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Description

BACKGROUND OF THE INVENTION

[0001] The present invention relates to a permanent
magnet rotating electric machine that has a rotor built
with a plurality of permanent magnets embedded in a
rotor core.
[0002] A conventional permanent magnet rotating
electric machine is disclosed, for example, in JP-A-
9-327140. In such a permanent magnet rotating electric
machine, the rotor core is fixed on the shaft and the rotor
is built by inserting a plurality of permanent magnets,
each with a rectangular cross section, from the shaft di-
rection into the storage section formed on the rotor core
so that the rotor can rotate with a predetermined gap to
the inner periphery of the stator core within the stator.
The permanent magnets are magnetized such that the
north pole and the south pole alternate.
[0003] A motor with rectangular magnets embedded
in the rotor, such as the one described above, is efficient
during high-speed rotation because field weakening is
effective during high-speed rotation. For this reason, the
motor is used, for example, as the permanent magnet
motor on an electric car where high-speed rotation is re-
quired. To avoid vibrations and noises generated during
driving, the magnets within the rotor are split in the lon-
gitudinal direction to produce semi-slot skews for attain-
ing low-torque pulsation.
[0004] The motor torque of a magnet-embedded rotat-
ing electric machine such as the one described above is
expressed by expression (1) given below. 

where, T is the motor torque, φ is the magnetic flux of the
permanent magnet, Lq is the q-axis inductance, Ld is the
d-axis inductance, Iq is the q-axis winding current, and
Id is the d-axis winding current.
[0005] In expression (1), the first term is the torque of
the major magnetic flux of the permanent magnet, and
the second term is a reluctance torque generated by the
auxiliary magnetic pole of an iron core between two mag-
nets. The magnetic torque has a period for each pole pair
(electrical angle of 360 degrees), while the reluctance
torque has a period for each pole (electrical angle of 180
degrees).
[0006] In this case, if the rotor is skewed as in the prior
art example, the maximum torque is decreased because
of a difference in the current phase for generating the
maximum torque. If the magnet torque is the main torque,
the torque decrease is small, for example, about 5% be-
cause the magnetic torque has a period of 360 degrees;
however, if the reluctance torque is the main torque, the
torque decrease is large, for example, about 10 % be-
cause the reluctance torque has a period of 180 degrees.

Thus, for a motor that uses the reluctance torque as the
main torque, there has been a need for a shape that
reduces torque pulsation with no skewing.
[0007] JP-2001-190039 discloses a rotating field type
motor in which permanent magnets divided in an axial
direction are engaged alternately with base parts by
some protrusions such that these permanent magnets
can be positioned easily and surely in the rotation direc-
tion.

SUMMARY OF THE INVENTION

[0008] It is the object of the present invention to provide
a permanent magnet rotating electric machine that uses
no skewing under a predetermined current and voltage
condition to prevent torque from decreasing and, at the
same time, decreases pulsation torque to make the ma-
chine less vibrating and less noisy.
[0009] The above object is achieved by the features of
claim 1 of the present invention.
[0010] A permanent magnet rotating electric machine
according to the related art comprises a stator on which
multi-phase stator windings are provided and a rotor
which is built by embedding a plurality of permanent mag-
nets internally into a rotor core and which is rotatably
arranged with a predetermined gap to the stator, a core
shape of the rotor being uniform in a depth (longitudinal)
direction, wherein a plurality of permanent magnets are
arranged for each pole of the rotor and wherein the plu-
rality of permanent magnets are symmetrical with respect
to a rotation direction but irregular with respect to the
depth direction.
[0011] This configuration allows a permanent magnet
rotating electric machine, with no skewing under a pre-
determined current and voltage condition, to prevent
torque from decreasing and to decrease pulsation torque,
thus making the machine less vibrating and less noisy.

(2) Preferably, in (1) described above, there are, for
each pole, three or more permanent-magnet-insert-
ing holes through which the permanent magnets are
inserted into the rotor.
(3) Preferably, in (1) described above, the ratio of
the length of one permanent magnet arrangement
to the length of another permanent magnet arrange-
ment in the depth direction of the rotor is 1:1.
(4) Preferably, in (1) described above, θ satisfies a
relation θ = (n+0.5) 3 τs+ φ (n is an integer) wherein,
for each pole of the rotor, θ is an angle between be-
tween-pole permanent-magnet-inserting holes with
its vertex at a center of a shaft, φ is an angle of a
pole-center permanent-magnet-inserting hole with
its vertex at the center of the shaft, and τs is a slot
pitch.
(5) Preferably, in (1) or (4) described above, a mag-
netic flux generated from between-pole magnets
equals a magnetic flux generated from a pole-center
permanent magnet for each pole of the rotor.
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[0012] Other objects, features and advantages of the
invention will become apparent from the following de-
scription of the embodiments of the invention taken in
conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013]

FIG. 1 is a partial cross section, viewed from the
front, of a permanent magnet rotating electric ma-
chine in a first embodiment of the related art.
FIG. 2 is a skeleton perspective view in the rotor
depth (longitudinal) direction of a rotor, illustrating
the magnet arrangement structure in the permanent
magnet rotating electric machine in the first embod-
iment of the related art.
FIG. 3 is a side view showing the structure of the
stator and the rotor of the permanent magnet rotating
electric machine in the first embodiment of the relat-
ed art.
FIG. 4 is a diagram showing the result of magnetic
field analysis that is made by inserting magnets into
the between-pole inserting holes of the permanent
magnet rotating electric machine in the first embod-
iment of the related art.
FIG. 5 is a diagram showing the result of magnetic
field analysis that is made by inserting a magnet into
the pole-center inserting hole of the permanent mag-
net rotating.electric machine in the first embodiment
of the related art.
FIG. 6 is a diagram showing a torque pulsation when
magnets are inserted into the between-pole inserting
holes of the permanent magnet rotating electric ma-
chine in the first embodiment of the related art.
FIG. 7 is a diagram showing a torque pulsation when
a magnet is inserted into the pole-center inserting
hole of the permanent magnet rotating, electric ma-
chine in the first embodiment of the related art.
FIG. 8 is a diagram showing a torque pulsation in
the permanent magnet rotating electric machine in
the first embodiment of the related art.
FIG. 9 is a diagram showing the structure of the stator
and the rotor of a permanent magnet rotating electric
machine in a second embodiment of the related art.
and showing the result of magnetic field analysis that
is made by inserting magnets into the between-pole
inserting holes.
FIG. 10 is a diagram showing the result of magnetic
field analysis that is made by inserting a magnet into
the pole-center inserting hole of the permanent mag-
net rotating electric machine in the second embodi-
ment of the related art.
FIG. 11 is a skeleton perspective view in the rotor
depth (longitudinal) direction of a rotor, illustrating
the magnet arrangement structure in a permanent
magnet rotating electric machine in a third embodi-
ment of the related art.

FIG. 12 is a diagram showing the structure of the
stator and the rotor of a permanent magnet rotating
electric machine in a fourth embodiment of the relat-
ed art.
and showing the result of magnetic field analysis that
is made by inserting magnets into the between-pole
inserting holes.
FIG. 13 is a diagram showing the result of magnetic
field analysis that is made by inserting a magnet into
the pole-center inserting hole of the permanent mag-
net rotating electric machine in the fourth embodi-
ment of the related art.
FIG. 14 is a diagram showing the structure of the
stator and the rotor of a permanent magnet rotating
electric machine in an embodiment of the present
invention and showing the result of magnetic field
analysis that is made by inserting magnets into the
between-pole inserting holes.
FIG. 15 is a diagram showing the result of magnetic
field analysis that is made by inserting a magnet into
the pole-center inserting hole of the permanent mag-
net rotating electric machine in the embodiment of
the present invention.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0014] The configuration of a permanent magnet rotat-
ing electric machine in a first embodiment of the related
art will be described below with reference to FIGS. 1-8.
In the example below, a three-phase, 8-pole/48-slot per-
manent magnet rotating electric machine is referred to.
[0015] First, referring to FIG. 1, the general configura-
tion of the permanent magnet rotating electric machine
in the first embodiment
will be described.
[0016] FIG. 1 is a partial cross section, viewed from
the front, of the permanent magnet rotating electric ma-
chine in the first embodiment
[0017] Referring to FIG. 1, a stator 20 of a rotating elec-
tric machine 10 comprises a stator core 22, a multi-phase
stator winding 24 wound on the stator core 22, and a
housing 26 that holds the stator core 22 on the inner
periphery side. A rotor 30 comprises a rotor core 32, a
permanent magnet 36 inserted into a permanent-mag-
net-inserting hole 34 provided on the rotor core 32, and
a shaft 38. The shaft 38 is held rotatably by bearings 42
and 44. The bearings 42 and 44 are held by end brackets
46 and 48 fixed on the sides of the housing 26.
[0018] A magnetic pole position detector PS that de-
tects the position of the permanent magnet 36 of the rotor
30 and an encoder E that detects the position of the rotor
30 are provided to the side of the rotor 30. The rotating
electric machine 10 is operated and controlled by a con-
troller, not shown, using signals from the magnetic pole
position detector PS and output signals from the encoder
E.
[0019] Next, referring to FIG. 2, the arrangement struc-
ture of the magnets in the permanent magnet rotating
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electric machine in the first embodiment of the present
invention will be described.
[0020] FIG. 2 is a skeleton perspective view in the rotor
depth (longitudinal) direction of the rotor, illustrating the
magnet arrangement structure in the permanent magnet
rotating electric machine the first embodiment . The
same reference numerals as those in FIG. 1 indicate the
same structural elements.
[0021] A plurality of permanent-magnet-inserting
holes 34 are formed in the rotor core 32 of the rotor 30.
For a three-phase, 8-pole/48-slot permanent magnet ro-
tating electric machine, eight permanent-magnet-insert-
ing holes 34 are usually provided. However, the perma-
nent-magnet-inserting hole 34 of one pole in this embod-
iment comprises three permanent-magnet-inserting
holes, 34A, 34B, and 34C, as shown in the figure. Al-
though the three permanent-magnet-inserting holes 34A,
34B, and 34C, are shown for only one pole in the figure
for convenience of illustration, the permanent-magnet-
inserting hole 34 of each of the other poles also compris-
es three permanent-magnet-inserting holes. The perma-
nent-magnet-inserting holes 34A, 34B, and 34C, are par-
allel to the shaft of the rotor 30. That is, the permanent-
magnet-inserting hole 34 is not inclined, that is, not
skewed, with respect to the shaft of the rotor. That the
permanent-magnet-inserting hole 34 is not skewed
means that the rotor core is of uniform shape in the depth
direction (longitudinal).
[0022] Permanent magnets 36A, 36B, and 36C, which
are rectangular solids, are inserted into the permanent-
magnet-inserting holes 34A, 34B, and 34C, respectively.
Therefore, one pole comprises a plurality of permanent
magnets 36A, 36B, and 36C. The longitudinal directions
of the permanent magnets 36A, 36B, and 36C, each par-
allel to the shaft of the rotor, are not skewed.
[0023] If the length of the permanent-magnet-inserting
holes 34A, 34B, and 34C is L (L equals the length of the
rotor 30 in the shaft direction), then the length of the per-
manent magnets 36A, 36B, and 36C is L/2, respectively.
When the permanent magnets 36A and 36C are ar-
ranged on the left side in the shaft direction of the rotor
30, the permanent magnet 36B is arranged on the right
side in the shaft direction of the rotor 30. Because the
permanent magnets 36A and 36C are arranged on both
sides of the permanent magnet 36B in the rotational di-
rection of the rotor, the plurality of permanent magnets
36A, 36B, and 36C are arranged symmetrically with re-
spect to the pole. However, because the permanent mag-
nets are arranged asymmetrically with respect to the
depth direction (shaft direction) of the rotor 30, they are
arranged irregularly with respect to the longitudinal di-
rection (depth direction, shaft direction) of the rotor 30.
[0024] The rotor 30 is arranged such that it is opposed
to the inner periphery of the stator 20 as shown in FIG.
1. When the surface areas of the permanent magnets
36A, 36B, and 36C opposed to the stator 20 are SA, SB,
and SC, respectively, SA=SC and SA+SC=SB. As a re-
sult, the magnetic flux generated by the permanent mag-

net 36B in the center of one pole of the rotor equals the
magnetic flux generated by the between-pole permanent
magnets 36A and 36C of one pole of the rotor.
[0025] Next, with reference to FIG. 3, the structure of
the stator and the rotor of the permanent magnet rotating
electric machine in the first embodiment of the related
art will be described.
[0026] FIG. 3 is a side view showing the structure of
the stator and the rotor of the permanent magnet rotating
electric machine of the first embodiment. This figure
shows two poles, that is, one pole pair, of a three-phase,
8-pole/48-slot permanent magnet rotating electric ma-
chine. In the figure, the reference numerals, which are
the same as those in FIG. 1, denote the same structural
elements.
[0027] The stator 20 has the stator core 22 that is al-
most circular, and 48 slots 26 are formed on the stator
core 22. This figure shows 12 slots 26 corresponding to
one pole pair. In the slots 26, U-phase stator windings
24 (U1), V-phase stator windings 24 (V1), and W-phase
stator windings 24 (W1) are inserted. An opening 27 is
provided for each slot 26 on the inner periphery of the
stator core 22.
[0028] On the other hand, the rotor 30 is built by fixing
the rotor core 32 on the shaft 38 with the permanent mag-
nets 36A, 36B, and 36C inserted into the permanent-
magnet-inserting holes formed on the rotor core 32.
[0029] The rotor 30 is arranged rotatably within the sta-
tor with a predetermined gap 28 between the rotor and
the inner periphery of the stator core 22. The rotor core
32 is structured by layering many silicon steel plates each
with permanent-magnet-inserting holes. As shown in the
figure, the permanent magnets 36 are magnetized such
that the polarity alternates between the N pole and the
S pole for each pole.
[0030] For each pole of the rotor 30, let θ be the angle
between between-pole permanent-magnet-inserting
holes 34A and 34C with its vertex at the center of the
shaft (in the figure, the angle between the left corner of
the part on the stator opposed to the inserting hole 34C
(where magnetic flux is generated) and the right corner
of the part on the stator opposed to the inserting hole
34A (where magnetic flux is generated)), let φ be the
angle of the pole-center permanent-magnet-inserting
hole 34B with its vertex at the center of the shaft (in the
figure, the angle between the left corner of the part on
the stator opposed to the inserting hole 34B and the right
corner of the part on the stator opposed to the inserting
hole 34B), and let τs be the slot pitch (spacing between
adjacent slots 26). Then, inserting Neodymium perma-
nent magnets 36A, 36B, and 36C based on the relation
indicated by expression (2) gives an efficient result: 

where, n is an integer.
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[0031] For a three-phase, 8-pole/48-slot permanent
magnet rotating electric machine, the slot pitch τs is the
mechanical angle of 7.5° (electrical angle of 30°). There-
fore, if n=1 in expression (2), θ=22.5° (mechanical angle)
(electrical angle of 90°) when φ =11.25° (mechanical an-
gle) (electrical angle of 45°). That is, the magnetic flux
generated by the first term on the right side of expression
(2) equals the magnetic flux generated by the second
term.
[0032] Next, with reference to FIGS. 4 and 5, the mag-
netic field analysis result of the permanent magnet rotat-
ing electric machine of the first embodiment
will be described.
[0033] FIG. 4 is a diagram showing the result of mag-
netic field analysis that is made by inserting magnets into
the between-pole inserting holes of the permanent mag-
net rotating electric machine of the first embodiment. FIG.
5 is a diagram showing the result of magnetic field anal-
ysis that is made by inserting a magnet into the pole-
center inserting hole of the permanent magnet rotating
electric machine of the first embodiment
[0034] Those figures show one pole of a three-phase,
8-pole/48-slot permanent magnet rotating electric ma-
chine. In the figures, the reference numerals, which are
the same as those in FIG. 3, denote the same structural
elements.
[0035] FIG. 4 shows the result of magnetic field anal-
ysis when magnets are inserted into the between-pole
inserting holes. That is, the figure shows the result of
magnetic field analysis that is made by inserting the per-
manent magnets 36A and 36C into the between-pole
magnet-inserting holes 34A and 34C, respectively, with
no permanent magnet in the pole-center magnet-insert-
ing hole 34B. The broken line indicates a magnetic field.
[0036] FIG. 5 shows the result of magnetic field anal-
ysis when a magnet is inserted into the pole-center in-
serting hole. That is, the figure shows the result of mag-
netic field analysis that is made by inserting the perma-
nent magnet 36B into the pole-center magnet-inserting
hole 34B with no permanent magnet in the between-pole
magnet-inserting holes 34A and 34C. The broken line
indicates a magnetic field.
[0037] Next, with reference to FIGS. 6-8, the torque
pulsation of the permanent magnet rotating electric ma-
chine in the first embodiment of the present invention will
be described.
[0038] FIG. 6 is a diagram showing a torque pulsation
when magnets are inserted into the between-pole insert-
ing holes in the permanent magnet rotating electric ma-
chine of the first embodiment
[0039] - FIG. 7 is a diagram showing a torque pulsation
when a magnet is inserted into the pole-center inserting
hole of the permanent magnet rotating electric machine
of the first embodiment.
[0040] - FIG. 8 is a diagram showing a torque pulsation
in the permanent magnet rotating electric machine in the
first embodiment of the present invention. The figures
show the torque pulsation for one pole of a three-phase,

8-pole/48-slot permanent magnet rotatling electric ma-
chine.
[0041] FIG. 6 shows the torque pulsation for one pole
(electrical angle of 180°) when the magnets are inserted
into the between-pole inserting holes as shown in FIG. 4.
[0042] FIG. 7 shows the torque pulsation for one pole
(electrical angle of 180°) when the magnet is inserted
into the pole-center inserting hole as shown in FIG. 5.
[0043] Because the cores in FIG. 4 and FIG. 5 are of
the same shape, they have an equal reluctance torque.
In addition, because the magnet surface area is sized
such that the cores have an almost equal magnet flux
(S1+S3=S2), they have an almost equal magnet torque.
Therefore, the average torque in FIG. 6 equals the aver-
age torque in FIG. 7.
[0044] As seen in the waveform shown in FIG. 6, six
periods of torque pulsation are generated for one pole
(48 periods for rotation), one for each slot. A torque pul-
sation is generated by the difference in magnetic flux
concentration between the iron teeth and the gap slot.
The waveform of a torque pulsation is closely related to
the magnet pole-arc angle and, as the pole-arc angle
changes, the waveform of the torque pulsation changes.
The waveform of the torque pulsation in FIG. 7 with the
pole-arc angle of φ, where θ = (n+0.5) 3 τs+ φ, is the
reverse of the waveform of the torque pulsation in FIG.
6 with the pole-arc angle of θ.
[0045] Therefore, when the magnets in FIG. 3 and FIG.
4 are arranged half and half in the longitudinal direction
as in this embodiment, combining the torque pulsation
shown in FIG. 6 with the torque pulsation shown in FIG.
7 produces the torque pulsation shown in FIG. 8. As ap-
parently indicated by the torque waveform shown in FIG.
8, the torque pulsation is reduced in this embodiment.
Calculating the ripple rate for use in comparison indicates
that the ripple rate is 22% in FIGS. 6 and 7, and 4% in
this embodiment as shown in FIG. 8. This is an 18%
improvement in the ripple rate. This reduction in the pul-
sation torque minimizes the vibration and the noise of
the permanent magnet rotating electric machine.
[0046] As described above, this embodiment reduces
the torque pulsation by arranging the permanent mag-
nets symmetrically with respect to the rotation direction
but irregularly with respect to the depth direction for each
pole of the rotor of the permanent magnet rotating electric
machine and, in particular, by making θ satisfy the rela-
tion θ=(n+0.5) 3 τs+ φ (n is an integer) wherein θ is the
angle between between-pole permanent-magnet-insert-
ing holes with its vertex at the center of the shaft, φ is the
angle of the pole-center permanent-magnet-inserting
hole with its vertex at the center of the shaft, and τs is
the slot pitch. This embodiment makes it possible to pro-
vide an electric vehicle that can run efficiently with a less
vibrating, less noisy motor.
[0047] Next, with reference to FIG. 9 and FIG. 10, the
configuration of a permanent magnet rotating electric ma-
chine in a second embodiment of the related art will be
described. The general configuration of the permanent
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magnet rotating electric machine in this embodiment is
the same as that shown in FIG. 1 and FIG. 2.
[0048] FIG. 9 is a diagram showing the structure of the
stator and the rotor, and the result of magnetic field anal-
ysis when magnets are inserted into the between-pole
inserting holes of the permanent magnet rotating electric
machine of the second embodiment
[0049] FIG. 10 is a diagram showing the result of mag-
netic field analysis when a magnet is inserted into the
pole-center inserting hole of the permanent magnet ro-
tating electric machine of the second embodiment In the
figures, one pole of a three-phase, 8-pole/48-slot perma-
nent magnet rotating electric machine is shown. The ref-
erence numerals in the figures, which are the same as
those in FIG. 3, denote the same structural elements.
[0050] As shown in FIG. 9, permanent-magnet-insert-
ing holes 34A’, 34B’, and 34C’ are each in the shape of
an arc. They each have a columnar structure with an arc-
shaped cross section. Therefore, the permanent mag-
nets 36A’ and 36C’ inserted into the permanent-magnet-
inserting holes 34A’ and 34C’ also have a columnar struc-
ture with an arc-shaped cross section.
[0051] FIG. 9 shows the result of magnetic field anal-
ysis when the magnets are inserted into the between-
pole inserting holes. The broken line indicates a magnetic
field.
[0052] FIG. 10 shows the result of magnetic field anal-
ysis when a magnet is inserted into the central inserting
hole, that is, when the permanent magnet 36B’ is inserted
into the central magnet inserting hole 34B’ with no per-
manent magnets in the between-pole inserting holes
34A’ and 34C’. The broken line indicates a magnetic field.
[0053] The use of arc-shaped permanent magnets in-
creases the effective magnetic field and the torque that
is generated.
[0054] The torque pulsation of the permanent magnet
rotating electric machine in this embodiment are as
shown in FIGS. 6 and 7. The torque pulsation of the whole
rotating electric machine may be also reduced as shown
by the waveform of the torque pulsation that is a combi-
nation of the torque pulsation shown in FIG. 6 and the
torque pulsation shown in FIG. 7.
[0055] As described above, this embodiment reduces
the torque pulsation by arranging the permanent mag-
nets symmetrically with respect to the rotation direction,
but irregularly with respect to the depth direction, for each
pole of the rotor of the permanent magnet rotating electric
machine. This embodiment also makes it possible to pro-
vide an electric vehicle that can run efficiently with a less
vibrating, less noisy motor.
[0056] Next, with reference to FIG. 11, the configura-
tion of a permanent magnet rotating electric machine in
a third embodiment of the related art will be described.
The general configuration of the permanent magnet ro-
tating electric machine in this embodiment is the same
as that shown in FIG. 1.
[0057] FIG. 11 is a skeleton perspective view in the
rotor depth (longitudinal) direction of the rotor, illustrating

the magnet arrangement structure in the permanent
magnet rotating electric machine in the third embodiment
of the present invention. The same reference numerals
as those in FIG. 1 indicate the same structural elements.
[0058] A plurality of permanent-magnet-inserting
holes 34 are formed in the rotor core 32 of the rotor 30.
For a three-phase, 8-pole/48-slot permanent magnet ro-
tating electric machine, eight permanent-magnet-insert-
ing holes 34 are usually provided. As in FIG. 2, one pole
comprises three permanent-magnet-inserting holes,
34A, 34B, and 34C. The permanent-magnet-inserting
holes 34A, 34B, and 34C, are parallel to the shaft of the
rotor 30. That is, the permanent-magnet-inserting hole
34 is not inclined, that is, not skewed, with respect to the
shaft of the rotor.
[0059] Permanent magnets 36A1, 36A2, 36B, 36C1,
and 36C2, which are rectangular solids, are inserted into
the permanent-magnet-inserting-holes 34A, 34B, and
34C, respectively. Therefore, one pole comprises a plu-
rality of permanent magnets 36A1, 36A2, 36B, 36C1, and
36C2. The longitudinal directions of the permanent mag-
nets 36A1, 36A2, 36B, 36C1, and 36C2, each parallel to
the shaft of the rotor, are not skewed.
[0060] If the length of the permanent-magnet-inserting
holes 34A, 34B, and 34C is L (L equals the length of the
rotor 30 in the shaft direction), then the length of the per-
manent magnets 36A1, 36A2, 36C1, and 36C2 is L/4,
respectively, and the length of the permanent magnet
36B is L/2. When the permanent magnets 36A1, 36A2,
36C1, and 36C2 are arranged on the right and left sides
in the shaft direction of the rotor 30, the permanent mag-
net 36B is arranged in the center of the shaft direction of
the rotor 30. Because the permanent magnets 36A1,
36A2, 36C1, and 36C2 are arranged on both sides of the
permanent magnet 36B in the rotational direction of the
rotor, the plurality of permanent magnets 36A1, 36A2,
36B, 36C1, and 36C2 are arranged symmetrically with
respect to the pole. However, they are arranged irregu-
larly with respect to the depth direction (shaft direction)
of the rotor 30.
[0061] The rotor 30 is arranged such that it is opposed
to the inner periphery of the stator 20 as shown in FIG.
1. When the surface areas of the permanent magnets
36A1, 36A2, 36B, 36C1, and 36C2 opposed to the stator
20 are SA1, SA2, SB, SC1, and SC2, respectively,
SA1=SA2=SC1=SC2 and SA1+SA2+SC1+SC2=SB. As
a result, the magnetic flux generated by the permanent
magnet 36B in the center of one pole of the rotor equals
the magnetic flux generated by the between-pole perma-
nent magnets 36A1, 36A2, 36C1, and 36C2 of one pole
of the rotor.
[0062] As described above, the magnets need not be
arranged in the longitudinal direction by halving them at
the center as shown in FIG. 2. The magnets may also be
arranged such that one part of the between-pole magnets
and other part of the between-pole magnets each occupy
1/4 and the central magnet occupies 1/2 to make the
longitudinal direction ratio 1:1 as shown in FIG. 11.
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[0063] The torque pulsation of the permanent magnet
rotating electric machine in this embodiment is as shown
in FIGS. 6 and 7. The torque pulsation of the whole ro-
tating electric machine may be also reduced as shown
by the waveform of the torque pulsation that is a combi-
nation of the torque pulsation shown in FIG. 6 and the
torque pulsation shown in FIG. 7.
[0064] As described above, this embodiment reduces
the torque pulsation by arranging the permanent mag-
nets symmetrically with respect to the rotation direction,
but irregularly with respect to the depth direction, for each
pole of the rotor of the permanent magnet rotating electric
machine. This embodiment also makes it possible to pro-
vide an electric vehicle that can run efficiently with a less
vibrating, less noisy motor. Next, with reference to FIG.
12 and FIG. 13, the configuration of a permanent magnet
rotating electric machine in a fourth embodiment of the
related art will be described. The general configuration
of the permanent magnet rotating electric machine in this
embodiment is the same as that shown in FIG. 1 and
FIG. 2.
[0065] FIG. 12 is a diagram showing the structure of
the stator and the rotor of the permanent magnet rotating
electric machine of the fourth embodiment
[0066] and the result of magnetic field analysis when
magnets are inserted into the between-pole inserting
holes. FIG. 13 is a diagram showing the result of magnetic
field analysis when a magnet is inserted into the pole-
center inserting hole, of the permanent magnet rotating
electric machine of the fourth embodiment . In the figures,
one pole of a three-phase, 8-pole/48-slot permanent
magnet rotating electric machine is shown. The reference
numerals in the figures, which are the same as those in
FIG. 3, denote the same structural elements.
[0067] In the examples shown in FIGS. 4 and 5 and
FIGS. 9 and 10, the pole-arc angle of φ is 90° or lower
and the magnet torque cannot be increased in order for
the pole-arc angle θ of the between-pole magnet-insert-
ing holes to satisfy the relation θ = (n+0.5) 3 τs+ φ where
θ is the pole-arc angle of the between-pole magnet in-
serting holes, φ is the pole-arc angle in the center of the
pole, and τs is the slot pitch.
[0068] To solve this problem, permanent-magnetic in-
serting holes 34A" and 34C" each have a rectangular
cross section with the longer side in the radius direction
of the rotor, as shown in FIG. 12. The longer side of a
permanent-magnet inserting hole 34B" is in the circum-
ferential direction of the rotor. A plurality of permanent
magnets 36A", 36B", and 36C" are inserted into the per-
manent-magnet inserting holes 34A", 34B", and 34C" as
shown in FIG. 2. They may also be inserted as shown in
FIG. 11. This configuration changes the part of the per-
manent-magnet surface area opposed to the stator as
follows. That is, the surface area of the permanent mag-
nets 36A" and 36C" becomes smaller than the surface
area of the permanent magnet 36B". Therefore, to make
the magnetic flux generated by the permanent magnets
36A" and 36C" equal to that generated by the permanent

magnet 36B", the permanent magnet 36B" is arranged
near the center of rotation in the radius direction of the
rotor to increase the distance from the stator. FIG. 12
shows the result of magnetic field analysis when the mag-
nets 36A" and 36C" are inserted into the between-pole
inserting holes. The broken line indicates a magnetic
field.
[0069] FIG. 13 shows the result of magnetic field anal-
ysis when the magnet is inserted into the central inserting
hole, that is, when the permanent magnet 36B" is insert-
ed into the central magnet inserting hole 348" with no
permanent magnets in the between-pole inserting holes
34A" and 34C". The broken line indicates a magnetic
field.
[0070] Arranging the longer sides of the between-pole
magnets 36A" and 36C" in the radius direction as de-
scribed above makes it possible for the relation θ =
(n+0.5) 3 τs+ φ and the magnetic flux equality condition
compatible with high magnetic torques.
[0071] The torque pulsation of the permanent magnet
rotating electric machine in this embodiment are as
shown in FIGS. 6 and 7. The torque pulsation of the whole
rotating electric machine may be also reduced as shown
by the waveform of the torque pulsation that is a combi-
nation of the torque pulsation shown in FIG. 6 and the
torque pulsation shown in FIG. 7.
[0072] As described above, this embodiment reduces
the torque pulsation and generates high torques by ar-
ranging the permanent magnets symmetrically with re-
spect to the rotation direction, but irregularly with respect
to the depth direction, for each pole of the rotor of the
permanent magnet rotating electric machine. This em-
bodiment also makes it possible to provide an electric
vehicle that can run efficiently with a less vibrating, less
noisy motor.
[0073] Next, with reference to FIG. 14 and FIG. 15, the
configuration of a permanent magnet rotating electric ma-
chine in an embodiment of the present invention will be
described. The general configuration of the permanent
magnet rotating electric machine in this embodiment is
the same as that shown in FIG. 1 and FIG. 2.
[0074] FIG. 14 is a diagram showing the structure of
the stator and the rotor of the permanent magnet rotating
electric machine in the embodiment of the present inven-
tion and the result of magnetic field analysis when mag-
nets are inserted into the between-pole inserting holes.
FIG. 15 is a diagram showing the result of magnetic field
analysis when a magnet is inserted into the pole-center
inserting hole of the permanent magnet rotating electric
machine in the embodiment of the present invention. In
the figures, one pole of a three-phase, 8-pole/48-slot per-
manent magnet rotating electric machine is shown. The
reference numerals in the figures, which are the same
as those in FIG. 3, denote the same structural elements.
[0075] As shown in FIG. 14, permanent-magnet-insert-
ing holes 34Ax, 34Bx, and 34Cx are each in the shape
of a convex arc toward the outer periphery of the rotor.
They have a columnar structure with an arc-shaped cross
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section. Therefore, the permanent magnets 36Ax and
36Cx, which are inserted into the permanent-magnet in-
serting holes 34Ax and 34Cx, also have a columnar struc-
ture with an arc-shaped cross section.
[0076] The rotating electric machine in this embodi-
ment has a better effect when reluctance torque is large.
For this reason, a plurality of slits 39 are provided on the
outer periphery side of the permanent magnet 36 of the
rotor.
[0077] FIG. 14 also shows the result of magnetic field
analysis when magnets are inserted into the between-
pole inserting holes. The broken line indicates a magnetic
field.
[0078] FIG. 15 shows the result of magnetic field anal-
ysis when a magnet is inserted into the central inserting
hole, that is, when the permanent magnet 36Bx is insert-
ed into the central magnet inserting hole 34Bx with no
permanent magnet in the between-pole inserting holes
34Ax and 34Cx. The broken line indicates a magnetic
field.
[0079] The torque pulsation of the permanent magnet
rotating electric machine in this embodiment is as shown
in FIGS. 6 and 7. The torque pulsation of the whole ro-
tating electric machine may be also reduced as shown
by the waveform of the torque pulsation that is a combi-
nation of the torque pulsation shown in FIG. 6 and the
torque pulsation shown in FIG. 7.
[0080] As described above, this embodiment reduces
the torque pulsation by arranging the permanent mag-
nets symmetrically with respect to the rotation direction,
but irregularly with respect to the depth direction, for each
pole of the rotor of the permanent magnet rotating electric
machine. This embodiment also makes it possible to pro-
vide an electric vehicle that can run efficiently with a less
vibrating, less noisy motor.
[0081] In the above embodiments, the number of per-
manent magnets (number of poles) need not always be
eight. Nor need the number of slots in the stator always
be 48. In addition, the permanent magnet need not be a
Neodymium magnet. It is needless to say that the magnet
has an error in angle within the allowable manufacturing
range (approximately, error 61). The present invention
is applied not only to an internal rotor type but also to an
external rotor type.
[0082] The permanent magnet rotating electric ma-
chine according to the present invention uses no skewing
under a predetermined current and voltage condition to
prevent torque from decreasing and to decrease pulsa-
tion torque to provide a less vibrating, less noisy motor.

Claims

1. A permanent magnet rotating electric machine for a
vehicle, the machine comprising a stator (20), a rotor
(30) arranged rotatably around a rotation axis inside
said stator, and a magnetic pole position detector
(PS), wherein

said stator includes:

a stator core (22) having plural slots in an inner
surface side thereof, each slot extending in a
direction of the rotation axis, and the plural slots
being adjacent to each other in a circumferential
direction, and
a stator winding (24) built as three-phase dis-
tributed winding and accommodated in the slots
of said stator core;
said rotor includes:

a rotor core (32X) in which a plurality of
poles are equi-angularly formed, and
a plurality of permanent magnets (36) ar-
ranged in said rotor core to form said plu-
rality of poles;
characterized in that
said rotor core (32X) includes a first air gap
(39) located in the center portion of each of
said plurality of poles wherein a width of the
air gap in a radial direction at the center of
said air gap is larger than the radial width
of a portion of said air gap circumferentially
distant from the center,
said rotor core (32X) includes per pole two
permanent-magnet-inserting holes (34AX,
34CX) accommodating permanent mag-
nets, said two permanent-magnet-inserting
holes (34AX, 34CX) being formed symmet-
rically with respect to a symmetry plane
passing through the center of the pole and
accommodating the rotation axis, formed to
have a cross-sectional shape of a concave
arc, seen from the symmetry plane, and
such that hole portions nearer to the rotation
axis are mutually nearer and extend in the
direction of the rotation axis,
wherein permanent magnets (36) of adja-
cent poles are magnetized in reverse polar-
ity, wherein permanent magnets are insert-
ed into the left half of the axial length of the
permanent-magnet insertion holes (34Ax,
34Cx) and into the right half of a second air
gap (34Bx),
said rotor core includes a second air gap
(34BX) formed symmetrically with respect
to the symmetry plane and between rota-
tion-axis-side ends of said two permanent-
magnet-inserting holes (34AX, 34CX) so as
to have a cross-sectional shape of a con-
cave arc.

2. The electric
machine according to Claim 1, wherein the number
of said poles of said rotor is eight.
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Patentansprüche

1. Rotierende elektrische Permanentmagnetmaschine
für ein Fahrzeug, wobei die Maschine einen Stator
(20), einen Rotor (30), der um eine Rotationsachse
herum drehbar innerhalb des Stators angeordnet ist,
und einen Detektor (PS) für eine Magnetpolposition
umfasst, wobei
der Stator beinhaltet:

einen Statorkern (22) mit mehreren Nuten in ei-
ner Innenflächenseite desselben, wobei sich je-
de Nut in eine Richtung der Rotationsachse er-
streckt, und die mehreren Nuten in einer Um-
fangsrichtung zueinander benachbart sind, und
eine Statorwicklung (24), die als dreiphasige
verteilte Wicklung aufgebaut ist und in den Nu-
ten des Statorkerns untergebracht ist;
der Rotor beinhaltet:

einen Rotorkern (32X), in welchem mehrere
Pole mit gleichem Winkel ausgebildet sind,
und
mehrere Permanentmagnete (36), die in
dem Rotorkern angeordnet sind, um die
mehreren Pole auszubilden;
dadurch gekennzeichnet, dass
der Rotorkern (32X) einen ersten Luftspalt
(39) beinhaltet, der in dem Mittelabschnitt
von jedem der mehreren Pole angeordnet
ist, wobei eine Breite des Luftspalts in eine
radiale Richtung bei der Mitte des Luftspalts
größer als die radiale Breite eines Ab-
schnitts des Luftspalts in Umfangsrichtung
entfernt von der Mitte ist,
der Rotorkern (32X) je Pol zwei Permanent-
magnet-Einschublöcher (34AX, 34CX) be-
inhaltet, die Permanentmagnete beherber-
gen, wobei die zwei Permanentmagnet-
Einschublöcher (34AX, 34CX) mit Bezug
auf eine Symmetrieebene, die durch die
Mitte des Pols verläuft und die Rotations-
achse beherbergt, symmetrisch ausgebil-
det sind, so ausgebildet sind, dass sie eine
Querschnittsgestalt eines konkaven Kreis-
bogens von der Symmetrieebene aus ge-
sehen aufweisen und so, dass Lochab-
schnitte näher bei der Rotationsachse beid-
seitig näher sind und sich in die Richtung
der Rotationsachse erstrecken,
wobei Permanentmagnete (36) von be-
nachbarten Polen in umgekehrter Polarität
magnetisiert sind, wobei Permanentmag-
nete in die linke Hälfte der axialen Länge
der Permanentmagnet-Einschublöcher
(34AX, 34CX) und in die rechte Hälfte eines
zweiten Luftspalts (34BX) eingeschoben
sind,

der Rotorkern einen zweiten Luftspalt
(34BX) enthält, der mit Bezug auf die Sym-
metrieebene und zwischen rotationsach-
senseitigen Enden der zwei Permanentma-
gnet-Einschublöcher (34AX, 34CX) sym-
metrisch so ausgebildet ist, dass er eine
Querschnittsgestalt eines konkaven Kreis-
bogens aufweist.

2. Elektrische Maschine nach Anspruch 1, wobei die
Anzahl der Pole des Rotors acht beträgt.

Revendications

1. Machine électrique rotative à aimant permanent
pour un véhicule, la machine comprenant un stator
(20), un rotor (30) agencé avec faculté de rotation
autour d’un axe de rotation à l’intérieur dudit stator,
et un détecteur de position de pôle magnétique (PS),
dans laquelle
ledit stator inclut : un noyau de stator (22) ayant une
pluralité de fentes dans un côté de surface intérieure
de lui-même, chaque fente s’étendant dans une di-
rection de l’axe de rotation, et la pluralité de fentes
étant adjacentes les unes aux autres dans une di-
rection circonférentielle, et
un enroulement de stator (24) réalisé comme un en-
roulement distribué triphasé et logé dans les fentes
dudit noyau de stator ;
ledit rotor inclut :

un noyau de rotor (32X) dans lequel une pluralité
de pôles sont formés de manière équiangulaire,
et
une pluralité d’aimants permanents (36) agen-
cés dans ledit noyau de rotor pour former ladite
pluralité de pôles ;
caractérisée en ce que
ledit noyau de rotor (32X) inclut un premier en-
trefer (39) situé dans la portion centrale de cha-
cun de ladite pluralité de pôles, une largeur de
l’entrefer dans une direction radiale au niveau
du centre dudit entrefer étant plus grande que
la largeur radiale d’une portion dudit entrefer cir-
conférentiellement distante depuis le centre,
ledit noyau de rotor (32X) inclut pour chaque
pôle deux trous pour l’insertion d’aimants per-
manents (34AX, 34CX) qui reçoivent des
aimants permanents, lesdits deux trous pour
l’insertion d’aimants permanents (34AX, 34CX)
étant formés symétriquement par rapport à un
plan de symétrie passant par le centre du pôle
et recevant l’axe de rotation, formé pour présen-
ter une forme de section transversale en arc
concave, vu depuis le plan de symétrie, et de
telle façon que les portions de trous plus proches
de l’axe de rotation sont mutuellement plus pro-
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ches et s’étendent dans la direction de l’axe de
rotation,
dans laquelle des aimants permanents (36) de
pôles adjacents sont aimantés avec une polarité
inverse, dans laquelle des aimants permanents
sont insérés dans la moitié de gauche de la lon-
gueur axiale des trous pour l’insertion d’aimants
permanents (34AX, 34CX) et dans la moitié de
droite d’un second entrefer (34BX),
ledit noyau de rotor inclut un second entrefer
(34BX) formé symétriquement par rapport au
plan de symétrie et entre des extrémités, du côté
de l’axe de rotation, desdits deux trous pour l’in-
sertion d’aimants permanents (34AX, 34CX) de
manière à présenter une forme de section trans-
versale en arc concave.

2. Machine électrique selon la revendication 1, dans
laquelle le nombre desdits pôles dudit rotor est égal
à huit.
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