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(54) PERMANENT MAGNET MOTOR

(57) It has been discovered that torque ripples can
be reduced by adopting a shape in which: the width of a
shoe connection formed in a stator of a permanent mag-
net motor is equal to or smaller than the thickness of each
of core pieces constituting a stator core; and a relation-
ship of 0.7 ≤ Wm/(Tm3Gm) ≤ 3.3 is satisfied, where Wm

is the length of the long side of a flat plate-shaped per-
manent magnet embedded in a rotor, Tm is the length of
the short side of the permanent magnet, and Gm is the
maximum distance from the outer circumference of the
rotor to the permanent magnet.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a permanent
magnet motor, and more particularly, to a permanent-
magnet embedded motor having a rotor with permanent
magnets embedded therein.

BACKGROUND ART

[0002] In this type of a permanent-magnet embedded
motor, a plurality of permanent magnets are embedded
in a rotor so as to be adjacent to each other in the cir-
cumferential direction of the rotor. In each pair of the ad-
jacent permanent magnets in the circumferential direc-
tion of the rotor, the magnetic poles thereof are different
from each other. In the surrounding area of a portion
where the magnetic poles of each pair of the adjacent
permanent magnets are switched, an abrupt change in
magnetic flux density occurs. This causes a torque ripple
which leads to vibration and noise.
[0003] There have been various methods for reducing
such a torque ripple. For example, as described in Patent
Document 1, recessed and projecting portions or the like
are formed at predetermined positions of magnetic-pole
switching portions between permanent magnets on the
outer circumferential surface of a rotor.

CITATION LIST

PATENT DOCUMENT

[0004] Patent Document 1: Japanese Patent No.
5434415

SUMMARY OF THE INVENTION

PROBLEMS TO BE SOLVED BY THE INVENTION

[0005] In conventional permanent magnet motors,
torque ripples are reduced with the above configuration,
for example. Accordingly, when the outer diameter of a
rotor core facing an air gap changes due to mold wear,
etc., a rotor surface that directly faces the inner diameter
of the stator changes. This results in a problem of causing
a great change in torque ripple. For this reason, in order
to inhibit variation generated during a manufacturing
process from having an influence on a torque ripple, the
torque ripple needs to be reduced using, for example,
the positions of magnets inside a rotor, which do not di-
rectly face a stator inner circumference.

SOLUTION TO THE PROBLEMS

[0006] A permanent magnet motor according to the
present invention includes: a stator including a stator core
obtained by stacking annular core pieces each having a

plurality of teeth, and including an armature having wind-
ings housed in slots formed between the plurality of teeth;
and a rotor which is arranged inside the stator with a
magnetic gap therebetween and which rotates about a
rotary shaft, the rotor having a permanent magnet which
is embedded therein and has a flat plate-like cross sec-
tion, wherein the permanent magnet motor has flange
parts provided on rotor-side ends of the teeth, and has
connection portions at which the respective flange parts
are connected to each other in the circumferential direc-
tion of the stator, the width of each of the connection
portions is equal to or smaller than the thickness of each
of the core pieces, and 1.7 ≤ Wm/(Tm3Gm) ≤ 3.3 is sat-
isfied, where Wm is the length of the long side of the
embedded permanent magnet, Tm is the length of the
short side of the permanent magnet, and Gm is the max-
imum distance from the outer circumference of the rotor
to the permanent magnet.

EFFECT OF THE INVENTION

[0007] According to the permanent magnet motor of
the present invention, the width of the connection por-
tions and the size of the permanent magnets are adjust-
ed, whereby a torque ripple can be reduced.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008]

[FIG. 1] FIG. 1 is a cross-sectional view of a stator
10 of a permanent magnet motor according to em-
bodiment 1 of the present invention.
[FIG. 2] FIG. 2 is a cross-sectional view of a two-
stage skew side of the stator 10 of the permanent
magnet motor according to embodiment 1 of the
present invention.
[FIG. 3] FIG. 3 is a cross-sectional view of a rotor of
the permanent magnet motor according to embodi-
ment 1 of the present invention.
[FIG. 4] FIG. 4 is a graph showing the demagnetiza-
tion factor of a permanent magnet according to em-
bodiment 1 of the present invention.
[FIG. 5] FIGS. 5A to 5C are distribution diagrams in
which values Wm/(Tm3Gm) are plotted for respec-
tive motor specifications according to embodiment
1 of the present invention, wherein FIG. 5A is a dis-
tribution diagram of the values Wm/(Tm3Gm) for
respective motor specifications when a shoe con-
nection width 18 is 0.125 mm; FIG. 5B is a distribution
diagram of the values Wm/(Tm3Gm) for respective
motor specifications when the shoe connection width
18 is 0.326 mm; and FIG. 5C is a distribution diagram
of the values Wm/(Tm3Gm) for respective motor
specifications when the shoe connection width 18 is
0.350 mm.
[FIG. 6] FIGS. 6A to 6C are graphs each showing a
relationship between the shoe connection width 18
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and the value Wm/(TmxGm) for each of the motor
specifications of FIGS. 5A to 5C according to em-
bodiment 1 of the present invention, wherein: FIG.
6A is a graph showing a relationship between the
shoe connection width 18 and the value
Wm/(Tm3Gm) for the motor specification in which
the value Wm/(Tm3Gm) is the minimum value,
among the motor specifications of FIGS. 5A to 5C;
FIG. 6B is a graph showing a relationship between
the shoe connection width 18 and the value
Wm/(TmxGm) for the motor specification in which
the value Wm/(Tm3Gm) is the average value,
among the motor specifications of FIGS. 5A to 5C;
and FIG. 6C is a graph showing a relationship be-
tween the shoe connection width 18 and the value
Wm/(Tm3Gm) for the motor specification in which
the value Wm/(Tm3Gm) is the maximum value,
among the motor specifications of FIGS. 5A to 5C.

DESCRIPTION OF EMBODIMENTS

Embodiment 1.

[0009] FIG. 1 is a cross-sectional view of a stator 10
of a permanent magnet motor according to embodiment
1 of the present invention. The stator 10 is formed of an
armature winding 11, an armature winding 12, and a sta-
tor core 13.
[0010] The stator core 13 is formed by stacking, in the
axial direction, core pieces which are fabricated by
stamping a magnetic material such as an electromagnet-
ic steel sheet. The stator core 13 includes an annular
core back 14 and teeth 15 each extending inward in the
circumferential direction from the core back 14. The ar-
mature windings 11, 12 are housed in slots 16 formed
between the adjacent teeth 15. Insulating paper sheets
(not illustrated), etc. are inserted between the armature
windings 11, 12 and the stator core 13 forming the slots
16, so that electrical insulation is ensured.
[0011] The number of the teeth 15 formed is 48 in total.
Accordingly, the number of the slots 16 formed is also
48. Four coils of the armature windings 11, 12 are housed
in each of the slots 16. Ends of the teeth 15 are connected
to each other via connection portions 17 on radially inner
sides with respect to the slots 16.
[0012] The armature winding 11 is formed of three
phases including a U1 phase, a V1 phase, and a W1
phase. The armature winding 12 is formed of three phas-
es including a U2 phase, a V2 phase, and a W2 phase.
The armature windings 11, 12 are arranged in the slots
16 such that the U1 phase, the U2 phase, the W1 phase,
the W2 phase, the V1 phase, and the V2 phase are ar-
ranged in this order in the first to sixth slots. Also in the
seventh and subsequent slots, the U1 phase, the U2
phase, the W1 phase, the W2 phase, the V1 phase, and
the V2 phase are arranged in this order. The same order
arrangement is made throughout the first to the 48th slots.
It is noted that, connection is made such that the direction

of current flowing through the U1 phase coil arranged in
the first slot is opposite to the direction of current flowing
through the U1 phase coil arranged in the seventh slot.
That is, a distributed winding is adopted in which a coil
is wound from the first slot to the seventh slot. The ar-
mature windings 11, 12 are each provided across a total
of six teeth 15. The six teeth 15 correspond to an electric
angle of 180 degrees, and the short pitch factor is 1.
[0013] Further, the phase difference between the ar-
mature windings 11, 12 is an electric angle of 30 degrees,
and the distributed winding factor is 1. Accordingly, the
entire winding factor is also 1. Thus, the small-sized high
torque motor is formed. Therefore, an electromotive force
is larger and the cost is lower in this motor, compared
with a motor having a small winding factor.
[0014] In addition, as illustrated in FIG. 2, from the half
point of stacking in the axial direction, a stator core 13a
is stacked which has teeth 15 each having an end shape
symmetric with respect to the center axis of the tooth 15.
That is, the stator core 13 is provided with a two-stage
skew. For example, when the stator core 13 is provided
with a two-stage skew the mechanical angle of which is
approximately 1.875 degrees, the mechanical angle
96th-order component of a torque ripple can be reduced.
[0015] When the width (hereinafter, referred to as
"shoe connection width") 18 in the radial direction of the
connection portion at each end of the teeth 15 is large,
a leakage magnetic flux increases and torque decreases.
For this reason, the smaller shoe connection width 18 is
more effective for downsizing of the motor.
[0016] FIG. 3 is a cross-sectional view of a rotor 20 of
the permanent magnet motor according to embodiment
1 of the present invention.
[0017] The rotor 20 is formed of a rotor core 21 and
permanent magnets 22 embedded in the rotor core 21,
and is arranged inside the stator 10 with a magnetic gap
between the rotor 20 and the stator 10. The permanent
magnets 22 are neodymium rare earth magnets formed
of neodymium, iron, and boron, and are each shaped
into a rectangular shape having a rectangular cross sec-
tion the long side (Wm) of which is in the circumferential
direction and the short side (Tm) of which is the thickness
in the radial direction. An 8-pole structure is formed by
arranging eight permanent magnets 22 at equal intervals
in the circumferential direction so as to be rotationally
symmetric about a rotational shaft 23 of the rotor 20.
Since any expensive heavy rare earth element such as
dysprosium (Dy) or terbium (Tb), which improves a co-
ercivity, is not added to the permanent magnets 22, the
cost of the magnets can be reduced. In addition, with the
configuration of the permanent-magnet embedded motor
using the neodymium rare earth magnets, a small and
light-weight motor in which the magnet torque is great,
the reluctance torque can be utilized, and the torque per
unit length is great, can be provided. Moreover, the rotor
core 21 is formed into a flower-like circular shape having
a radius smaller than that of a perfect circle, with respect
to the rotational shaft 23, whereby the torque ripple can
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be reduced.
[0018] Similarly to the stator core 13, the rotor core 21
is provided with a two-stage skew. In the rotor core 21,
rotor cores having the same shape are stacked in two
stages. For example, when a two-stage skew the me-
chanical angle of which is approximately 3.75 degrees
is provided, the mechanical angle 48-th component of a
torque ripple can be reduced. The stator 10 and the rotor
20 are provided with the respective two-stage skews in
this way, whereby torque ripples at the two specified de-
grees can be reduced. Reduction in the end widths of
the teeth 15 and in the slot area of the stator core 13 is
more likely to be avoided when the angle of the two-stage
skew of the rotor 20 is increased, rather than that of the
stator 10 in which the number of slots is great.
[0019] FIG. 4 is a graph showing the demagnetization
factor of a neodymium rare earth magnet with no addition
of a heavy rare earth element that has a coercivity of 21
kOe or more at normal temperature. The horizontal axis
represents a short side Tm (mm), which indicates the
magnet thickness. As is found from the graph, when Tm
becomes smaller than 2.1 mm, the demagnetization fac-
tor sharply deteriorates. In order to suppress reduction
in torque due to demagnetization, the range of Tm≥2 mm
may be applied. However, during emergency avoiding
steering, etc., a motor for electric power steering is re-
quired of assistance torque with a high rotation rate. For
this reason, Tm is desirably set to be close to 2.1 mm
because the rotation rate of the motor becomes lower
when Tm is longer (the magnet thickness is larger).
[0020] As a result of the skew provided to the stator
core 13 or the rotor core 21, reduction at the two specified
ripple degrees including the 48-th degree and the 96-th
degree can be achieved, as described above. A structure
for further reducing the torque ripple is described in detail
below.
[0021] FIGS. 5A to 5C are distribution diagrams in
which the values Wm/(Tm3Gm) for each motor specifi-
cation are plotted by performing, under a condition in
which torque ripple variation with respect to the average
torque is equal to or lower than 0.5%, magnetic field anal-
ysis using three parameters of Wm (mm) representing
the length of the long side of the magnet, Tm (mm) rep-
resenting the length of the short side of the magnet, and
Gm (mm) representing the maximum depth among the
embedding depths from the rotor core to the respective
long sides, as described above. The horizontal axis is
each of motor specifications satisfying the aforemen-
tioned condition. The values Wm/(Tm3Gm) on the ver-
tical axis are plotted for each of the motor specifications.
FIG. 5A shows a case where the shoe connection width
18 is 0.125 mm. FIG. 5B shows a case where the shoe
connection width 18 is 0.326 mm. FIG. 5C shows a case
where the shoe connection width 18 is 0.350 mm. It can
be seen that the values Wm/(Tm3Gm) are distributed
near the range from 1.0 to 3.0 in each of FIGS. 5A to 5C.
[0022] FIGS. 6A to 6C are graphs each showing a re-
lationship, in one motor specification, between the shoe

connection width 18 and the value Wm/(TmxGm) in
FIGS. 5A to 5C. In FIG. 6A, one motor specification in
which the value Wm/(Tm3Gm) with respect to the shoe
connection width 18 is the minimum value, is plotted. In
FIG. 6B, one motor specification in which the value
Wm/(Tm3Gm) with respect to the shoe connection width
18 is the average value, is plotted. In FIG. 6C, one motor
specification in which the value Wm/(Tm3Gm) with re-
spect to the shoe connection width 18 is the maximum
value, is plotted. In order to downsize the motor, it is
desirable to shorten the shoe connection width because
a leakage magnetic flux between the teeth is large when
the shoe connection width 18 is large. However, as
shown in FIGS. 6A to 6C, in the motor for electric power
steering, a correlation is found in which the value
Wm/(Tm3Gm) becomes greater as the shoe connection
width 18 becomes smaller with respect to the plate thick-
ness 0.5 mm of each of stacked core pieces. When the
shoe connection width 18 is 0.5 mm or less,
Wm/(Tm3Gm) is set to be not smaller than 0.7 but not
greater than 3.3. As a result, the 48-th and 96-th torque
ripple components, which are main components of a
torque ripple, can be 0.5% or lower, and thus, the motor
having a small torque ripple can be realized.
[0023] It is noted that, within the scope of the present
invention, the above embodiment of the present invention
may be modified or simplified as appropriate.

DESCRIPTION OF THE REFERENCE CHARACTERS

[0024]

10 stator
11, 12 armature winding
13 stator core
14 core back
15 tooth
16 slot
17 connection portion
18 shoe connection width
20 rotor
21 rotor core
22 permanent magnet
23 rotary shaft

Claims

1. A permanent magnet motor comprising:

a stator including a stator core obtained by
stacking annular core pieces each having a plu-
rality of teeth, and including an armature having
windings housed in slots formed between the
plurality of teeth; and
a rotor which is arranged inside the stator with
a magnetic gap therebetween and which rotates
about a rotary shaft, the rotor having a perma-
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nent magnet which is embedded therein and has
a flat plate-like cross section, wherein
the permanent magnet motor has flange parts
provided on rotor-side ends of the teeth, and has
connection portions at which the respective
flange parts are connected to each other in the
circumferential direction of the stator,
the width of each of the connection portions is
equal to or smaller than the thickness of each
of the core pieces, and
1.7 ≤ Wm/(Tm3Gm) ≤ 3.3 is satisfied, where
Wm is the length of the long side of the perma-
nent magnet, Tm is the length of the short side
of the permanent magnet, and Gm is the maxi-
mum distance from the outer circumference of
the rotor to the permanent magnet.

2. The permanent magnet motor according to claim 1,
wherein the rotor is formed of a rotor core provided
with a two-stage skew.

3. The permanent magnet motor according to claim 1
or 2, wherein the permanent magnet has a short side
the length Tm of which is 2 mm or longer, and no
heavy rare earth element is added to the permanent
magnet.
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