permanent magnets 32,

The rotor core 31 is formed in a cylindrical shape (circular shape) disposed
coaxially with the stator 20. The rotary shaft 60 is disposed in the rotor core 31. The
rotary shaft 60 is fixed to the rotor core 31 to rotate together with the rotor core 31.

The plurality of permanent magnets 32 are fixed to the rotor core 31. In the
rotor core 31, the plurality of magnetic poles 33 are formed. In the embodiment, a pair of
permanent magnets 32 form one magnetic pole 33. The plurality sets of permanent
magnets 32 forming the plurality of magnetic poles 33 are arranged at equal intervals in
the circumferential direction. In the embodiment, eight sets of (sixteen in total)
permanent magnets 32 are provided every 45 degrees of the central angle about the
central axis O.

[0024]
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The rotary electric machine 10 is an interior permanent magnet synchronous
motor (IPMSM). A plurality of insertion holes 34 penetrating the rotor core 31 in the
axial direction are formed in the rotor core 31. The plurality of insertion holes 34 are
provided corresponding to the plurality of permanent magnets 32. Each permanent
magnet 32 is fixed to the rotor core 31 while being inserted into the corresponding
insertion hole 34. That is, the insertion hole 34 forms a space where the permanent
magnet 32 can be installed. In the embodiment illustrated in FIG. 3, the permanent
magnet 32 has a quadrangular shape that has a longitudinal direction, and the insertion
hole 34 also has a shape including a similar quadrangular portion having a longitudinal
direction. The fixing of cach permanent magnet 32 to the rotor core 31 can be realized,
for example, by bonding the outer surface of the permanent magnet 32 and the inner
surface of the insertion hole 34 with an adhesive.

[0025]

Stacked cores can be used as the stator core 21 and the rotor core 31. The
stacked core is formed by stacking a plurality of electrical steel sheets. The stacked
electrical steel sheets are fixed to each other by, for example, crimping, adhering,
welding, or the like.

Each of the electrical steel sheets forming the stator core 21 and the rotor core
31 is formed by, for example, punching an electrical steel sheet serving as a base metal.
As the electrical steel sheet, a known electrical steel sheet can be used. A chemical
composition of the electrical steel sheet is not particularly limited. In the embodiment, a
non-oriented electrical steel sheet is adopted as the electrical steel sheet. As the non-
oriented electrical steel sheet, a non-oriented electric steel strip of JIS C 2552:2014 can
be adopted. However, as the electrical steel sheet, a grain-oriented electrical steel sheet

can be used instead of the non-oriented electrical steel sheet. As the grain-oriented
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electrical steel sheet, for example, a grain-oriented electric steel strip of JIS C 2553:2012
can be used.
[0026]

In order to improve workability of the electrical steel sheet and iron loss of the
stacked core, insulating coatings are provided on both surfaces of the electrical steel
sheet. As a substance of the insulating coating, for example, (1) an inorganic compound,
(2) an organic resin, or (3) a mixture of an inorganic compound and an organic resin can
be applied. Examples of the inorganic compound include (1) complexes of a dichromate
and boric acid and (2) complexes of a phosphate and silica. Examples of the organic
resin include epoxy-based resins, acrylic resins, acrylic styrene-based resins, polyester-
based resins, silicon-based resins, and fluorine-based resins.

[0027]

Hereinafter, details of the rotor 30 will be described.

As illustrated in FIG. 3, the permanent magnets 32 are embedded in the rotor
core 31 and two permanent magnets 32 are paired to form one magnetic pole 33, as
described above. A plurality of pairs (eight pairs in the illustrated example) of permanent
magnets 32 are disposed in the rotor core 31 in the circumferential direction. In the
illustrated example, the permanent magnet 32 has a rectangular parallelepiped shape.
The permanent magnet 32 has a rectangular shape in a plan view.

[0028]

The pair of permanent magnets 32 is disposed in a V shape protruding inward in
the radial direction in the plan view. The pair of permanent magnets 32 is disposed to be
line-symmetrical with respect to the d-axis Ld in the plan view. The d-axis Ld passes
through the central axis O and the circumferential center of each magnetic pole 33 in the

plan view. Similarly, the insertion holes 34 in which the pair of permanent magnets 32 is
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arranged are disposed to be substantially line-symmetrical with respect to the d-axis Ld.
[0029]

The insertion hole 34 is larger on both the g-axis I.q side and the d-axis I.d side
than the permanent magnet 32 in the plan view. The g-axis Lq passes through the central
axis O and between two magnetic poles 33 adjacent in the circumferential direction in the
plan view. The g-axis [.q passes through the center in the circumferential direction
between the two magnetic poles 33 in the plan view. The g-axis I.q and the d-axis I.d are
magnetically and electrically orthogonal to each other. Portions of the insertion hole 34
located on the g-axis Lq side and the d-axis Ld side with respect to the permanent magnet
32 are flux barriers 35 and 36, respectively. In other words, the flux barriers 35 and 36
are disposed at both ends on the g-axis Lq side and the d-axis Ld side of the permanent
magnet 32. The flux barriers 35 and 36 are magnetic voids penetrating through the rotor
core 31 in the axial direction. The flux barriers 35 and 36 reduce the magnet magnetic
flux (hereinafter also referred to as a reflux magnetic flux) from the permanent magnet
32 refluxing in the rotor 30 and change an inflow path of the magnet magnetic flux from
the permanent magnet 32 to the stator 20. Accordingly, the magnet magnetic flux of the
permanent magnet 32 (hereinafter simply referred to as a magnet magnetic flux) is
effectively transmitted to the stator 20, which causes high torque to be output. It can also
be said that the flux barriers 35 and 36 guide the magnet magnetic flux to the stator 20.
[0030]

The rotor 30 includes a first flux barrier 35 and a second flux barrier 36 as the
flux barriers 35 and 36.

The first flux barrier 35 and the second flux barrier 36 sandwich the permanent
magnet 32 from both ends in the longitudinal direction of the barriers. Accordingly, it is

easy to effectively transmit the magnet magnetic flux to the stator 20. The first flux



10

15

20

25

12

barrier 35 is located on the g-axis Lq side with respect to each permanent magnet 32.

The first flux barrier 35 is located on both sides in the circumferential direction
(rotational direction) of the pair of permanent magnets 32. The second flux barrier 36 is
located on the d-axis Ld side with respect to each permanent magnet 32. The second flux
barrier 36 is located at the center in the circumferential direction (rotational direction) of
the pair of permanent magnets 32.

[0031]

Hereinafter, the forward side (rotational forward side) in the rotational direction
(circumferential direction) of the rotary electric machine 10 is simply referred to as front
F, and the rearward side in the rotational direction is simply referred to as rear R. In the
case of the rotary electric machine 10 that can rotate in both directions about the central
axis O, the rotational direction means a rotational direction in which the rotary electric
machine 10 mainly rotates. In the illustrated example, the counterclockwise direction
when the paper surface is viewed is referred to as the front F, and the clockwise direction
is referred to as the rear R.

[0032]

The plurality of insertion holes 34 include a plurality of first insertion holes 34f.
The permanent magnet 32 arranged closer to the forward side F than another of the
magnetic poles 33 configured by the pair of permanent magnets 32 is inserted into the
plurality of first insertion holes 34f. The pair of permanent magnets 32 includes a front
magnet 32f and a rear magnet 32r. The front magnet 32f is located on the forward side F
with respect to the rear magnet 32r. The front magnet 32f is inserted into the first
insertion hole 34f.

[0033]

The rotor 30 further includes a plurality of third flux barriers (flux barriers) 37
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and a plurality of bridges 38. The plurality of third flux barriers 37 are provided
corresponding to the plurality of magnetic poles 33. In the embodiment, one third flux
barrier 37 is provided for one magnetic pole 33. The third flux barrier 37 is provided for
the front magnet 32f and is not provided for the rear magnet 32r. The third flux barrier
37 is provided only for the front magnet 32f. The plurality of third flux barriers 37 are
magnetic voids penetrating through the rotor core 31 in the axial direction. The third flux
barrier 37 is provided at a position facing outward in the radial direction (hereinafter also
referred to as a first side surface 34f1) between the side surfaces of the first insertion hole
34f in the transverse direction. The third flux barrier 37 is formed to partition (divide) a
magnetic flux generated from the front magnet 32f in the circumferential direction. The
third flux barrier 37 is connected to the outside of the first insertion hole 34f in the radial
direction. In other words, the third flux barrier 37 is connected to the first insertion hole
34f from the outside in the radial direction. That is, the third flux barrier 37 is connected
to the first side surface 34f1. In the illustrated example, the third flux barrier 37 is
connected to a part of the first side surface 34f1 in a plan view. On the other hand, the
third flux barrier 37 is connected over the entire length of the first side surface 34f1 in the
axial direction. However, as illustrated in FIG. 4, the third flux barrier 37 may be slightly
away radially outward from the first insertion hole 34f. That is, the third flux barrier 37
may be close to the outer side of the first insertion hole 34f in the radial direction. In
other words, the third flux barrier 37 may be close to the first insertion hole 34f from the
outside in the radial direction. An interval d (mm) between the third flux barrier 37 and
the first insertion hole 34f is, for example, 0.03 mm or less. The interval d is a shortest
distance between the third flux barrier 37 and the first insertion hole 34f. In this case. a
portion that can serve as a flow passage of the magnetic flux remains between the third

flux barrier 37 and the first insertion hole 34f. However, when the radial length (area) of
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this portion is sufficiently small, magnetic saturation occurs. Thus, substantially, the
magnetic flux generated from the front magnet 32f is partitioned in the circumferential
direction by the third flux barrier 37. For example, the third flux barrier 37 may be away
from the first insertion hole 34f outward in the radial direction by a distance equal to or
less than the radial length of the bridge 38 (the width of the bridge 38).

In the embodiment, an example in which the third flux barrier 37 is provided
corresponding to all the magnetic poles 33 will be described, but the third flux barrier 37
may be provided corresponding to at least one magnetic pole 33 among the plurality of
magnetic poles 33. For example, the number of third flux barriers 37 may be only one.
[0034]

As illustrated in FIG. 5, as viewed in the axial direction in a plan view, a portion
of the third flux barrier 37 closer to the inner side in the radial direction is formed in a
tapered shape toward the inner side in the radial direction (that is, the first insertion hole
34f). An inner end portion 37a that is an inner end of the third flux barrier 37 in the
radial direction is connected to the first insertion hole 34f from the outer side in the radial
direction. The third flux barrier 37 is connected to the radial outer surface of the front
magnet 32f inserted into the first insertion hole 34f. The third flux barrier 37 is formed
to increase in size in the circumferential direction of the rotor core 31 toward the outside
in the radial direction. The third flux barrier 37 blocks a magnetic flux closer to the
forward side F in the magnetic pole 33 than another of magnetic fluxes (magnet magnetic
fluxes) generated when the rotor 30 rotates.

[0035]

The third flux barrier 37 has an outer circumferential side surface 37b located

outward in the radial direction. The outer circumferential side surface 37b is located

inward in the radial direction with respect to the outer circumferential surface 31a of the
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rotor core 31. The outer circumferential side surface 37b is formed along the outer
circumferential surface 31a. The fact that the outer circumferential side surface 37b is
formed along the outer circumferential surface 31a includes not only a case where the
outer circumferential side surface 37b is completely parallel to the outer circumferential
surface 31a but also a case where the outer circumferential side surface 37b is
substantially parallel to the outer circumferential surface 31a. The fact that the outer
circumferential side surface 37b is substantially parallel to the outer circumferential
surface 31a means that the radial length of the bridge 38 to be described below is
substantially equal over the entire circumferential length of the bridge 38. The rotor core
31 includes the bridge 38 between the outer circumferential surface 31a and the outer
circumferential side surface 37b. That is, each bridge 38 is provided in a portion of the
rotor core 31 located outward in the radial direction with respect to the plurality of third
flux barriers 37.

[0036]

The plurality of bridges 38 may prevent the magnetic fluxes from passing
through the bridges 38 by magnetic saturation. For example, when the rotor 30 operates
at a predetermined torque or more, the bridge 38 may prevent the magnetic flux from
passing through the bridge 38 by magnetic saturation. When the rotor 30 operates at a
torque less than the predetermined torque, the magnetic flux may pass through the bridge
38. The circumferential length and the radial width (radial length) of the bridge 38 are
appropriately designed according to a rotational speed and a shape of the rotary electric
machine 10. The radial width of the bridge 38 will be described below in detail.

[0037]
In the embodiment, the third flux barrier 37 includes an inner end portion 37a

that is a portion connected (a portion closest) to the first insertion hole 34f, a widened
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portion 37g that is a portion widened in the circumferential direction from the inner end
portion 37a outward in the radial direction, and a connection portion 37h that is
connected to the bridge 38 formed along the outer circumferential side surface 37b.

The inner end portion 37a is in a point or linear shape. Here, when the inner end
portion 37a is large in the circumferential direction, a portion of the third flux barrier 37
facing the front magnet 32f from the outside in the radial direction becomes large, and
the magnetic flux generated from the front magnet 32f is hindered, so that an amount of
generated magnetic flux decreases. Therefore, the circumferential length of the inner end
portion 37a is preferably as short as possible (for example, 5% or less of the long side of
the front magnet 32f).

The widened portion 37g has a triangular shape protruding inward in the radial
direction. Here, the widened portion 37g may widen in a linear shape or may be widened
in a curved shape.

The connection portion 37h has a rectangular shape extending in the radial
direction. However, the shape of the connection portion 37h is not particularly limited,
and may be changed to another shape in which the bridge 38 is formed between the outer
circumferential side surface 37b and the outer circumferential surface 31a. For example,
when the radial length of the widened portion 37g outward in the circumferential
direction is equal to the circumferential length of the outer circumferential side surface
37b, the circumferential size of the connection portion 37h may be equal over the entire
radial length. Further, for example, when the circumferential length of the widened
portion 37g outward in the radial direction is greater than the circumferential length of
the outer circumferential side surface 37b, the circumferential size of a part or the whole
of the connection portion 37h in the circumferential direction may be reduced outward in

the radial direction.
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[0038]

Hereinafter, details of the third flux barrier 37 will be described.

A position and a shape of the third flux barrier 37 are determined in accordance
with a barrier central angle Om (radian), a barrier opening angle Ow (radian), and a barrier
connection position Xm.

The barrier central angle 6m is an angle formed by the barrier central position
37c and the outer end portion 35a in the circumferential direction about the central axis
O. The barrier central position 37¢ is a central position in the circumferential direction
on the outer circumferential side surface 37b of the third flux barrier 37. The outer end
portion 35a is an outer end portion in the radial direction on the forward side F of the first
flux barrier 35.

[0039]

The barrier opening angle 0w is an angle formed by a barrier front end portion
37d and a barrier rear end portion 37¢ in the circumferential direction about the central
axis O. The barrier front end portion 37d is an end portion on the forward side F of the
outer circumferential side surface 37b of the third flux barrier 37. The barrier rear end
portion 37e is an end portion on the rearward side R of the outer circumferential side
surface 37b of the third flux barrier 37.

A slot central angle 6s is a central angle per slot 24 (see FIG. 1) of the stator 20.

The barrier connection position Xm is a position in the circumferential direction
(longitudinal direction) with respect to a magnet length Mw on the outer surface of the
front magnet 32f.

As illustrated in FIG. 4, when the third flux barrier 37 is slightly away from the
first insertion hole 34f, the barrier connection position Xm is a position in the

circumferential direction (longitudinal direction) with respect to the magnet length Mw at
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which the third flux barrier 37 and the first insertion hole 34f are closest to each other on
the outer surface of the front magnet 32f. The position at which the interval d between
the third flux barrier 37 and the first insertion hole 34f is measured is the barrier
connection position Xm.

The positions, the lengths, and the angles can be obtained, for example, from an
image obtained by imaging the target rotor 30 in a plan view.
[0040]

The position and the shape of the third flux barrier 37 are determined to satisfy
Formulae (1) to (4). That is,

when (2/5)0s < Om < (3/4)0s,

0 < 6w < (22/7)0m - (44/35)0s ... (1)

when (3/4)8s < 8m < (9/10)6s,

0 < 0w <-(22/3)0m + (33/5)8s ... (2)

0s = 2n/Nslot ... (3)

where Nslot is the number of slots of the stator 20.

0=Xm=Mw.. (4
[0041]

The radial length of the third flux barrier 37 is determined such that a magnetic
flux density of the bridge 38 is greater than a saturation magnetic flux density of a soft
magnetic material. For example, the radial width of the bridge 38 is 0.15 mm, and the
magnetic flux density at the bridge center portion is 2.45 T. For example, when it is
assumed that the saturation magnetic flux density of the rotor core 31is 1.95 T, a
magnetic flux density of 2.45 T at a bridge center portion exceeds the saturation magnetic
flux density of the rotor core 31.

[0042]
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Here, the third flux barrier 37 is provided for the purpose of partitioning the
magnet magnetic flux. Thus, it is necessary to sufficiently narrow the bridge 38 provided
outside of the third flux barrier 37 in the radial direction so that the magnetic flux does
not pass through the bridge.

On the other hand, from the viewpoint of mechanical strength of the rotor core
31, it is necessary to maintain a radial width of the bridge 38 at a certain value or more in
order to secure strength of the bridge 38. Accordingly, it is considered sufficient that the
width of the bridge 38 is set such that the magnetic flux density exceeds the saturation
magnetic flux density. The magnetic flux density of the bridge 38 is obtained through,
for example, electromagnetic field analysis for modeling the rotary electric machine 10.
[0043]

Next, the reason why the barrier central angle Om, the barrier opening angle 6w,
and the barrier connection position Xm are set based on Formulae (1) to (4) will be
described with reference to FIGS. 5to 7.

In the rotary electric machine 10 according to the embodiment illustrated in FIG.
5, the third flux barrier 37 is included in the rotor core 31. The rotary electric machine
100 according to a comparative example illustrated in FIG. 6 is different from the rotary
electric machine 10 according to the embodiment only in that the third flux barrier 37 is
not provided in the rotor core 101, and other configurations are similar to those of the
rotary electric machine 10 according to the embodiment. FIG. 7 is a graph illustrating a
result obtained by comparing torque ripples by the rotary electric machine 10 according
to the embodiment with the rotary electric machine 100 according to the comparative
example by electromagnetic field analysis.

[0044]

In FIG. 7, the vertical axis represents (barrier opening angle 6w)/(slot central
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angle &s) (%), and the horizontal axis represents (barrier central angle 6m)/(slot central
angle &s) (%). Here, in consideration of restriction of the use when an average torque is
small despite of small torque ripple, the rotary electric machine 10 according to the
embodiment was compared with the rotary electric machine 100 according to the
comparative example in (torque ripple)/(average torque) that is an evaluation value. The
smaller the evaluation value is, the better performance of the rotary electric machines 10
and 100 is.

A graph G1 represents a line (contour line) indicating a condition that an
evaluation value of the rotary electric machine 10 according to the embodiment is
equivalent to an evaluation value of the rotary electric machine 100 according to the
comparative example. In an inner arca E1 located inside the graph G1, the evaluation
value of the rotary electric machine 10 according to the embodiment is smaller (superior)
than the evaluation value of the rotary electric machine 100 according to the comparative
example.

A graph G2 represents a line defined by Formulae (1) and (2) to be described
below.

[0045]

The graph G1 shows a result of the electromagnetic field analysis when the
barrier connection position Xm of the inner end portion 37a of the third flux barrier 37 is
disposed at the central position (that is, Xm = (1/2)Mw) of the magnet length Mw of the
front magnet 32f. The reason of the electromagnetic field analysis on the graph G1 in the
case of Xm = (1/2)Mw is as follows.

That is, an influence of movement of the barrier connection position Xm of the
inner end portion 37a of the third flux barrier 37 is limited. Even when the barrier

connection position Xm is moved in the range of 0 to (magnet maximum length) of the
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magnet length Mw, there is no influence on an effect range in which torque pulsation is
reduced. For example, when the barrier connection position Xm is moved in the range of
0 < Mw < (magnet maximum length), an amount of magnetic flux contributing to a
torque changes. Although the average torque increases or decreases in accordance with
the change in the amount of magnetic flux, the torque ripple also increases or decreases
as the average torque increases or decreases. Therefore, the influence on the evaluation
value is canceled, and the evaluation value for a reduction in the torque pulsation does
not change significantly.

[0046]

As a result of the electromagnetic field analysis, in the inner area E1 of the
graph G1, the torque ripple of the rotary electric machine 10 became smaller than the
torque ripple of the rotary electric machine 100, and the torque pulsation was reduced.
Here, in the graph G1, a reduction in the torque ripple of the rotary electric machine 10 is
relatively small in an area E2 outside the graph G2. That is, the torque ripple of the
rotary electric machine 10 is appropriately smaller in the inner area E3 of the graph G2
than the torque ripple of the rotary electric machine 100. Accordingly, in the rotary
electric machine 10, the torque pulsation is appropriately reduced in the inner area E3 of
the graph G2 than in the rotary electric machine 100. An inner area E3 of the graph G2
corresponds to the range of the barrier central angle 6m and the barrier opening angle Ow
expressed by the above-described Formula (1) and the range of the barrier central angle
Om and the barrier opening angle 6w expressed by Formula (2).

[0047]

In the graph of FIG. 7, 40% of (barrier central angle 6m)/(slot central angle 0s)

on the horizontal axis is a position corresponding to (2/5)8s of Formula (1). 75% of

(barrier central angle 6m)/(slot central angle 0s) on the horizontal axis is a position
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corresponding to (3/4)8s in Formulae (1) and (2). 90% of (barrier central angle Om)/(slot
central angle 0s) on the horizontal axis is a position corresponding to (9/10)0s of Formula
(2).

In the graph of FIG. 7, when (barrier opening angle Ow)/(slot central angle 0s)
on the vertical axis is 45.8% and (barrier central angle Om)/(slot central angle 0s) on the
horizontal axis is 75%, the evaluation value became minimum, and the torque pulsation
was optimally reduced.

From the result of the electromagnetic field analysis, the third flux barrier 37
was determined to have a position and a shape so that Formulae (1) to (4) are satisfied.
[0048]

Next, an example in which torque pulsation is compared between the rotary
electric machine 10 according to the embodiment and a rotary electric machine 110
according to the comparative example will be described with reference to FIGS. 8 to 10.

FIG. 8 illustrates the rotor 30 capable of optimally reducing torque pulsation in
the rotary electric machine 10 according to the embodiment. FIG. 9 illustrates a rotor
112 that maximizes the average torque in the rotary electric machine 110 according to the
comparative example. FIG. 10 is a graph illustrating a relationship (torque waveform)
between an electric angle and a torque in the rotary electric machine 10 according to the
embodiment and the rotary electric machine 110 according to the comparative example.
In FIG. 10, the vertical axis represents the torque (Nm), and the horizontal axis represents
the electric angle (°). The shapes of the rotors 30 and 112 were obtained based on an
analysis method described in Japanese Patent Application ILaid-Open No. 2021-114099.
[0049]

In FIG. 10, a graph G3 indicates a torque waveform of the rotary electric

machine 10 according to the embodiment. A graph G4 illustrates a torque waveform of
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the rotary electric machine 110 according to the comparative example. By comparing the
torque waveform of the graph G3 with the torque waveform of the graph G4, it can be
confirmed that torque pulsation of the graph (3 is considerably smaller than torque
pulsation of the graph G4. Accordingly, it can be confirmed that the torque pulsation of
the rotary electric machine 10 according to the embodiment is considerably smaller than
the torque pulsation of the rotary electric machine 110 according to the comparative
example.

[0050]

Next, magnetic flux density vectors in the rotary electric machine 10 according
to the embodiment illustrated in FIG. 8 and the rotary electric machine 110 according to
the comparative example illustrated in FIG. 9 will be described with reference to FIGS.
11 to 14.

First, in FIGS. 11 and 12, magnetic flux density vectors generated when the
rotor 30 according to the embodiment and the rotor 112 according to the comparative
example are located at an electric angle 81 at which the torque waveform of the rotary
electric machine 110 according to the comparative example indicated by the graph G4 of
FIG. 10 becomes minimum will be described.

[0051]

FIG. 11 illustrates magnetic flux density vectors when the rotor 30 is located at
the electric angle €1 in the rotary electric machine 10 according to the embodiment.

As illustrated in FIG. 11, in the rotary electric machine 10 according to the
embodiment, a magnetic flux coming from the portion 32fr on the rearward side R of the
front magnet 32f to the forward side F is blocked by the third flux barrier 37. Main paths
of the magnetic fluxes partitioned in the circumferential direction are directed to different

teeth 23. Thus, this magnetic flux can be prevented from flowing toward the teeth 23
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located on the rearward side R with respect to the front magnet 32f. Thus, a negative
torque generated by the magnetic flux can be reduced. Accordingly, the rotary electric
machine 10 according to the embodiment can curb a decrease in torque at the electric
angle 61.

[0052]

FIG. 12 illustrates magnetic flux density vectors when the rotor 112 is located at
the electric angle €1 in the rotary electric machine 110 according to the comparative
example.

As illustrated in FIG. 12, in the rotary electric machine 110 according to the
comparative example, the magnetic flux coming from the portion 32fr on the rearward
side R of the front magnet 32f toward the forward side F is directed to the teeth 23
located on the rearward side R with respect to the front magnet 32f as indicated by an
arrow A. The magnetic flux toward the teeth 23 generates a negative torque. Therefore,
in the rotary electric machine 110 according to the comparative example, the torque at
the electric angle 81 becomes the local minimum value.

[0053]

Next, in FIGS. 13 and 14, a magnetic flux density vector generated when the
rotor 30 according to the embodiment and the rotor 112 according to the comparative
example are located at the electric angle 62 at which the torque waveform of the rotary
electric machine 110 according to the comparative example shown by the graph G4 in
FIG. 10 becomes maximum will be described.

FIG. 13 illustrates a magnetic flux density vector when the rotor 30 is located at
the electric angle 62 in the rotary electric machine 10 according to the embodiment.

As illustrated in FIG. 13, in the rotary electric machine 10 according to the

embodiment, the magnetic flux coming from the portion 32fr on the rearward side R of
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the front magnet 32f toward the forward side F is blocked by the third flux barrier 37.

Thus, this magnetic flux can be prevented from heading toward the teeth 23 located on
the forward side F with respect to the front magnet 32f as indicated by arrow B. That is,
the third flux barrier 37 functions such that only the magnetic flux from the portion 32ff
on the forward side F of the front magnet 32f toward the forward side F is directed
toward the teeth 23 located on the forward side F with respect to the front magnet 32f.
Thus, the positive torque generated by the magnetic flux can be reduced. Accordingly,
the rotary electric machine 10 according to the embodiment can curb the torque at the
electric angle 62 to be small.

[0054]

In this way, the rotary electric machine 10 according to the embodiment can
curb a decrease in torque at the electric angle €1 and can curb the torque at the electric
angle 62 to be small as illustrated in the graph G3 of FIG. 10. As a result, in the rotary
electric machine 10 according to the embodiment, it is possible to curb the torque to be
small so that there is almost no difference between the maximum torque and the
minimum torque, and it is possible to reduce torque pulsation of the rotary electric
machine 10 as the IPMSM.

[0055]

FIG. 14 illustrates magnetic flux density vectors when the rotor 112 is located at
the electric angle 62 in the rotary electric machine 110 according to the comparative
example.

As illustrated in FIG. 14, the rotor core 31 of the rotary electric machine 110
according to the comparative example does not include the third flux barrier for
partitioning the magnetic flux from the front magnet 32f as described above. Therefore,

in the rotary electric machine 110 according to the comparative example, most of the
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magnetic flux of the front magnet 32f is directed from both the portion 32ff on the
forward side F and the portion 32fr on the rearward side R in the front magnet 32f to the
teeth 23 located on the forward side F with respect to the front magnet 32f as indicated
by an arrow C. Thus, the magnetic flux from the entire surface of the front magnet 32f to
the forward side F contributes to a positive torque. Therefore, in the rotary electric
machine 110 according to the comparative example, the torque at the electric angle 62
becomes a local maximum value.

[0056]

In this way, in the rotary electric machine 110 according to the comparative
example, as indicated in the graph G4 of FIG. 10, the torque at the electric angle 61
becomes the local minimum value, and the torque at the electric angle 62 becomes the
local maximum value. As a result, in the rotary electric machine 110 according to the
comparative example, a difference between the maximum torque and the minimum
torque increases, and the torque pulsation increases.

[0057]

According to the rotor core 31, the rotor 30, the rotary electric machine 10, and
the designing method for the rotor core 31 according to the above-described embodiment,
it is possible to obtain the following effects.

Here, the inventors of the present application have found that the torque
pulsation of the IPMSM can be reduced by designing the position and the shape of the
third flux barrier 37 based on the magnetic flux closer to the forward side F in the
magnetic pole 33.

Accordingly, a method of designing the rotor core 31 includes a step of
designing the position and the shape of the third flux barrier 37. Specifically, in the step

of the method of designing the rotor core 31, when the torque becomes maximum, the
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magnetic flux that generates the torque in the forward side F among the magnetic fluxes
closer the forward side F in the magnetic pole 33 is blocked by the third flux barrier 37.
Further, when the torque becomes minimum, the magnetic flux that generates the torque
of the rearward side R among the magnetic fluxes closer to the forward side F in the
magnetic pole 33 is blocked by the third flux barrier 37. In this way, in this designing
method, the position and the shape of the third flux barrier 37 are designed based on the
magnetic flux closer to the forward side F in the magnetic pole 33.

[0058]

In the step of the method of designing the rotor core 31, the front magnet 32f of
the magnetic pole 33 is inserted into the first insertion hole 34f, and the third flux barrier
37 is provided outside of the first insertion hole 34f in the radial direction of the rotor
core 31. Further, the third flux barrier 37 is connected to the first insertion hole 34f from
the outside in the radial direction. Thus, the magnetic flux coming from the front magnet
32f to the forward side F can be partitioned by the third flux barrier 37 into the forward
side F and the rearward side R. Accordingly, when the torque becomes maximum, the
magnetic flux on the rearward side R of the third flux barrier 37 (the magnetic flux of the
portion 32fr) is blocked from flowing toward the forward side F to block a part of the
magnetic flux generating the torque on the forward side F. When the torque becomes
minimum, the magnetic flux on the forward side F of the third flux barrier 37 (the
magnetic flux of the portion 32ff) is blocked from flowing toward the rear R to block a
part of the magnetic flux that generates the torque toward the rear R. In this way, the
torque pulsation of the rotary electric machine 10 can be reduced as the IPMSM by
curbing the torque in the forward side F when the torque becomes maximum and curbing

the torque in the rear R when the torque becomes minimum.

[0059]
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The third flux barrier 37 has a portion that becomes larger in the circumferential
direction of the rotor core 31 outward in the radial direction. That is, in the third flux
barrier 37, a portion closer to the first insertion hole 34f is formed in a tapered shape
toward the first insertion hole 34f, and the inner end portion 37a is connected to the first
insertion hole 34f from the outside in the radial direction. Thus, an area where the inner
end portion 37a of the third flux barrier 37 is connected to the first insertion hole 34f can
be reduced. Accordingly, the magnetic flux can be appropriately generated from the front
magnet 32f without being excessively blocked by the third flux barrier 37.

[0060]

By increasing the size of the third flux barrier 37 in the circumferential direction
of the rotor core 31 outward in the radial direction, it is possible to prevent the magnetic
flux coming from the front magnet 32f from passing through the third flux barrier 37.

In this way, by appropriately generating the magnetic flux from front magnet
32f, and further preventing the magnetic flux coming from the front magnet 32f from
passing through the front magnet 32f, it is possible to more appropriately reduce the
torque pulsation.

[0061]

Further, by connecting the third flux barrier 37 to the front magnet 32f inserted
into the first insertion hole 34f, it is possible to prevent the magnetic flux coming from
the front magnet 32f from passing between the front magnet 32f and the third flux barrier
37. Accordingly, the torque pulsation can be more appropriately reduced.

[0062]

In addition, of the magnetic flux generated from the front magnet 32f, the

magnetic flux from the rearward side R to the forward side F is blocked by the third flux

barrier 37. Thus, it is possible to block the magnetic flux generating the torque of the
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forward side F when the torque becomes maximum and to curb the torque of the forward
side F. It is possible to block the magnetic flux generating the torque of the rear R when
the torque becomes minimum and to curb the torque of the rear R. Accordingly, torque
pulsation can be reduced.

[0063]

Since the magnetic flux density passing through the bridge 38 exceeds the
saturation magnetic flux, it is possible to prevent the magnetic flux from passing through
the bridge 38. Accordingly, the torque pulsation can be more appropriately reduced.
[0064]

Further, the third flux barrier 37 is located on the forward side IF of the front
magnet 32f when the barrier central angle 6m is in the range of (2/5) 6s<6m<(3/4)0s. In
this case, the barrier opening angle 6w of the third flux barrier 37 is set to satisfy
0<Ow<(22/7)0m-(44/35)0s. Accordingly, it is possible to block the magnetic flux
generating the torque in the forward side F when the torque becomes maximum and
block the magnetic flux generating the torque in the rear R when the torque becomes
minimum. Thus, by curbing the torque in the forward side FF when the torque becomes
maximum and curbing the torque in the rear R when the torque becomes minimum, it is
possible to reduce the torque pulsation of the rotary electric machine 10 as the IPMSM.
[0065]

The third flux barrier 37 is located on the rearward side R of the front magnet
32f when the barrier central angle 6m is in the range of (3/4)8s < 8m < (9/10)8s. In this
case, the barrier opening angle 8w of the third flux barrier 37 is set to satisfy 0 < 0w < -
(22/3)0m + (33/5)8s. Accordingly, it is possible to block the magnetic flux generating the
torque in the forward side F when the torque becomes maximum and block the magnetic

flux generating the torque in the rear R when the torque becomes minimum. Thus, by
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curbing the torque in the forward side F when the torque becomes maximum and curbing
the torque in the rear R when the torque becomes minimum, it is possible to reduce the
torque pulsation of the rotary electric machine 10 as the IPMSM.

[0066]

The technical scope of the present invention is not limited only to the above-
described embodiments, and various modifications can be made without departing from
the gist of the present invention.

[0067]

The shape of the stator 20 is not limited only to the forms described in the
above-described embodiment. Specifically, the dimensions of the outer and inner
diameters of the stator core 21, the stacking thickness, the number of slots, the
dimensional proportion between the circumferential direction and the radial direction of
the teeth 23, the dimensional proportion between the teeth 23 and the core back 22 in the
radial direction, and the like can be arbitrarily designed according to desired
characteristics of the rotary electric machine 10.

[0068]

The shape of the rotor 30 is not limited only to the forms described in the above-
described embodiment. Specifically, the dimensions of the outer and inner diameters of
the rotor core 31, the stacking thickness, the number of poles, and the like can be
arbitrarily designed according to desired characteristics of the rotary electric machine 10.
[0069]

In the above-described embodiment, both the stator core 21 and the rotor core 31
are stacked cores, but may not be stacked cores.

The second flux barrier 36 may not be provided.

The third flux barrier 37 may not penetrate through the rotor core 31 in the axial
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direction. In this case, the third flux barrier 37 may be connected to only a part of the
first side surface 34f1 in the axial direction.
[0070]

In the above embodiment, one magnetic pole 33 includes two permanent
magnets 32. However, the present invention is not limited thereto. For example, one
magnetic pole 33 may include one permanent magnet 32, three permanent magnets 32, or
four or more permanent magnets 32. As one set of permanent magnets 32, another form
including one or more permanent magnets 32 is appropriately adopted.

For example, when one set of permanent magnets 32 is one permanent magnet
32, the one permanent magnet 32 may have a rectangular shape that is long in a direction
orthogonal to the d-axis Ld in the plane view. In this case, the insertion hole 34 itself
into which one permanent magnet 32 is inserted is the first insertion hole 34f.

For example, when one set of permanent magnets 32 is three permanent magnets
32 and the three permanent magnets 32 are arranged in the circumferential direction, the
following disposition may be adopted. In this case, the permanent magnet 32 located at
the center in the circumferential direction may have a rectangular shape that is long in a
direction orthogonal to the d-axis I.d in the plane view. Further, in this case, the two
permanent magnets 32 located on both sides in the circumferential direction may extend
outward in the radial direction from the d-axis I.d side toward the g-axis L.q side in the
plane view. In this case, of the three or more permanent magnets 32, the insertion hole
34 itself into which the permanent magnet 32 located at the foremost position is inserted
is the first insertion hole 34f.

[0071]
In addition, a component in the above-described embodiment can be

appropriately replaced with a well-known component without departing from the gist of
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the present invention, and the above-described modification examples may be

appropriately combined with each other.

INDUSTRIAL APPLICABILITY

[0072]

According to the present invention, torque pulsation is reduced. Therefore,

industrial applicability is significant.

REFERENCE SIGNS LIST

[0073]

10, 100 Rotary electric machine
20 Stator

21 Stator core

22 Core back

23 Teeth

24 Slot

30, 112 Rotor

31 Rotor core

31a Outer circumferential surface
32 Permanent magnet

32f Front magnet

321t Portion

32fr Portion

32r Rear magnet

33 Magnetic pole

34 Insertion hole

34f First insertion hole
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3411 First side surface

35 First flux barrier (flux barrier extending rotationally forward from first

insertion hole)

35a Outer end portion

36 Second flux barrier

37 Third flux barrier (flux barrier)
37a Inner end portion

37b Outer circumferential side surface
37¢ Barrier central position
37d Barrier front end

37e Barrier rear end

37g Widened portion

37h Connection portion

38 Bridge

50 Case

60 Rotary shaft

A Arrow

B Arrow

C Arrow

El Inner area

E2 Area

E3 Inner area

I Front

G1 Graph

G2 Graph
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G3 Graph

G4 Graph

Id d-axis

Lq g-axis

O Central axis

R Rear

Xm Barrier connection position
6m Barrier central angle

0s Slot central angle

Ow Barrier opening angle
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CLAIMS

[Claim 1] A rotor core used in an interior permanent magnet motor, to which a plurality
sets of permanent magnets that form magnetic poles are to be disposed in a
circumferential direction of the rotor core, wherein:

a plurality of insertion holes penetrating through the rotor core in an axial
direction of the rotor core and into which the permanent magnets are to be inserted are
formed in the rotor core;

a flux barrier provided corresponding to at least one of the plurality of magnetic
poles is formed in the rotor core;

the insertion holes include a first insertion hole into which the permanent
magnet disposed closer to a rotational forward side than another of the magnetic poles is
to be inserted; and

the flux barrier

is provided at a position facing a first side surface outward in a radial
direction of the rotor core, between side surfaces of the first insertion hole in a transverse
direction, and

is connected to the first side surface.
[Claim 2] A rotor core used in an interior permanent magnet motor, to which a plurality
sets of permanent magnets that form magnetic poles are to be disposed in a
circumferential direction of the rotor core, wherein:

a plurality of insertion holes penetrating through the rotor core in an axial
direction of the rotor core and into which the permanent magnets are to be inserted are
formed in the rotor core;

a flux barrier provided corresponding to at least one of the plurality of magnetic

poles is formed in the rotor core;
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the insertion holes include a first insertion hole into which the permanent
magnet disposed closer to a rotational forward side than another of the magnetic poles is
to be inserted; and

the flux barrier is provided close to the first insertion hole to partition a magnetic
flux generated from a permanent magnet inserted into the first insertion hole in the
circumferential direction at a position facing a first side surface outward in a radial
direction of the rotor core between side surfaces of the first insertion hole in a transverse
direction.
[Claim 3] The rotor core according to claim 1 or 2, wherein

the flux barrier has a portion that becomes larger in a circumferential direction
of the rotor core outward in the radial direction.
[Claim 4] The rotor core according to claim 1 or 2, wherein

the flux barrier blocks a magnetic flux from a rotational rearward side to a
rotational forward side of the magnetic pole among magnetic fluxes generated from the
permanent magnet inserted into the first insertion hole.
[Claim 5] The rotor core according to claim 1 or 2, wherein a bridge is provided in a
portion located outward in the radial direction of the rotor core with respect to the flux
barrier.
[Claim 6] A rotor comprising:

the rotor core according to claim 1 or 2; and

the plurality sets of permanent magnets embedded in the rotor core and forming
a magnetic pole, and disposed in a circumferential direction of the rotor core in the rotor
core.
[Claim 7] A rotary electric machine comprising:

an annular stator; and
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the rotor according to claim 6 disposed inside the stator.
[Claim 8] The rotary electric machine according to claim 7, wherein a barrier opening
angle 8w in a circumferential direction of the rotor in an outer circumferential side
surface of the flux barrier located outward in a radial direction of the rotor satisfies
Formulae (1) and (2) below:

when (2/5)8s < 6m < (3/4)8s,

0 < 6w < (22/7)0m - (44/35)0s ... (1)

when (3/4)8s < 8m < (9/10)6s,

0 < Ow < -(22/3)0m + (33/5)8s ... (2)

0s = 2n/Nslot ... (3)

where Nslot in the above Formula (3) is the number of slots of the stator, and

Om is a barrier central angle formed between a circumferential central position
on the outer circumferential side surface and an outer end portion in the radial direction
of the flux barrier extending rotationally forward from the first insertion hole.
[Claim 9] A method of designing the rotor core according to claim 1 or 2, the method
comprising:

a step of designing a position and a shape of the flux barrier based on a magnetic
flux of the magnetic pole close to a rotational forward side.
[Claim 10] The method of designing the rotor core according to claim 9, wherein in the
step, the position and the shape of the flux barrier are designed to block a magnetic flux
that generates a rotational forward torque among magnetic fluxes in the magnetic pole
close to the rotational forward side when the torque becomes maximum, and to block a
magnetic flux that generates a rotational rearward torque among magnetic fluxes in the

magnetic pole close to the rotational forward side when the torque becomes minimum.



