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(54) SYNCHRONOUS ELECTRIC MOTOR

(57) A synchronous motor includes a stator that in-
cludes nine teeth that are divided into three phases, each
of which includes three adjacent teeth, windings 2 being
concentratedly wound around the teeth. The circumfer-
ential width w1 of a tip portion 30b of a central tooth 30
among three teeth forming each phase is made smaller

than the circumferential widths w2 and w3 of tip portions
31b and 32b of both-side teeth 31 and 32, and the tooth
thickness t1 of the tip portion 30b of the central tooth 30
is made smaller than the tooth thicknesses t2 and t3 of
the tip portions 31b and 32b of the both-side teeth 31 and
32.
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Description

Field

[0001] The present invention relates to a synchronous
motor.

Background

[0002] In synchronous motors that use permanent
magnets, and in particular in three-phase synchronous
motors in which the stator windings are concentratedly
wound around the teeth, the ratio between the number
of magnetic poles of the permanent magnets used in the
rotor and the number of slots (i.e., the number of teeth)
of the stator is often 2:3.
[0003] In a synchronous motor in which the ratio be-
tween the number of magnetic poles and the number of
slots of the stator is 2:3, openings are often provided
between respective adjacent teeth. The openings are
provided in order to facilitate interlinkage of the magnetic
fluxes generated by the permanent magnets disposed in
the rotor with the stator windings and to prevent the mag-
netic fluxes generated because of the electric current
flowing in the stator windings from short-circuiting be-
tween the stator without the generated magnetic fluxes
being directed to the rotor.
[0004] However, near the openings, because the mag-
netic flux density distribution in the gap between the stator
and the rotor is disturbed, cogging torque is generated,
and the cogging torque causes vibration and noise.
[0005] In order to reduce such cogging torque, con-
ventional synchronous motors, a representative example
of which is disclosed in Patent Literature 1 listed below,
are configured such that a rotor having 8 or 10 magnetic
poles and a stator having 9 slots are used and the wind-
ings for one phase are concentratedly wound around
three adjacent teeth of each phase.
[0006] In such synchronous motors, because 9 wind-
ings are disposed on the stator, the teeth are disposed
at intervals of a mechanical angle of 40 degrees and the
windings on the teeth are continuously disposed at inter-
vals of a mechanical angle of 40 degrees. In a rotor having
8 poles, the width of one magnetic pole has a mechanical
angle of 45 degrees. In a rotor having 10 poles, the width
of one magnetic pole has a mechanical angle of 36 de-
grees.
[0007] Further, pulsations generated while the rotor ro-
tates 360 degrees are determined by the least common
multiple of the number of slots of the stator and the
number of poles of the rotor. Thus, in the case where a
synchronous motor having a ratio between the number
of magnetic poles and the number of slots of the stator
of 2:3 is, for example, an 8-pole/12-slot synchronous mo-
tor, pulsations occur 24 times. However, in the case of
an 8-pole/9-slot synchronous motor, pulsations occur 72
times, and in the case of a 10-pole/9-slot synchronous
motor, pulsations occur 90 times.

[0008] As the number of pulsations increases, the en-
ergy of the cogging torque becomes more distributed.
Thus, the amplitude of the cogging torque decreases. In
other words, an 8-pole/9-slot or 10-pole/9-slot synchro-
nous motor can reduce the cogging torque more than a
synchronous motor that has a ratio between the number
of magnetic poles and the number of slots of the stator
of 2:3.

Citation List

Patent Literature

[0009] Patent Literature 1: Japanese Patent Applica-
tion Laid-open No. S62-110468

Summary

Technical Problem

[0010] However, with conventional synchronous mo-
tors, a representative of which is disclosed in Patent Lit-
erature 1 listed above, windings constituting one phase
are disposed continuously and concentratedly; therefore,
the rotating magnetic field that is generated by causing
an electric current to flow in the stator windings is gen-
erated unevenly with respect to the rotary shaft of the
rotor. Accordingly, an attraction force and a repulsion
force that act between the permanent magnets of the
rotor and the stator become unbalanced with respect to
the rotary shaft, thereby generating a large excitation
force in the radial direction. This excitation force causes
vibration and noise.
[0011] The present invention has been achieved in
view of the above and an object of the present invention
is to provide a synchronous motor that can further reduce
vibration and noise.

Solution to Problem

[0012] In order to solve the above problems and
achieve the object, an aspect of the present invention is
a 10-pole/9-slot synchronous motor that includes nine
teeth that are divided into three phases, each of which
includes three adjacent teeth, the synchronous motor in-
cluding a stator in which a circumferential width of an
inner-diameter-side tip portion of a first tooth, which is
disposed in a center among three teeth forming each
phase, is made smaller than a circumferential width of
inner-diameter-side tip portions of two second teeth,
which are disposed on both sides of the first tooth, and
a radial thickness of the inner-diameter-side tip portion
of the first tooth is made smaller than a radial thickness
of the inner-diameter-side tip portions of the second
teeth.

1 2 
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Advantageous Effects of Invention

[0013] According to the present invention, an effect is
obtained where vibration and noise can be further re-
duced.

Brief Description of Drawings

[0014]

FIG. 1 is a transverse cross-sectional view of a syn-
chronous motor according to an embodiment of the
present invention.
FIG. 2 is an enlarged view of main parts of the syn-
chronous motor illustrated in FIG. 1.
FIG. 3 is a diagram illustrating the relation between
the width of a tip portion of a central tooth and the
induced voltage ratio in a 10-pole/9-slot synchro-
nous motor.
FIG. 4 is a transverse cross-sectional view of the
synchronous motor for explaining the excitation
force.
FIG. 5 is a diagram illustrating the excitation force
that is generated when a sinusoidal current is caused
to flow in the windings of an 8-pole/9-slot synchro-
nous motor.
FIG. 6 is a diagram illustrating a trajectory of the ex-
citation force that is generated in a rotor of the syn-
chronous motor illustrated in FIG. 4.
FIG. 7 is a diagram illustrating the relation between
the generated torque and the excitation force in the
synchronous motor illustrated in FIG. 4.
FIG. 8 is a diagram in which the curve B illustrated
in FIG. 7 is enlarged.
FIG. 9 is a diagram illustrating the relation between
the radial thickness of a tooth tip portion in the 10-
pole/9-slot synchronous motor and the excitation
force ratio in the synchronous motor.
FIG. 10 is a diagram illustrating the relation between
the tooth radial thickness and the excitation force in
the 8-pole/9-slot synchronous motor.
FIG. 11 is a first diagram illustrating the relation be-
tween the thickness of tooth tip portions and the ex-
citation force ratio in the 10-pole/9-slot synchronous
motor.
FIG. 12 is a second diagram illustrating the relation
between the thickness of the tooth tip portions and
the excitation force ratio in the 10-pole/9-slot syn-
chronous motor.
FIG. 13 is a third diagram illustrating the relation be-
tween the thickness of the tooth tip portions and the
excitation force ratio in the 10-pole/9-slot synchro-
nous motor.

Description of Embodiments

[0015] Exemplary embodiments of a synchronous mo-
tor according to the present invention will be described

below in detail with reference to the drawings. The
present invention is not limited to the embodiments.

Embodiment.

[0016] FIG. 1 is a transverse cross-sectional view of a
synchronous motor 10 according to an embodiment of
the present invention. FIG. 2 is an enlarged view of the
main parts of the synchronous motor 10 illustrated in FIG.
1.
[0017] The main configuration of the synchronous mo-
tor 10 illustrated in FIG. 1 includes a stator 1 and a rotor
4. The rotor 4 is disposed on the inner diameter side of
the stator 1 with an air gap 8 therebetween, and a rotary
shaft 7 is provided at the center of the rotor 4. Permanent
magnets 6 having different poles are alternately disposed
circumferentially on the outer diameter surface of a back
yoke 5 of the rotor 4. There are 10 poles in the permanent
magnets 6 in the rotor 4 exemplified in FIG. 1 and the
width of one magnetic pole of the rotor 4 having 10 poles
has a mechanical angle of 36 degrees.
[0018] A relatively low-cost material having a low mag-
netic force (such as a ferrite magnet) is, for example,
used for the permanent magnets 6. When the synchro-
nous motor 10 is used, for example, for an air blower
having a relatively small output, tegular sintered magnets
are used for the permanent magnets 6. Bond magnets
obtained by molding the mixed material of a resin and
magnetic particles in a ring shape may be used for the
permanent magnets 6. Ferrite magnets are cheaper than
rare-earth magnets; therefore, when ferrite magnets are
used for the permanent magnets 6, the excitation force
described below can be reduced while achieving a cost
reduction.
[0019] The stator 1 includes an annularly formed stator
core 3 and windings 2 to which power is supplied from
an external source.
[0020] The stator core 3 includes a yoke 34 and a plu-
rality of teeth (30, 31, 32), and nine teeth (30, 31, 32) are
disposed on the inner circumferential side of the stator
core 3 at equiangular intervals in the circumferential di-
rection. In the stator 1 exemplified in FIG. 1, the teeth
(30, 31, 32) are disposed at intervals of a mechanical
angle of 40 degrees around a shaft center A of the stator
core 3.
[0021] Slots 35 are formed in portions surrounded by
the yoke 34, adjacent teeth (30, 31, 32), and tip portions
(30b, 31b, 32b) of the respective teeth. Nine slots 35 are
provided in the stator core 3 exemplified in FIG. 1.
[0022] Slot openings 33a1, 33a2, and 33b for inserting
the windings 2 into the slots 35 are formed in the portions
where circumferential end portions 30b1, 31b1, and 32b1
of the tip portions 30b, 31b, and 32b of the respective
adjacent teeth face each other. In the stator core 3 ex-
emplified in FIG. 1, the slot openings 33a1, 33a2, and
33b are formed such that they have the same width; how-
ever, it is satisfactory if the slot openings 33a1, 33a2,
and 33b have approximately the same width when an
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error range is included.
[0023] The direction in which the winding 2 that is
wound around a central tooth 30 provided in the center
among the three teeth forming each of the U phase, V
phase, and W phase is wound is opposite to the direction
in which the windings 2 that are wound around both-side
teeth 31 and 32 provided on both sides of the central
tooth 30 are wound. The windings 2 forming the U phase
are concentratedly disposed on the three teeth (30, 31,
32) forming the U phase. In a similar manner, the wind-
ings 2 forming the V phase are concentratedly disposed
on the three teeth (30, 31, 32) forming the V phase, and
the windings 2 forming the W phase are concentratedly
disposed on the three teeth (30, 31, 32) forming the W
phase.
[0024] The synchronous motor 10 according to the
present embodiment is configured such that a circumfer-
ential width w1 of the tip portion 30b of the central tooth
30 included in the teeth group of each phase is smaller
than circumferential widths w2 and w3 of the tip portions
31b and 32b of the both-side teeth 31 and 32 included
in the corresponding phase.

θ1 is defined, for example, as a width from near the
center of the slot opening 33a1 between the circum-
ferential end portion 30b1 on the right side of the
central tooth 30 and the circumferential end portion
31b1 on the left side of the both-side tooth 31 to near
the center of the slot opening 33a2 between the cir-
cumferential end portion 30b1 on the left side of the
central tooth 30 and the circumferential end portion
32b1 on the right side of the both-side tooth 32. In
the present embodiment, θ1 is set to a mechanical
angle within a range of 32 degrees and 40 degrees.
θ2 is defined, for example, as a width from the slot
opening 33b between the circumferential end portion
32b1 of the both-side tooth 32 (see FIG. 1) located
on the right side of the both-side tooth 31 and the
circumferential end portion 31b1 of the both-side
tooth 31 in FIG. 2 to near the center of the slot open-
ing 33a1.
θ3 is defined as a width from the slot opening 33b
between the circumferential end portion 31b1 of the
both-side tooth 31 (see FIG. 1) located on the left
side of the both-side tooth 32 and the circumferential
end portion 32b1 of the both-side tooth 32 in FIG. 2
to near the center of the slot opening 33a2.

[0025] In the present embodiment, the radial thickness
(tooth thickness t1) of the tip portion 30b of the central
tooth 30 included in the teeth group of each phase is
smaller than the radial thickness (tooth thicknesses t2
and t3) of the tip portions 31b and 32b of the both-side
teeth 31 and 32 included in the corresponding phase.
[0026] The tooth thickness t1 is, for example, defined
as a thickness from a root 30a1 between a base portion
30a and the tip portion 30b of the central tooth 30 to an
inner diameter side surface 30b2. The tooth thickness t2

is, for example, defined as a thickness from a root 31a1
between a base portion 31a and the tip portion 31b of
the both-side tooth 31 to an inner diameter side surface
31b2. The tooth thickness t3 is, for example, defined as
a thickness from a root 32a1 between a base portion 32a
and the tip portion 32b of the both-side tooth 32 to an
inner diameter side surface 32b2.
[0027] A dotted line "a" in FIG. 2 indicates a trajectory
that passes the roots 31a1 and 32a1 of the both-side
teeth 31 and 32 (see FIG. 1) and a dotted line "b" in FIG.
2 indicates a trajectory that passes the roots 30a1 of the
central teeth 30 (see FIG. 1). Because the tooth thickness
t1 is smaller than the tooth thicknesses t2 and t3, the
trajectory "a" is located radially outside the trajectory "b".
[0028] In the present embodiment, as an example, the
tooth thicknesses t1, t2, and t3 are defined with the roots
30a1, 31a1, and 32a1 as references, respectively; how-
ever, it is satisfactory if the thickness of the tip portion
30b is small relative to the thickness of the tip portions
31b and 32b.
[0029] If it is assumed that the circumferential central
position of the central tooth 30 included in the teeth group
of each phase corresponds to the magnetic pole center
of the permanent magnet 6, the circumferential central
positions of the both-side teeth 31 and 32 included in the
teeth group of the corresponding phase are each dis-
placed by a predetermined mechanical angle from the
magnetic pole center. In a 10-pole/9-slot synchronous
motor, the width of the magnetic pole is a mechanical
angle of 36 degrees and the width of each of the teeth
30, 31, and 32 is a mechanical angle of 40 degrees; there-
fore, the circumferential center of each of the both-side
teeth 31 and 32 is displaced from the magnetic pole cent-
er by a mechanical angle of 4 degrees. In an 8-pole/9-
slot synchronous motor, in a similar manner to the above,
the circumferential center of each of the both-side teeth
is displaced from the magnetic pole center.
[0030] Accordingly, in the 10-pole/9-slot synchronous
motor, the induced voltage generated in the windings 2
of the both-side teeth 31 and 32 included in the teeth
group of each phase is out of phase with the induced
voltage generated in the winding 2 of the central tooth
30 included in the corresponding phase. Therefore, due
to the effect of this phase difference, the total induced
voltage generated in the three windings 2 forming the
teeth group of each phase becomes smaller than the
value obtained by multiplying the induced voltage gen-
erated in the central tooth 30 by three.
[0031] In other words, in the 10-pole/9-slot synchro-
nous motor, the induced voltage generated in the wind-
ings 2 of the both-side teeth 31 and 32 is out of phase
with the induced voltage generated in the winding 2 of
the central tooth 30; therefore, the contribution of the
both-side teeth 31 and 32 to the output torque becomes
smaller than the contribution of the central tooth 30 to
the output torque. The same holds true for the 8-pole/9-
slot synchronous motor.
[0032] FIG. 3 is a diagram illustrating the relation be-
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tween the width of the tip portion of the central tooth and
the induced voltage ratio in the 10-pole/9-slot synchro-
nous motor. The data in FIG. 3 represents the result of
the magnetic field analysis of the ratio (induced voltage
ratio) of the value of the induced voltage when the width
θ1 of the tip portion 30b of the central tooth 30 is changed
from 40 degrees to 32 degrees to the value of the induced
voltage when the teeth are disposed at intervals of a me-
chanical angle of 40 degrees, which is defined as 1.0.
[0033] The horizontal axis represents the width θ1 of
the tip portion 30b of the central tooth 30 and the vertical
axis represents the induced voltage ratio. As illustrated
in FIG. 3, the induced voltage ratio in the 10-pole/9-slot
synchronous motor takes a value that is larger than or
equal to 1 when the width θ1 is larger than or equal to
32 degrees and smaller than or equal to 40 degrees and
is at a maximum when the width θ1 is the same value as
the magnetic pole width (mechanical angle of 36 de-
grees) of the rotor 4.
[0034] In the 10-pole/9-slot or 8-pole/9-slot synchro-
nous motor, the windings for one phase are concentrat-
edly disposed; therefore, the rotating magnetic field that
is generated when an electric current flows in the wind-
ings is generated unevenly with respect to the rotary
shaft. Thus, a large excitation force (magnetic attractive
force) is generated against the rotary shaft in the radial
direction.
[0035] FIG. 4 is a transverse cross-sectional view of
the synchronous motor 10 for explaining the excitation
force. In the synchronous motor 10 in FIG. 4, the rotor 4
having 8 poles or 10 poles is used. In the case of rotating
the rotor 4 counterclockwise as illustrated in FIG. 4, an
electric current flows in the windings 2 of each phase of
the stator 1 in accordance with the positions of the mag-
netic poles, thereby generating torque.
[0036] FIG. 5 is a diagram illustrating the excitation
force that is generated when a sinusoidal current is
caused to flow in the windings of the 8-pole/9-slot syn-
chronous motor. FIG. 5 illustrates the magnetic field anal-
ysis of the excitation force that is generated when the
rotor 4 is rotating, where the transverse direction of the
synchronous motor 10 is the X axis and the vertical di-
rection of the synchronous motor 10 is the Y axis.
[0037] As illustrated in FIG. 5, the excitation force
changes substantially sinusoidally in the X-axis direction
or the Y-axis direction as the rotor 4 rotates. In the 8-
pole/9-slot synchronous motor, when the rotor 4 rotates
360 degrees, the excitation force that fluctuates sinusoi-
dally is generated eight times. In the 10-pole/9-slot syn-
chronous motor, when the rotor 4 rotates 360 degrees,
the excitation force that fluctuates sinusoidally is gener-
ated ten times.
[0038] FIG. 6 is a diagram illustrating the trajectory of
the excitation force that is generated in the rotor of the
synchronous motor illustrated in FIG. 4. In order to rec-
ognize the magnitude and direction of the excitation
force, in FIG. 6, the X-axis direction indicates the mag-
nitude of the excitation force that is generated in the X-

axis direction in FIG. 4 and the Y-axis direction indicates
the magnitude of the excitation force that is generated in
the Y-axis direction in FIG. 4. As exemplified in FIG. 6,
the excitation force follows a substantially circular trajec-
tory and is generated with a substantially constant mag-
nitude while changing the direction as the rotor 4 rotates.
[0039] The absolute value of the excitation force ex-
hibits an increasing trend as the torque generated in the
synchronous motor 10 increases; however, it differs de-
pending on the size of the synchronous motor or the like.
Thus, FIG. 6 only illustrates the trend of the excitation
force that is generated in the 8-pole/9-slot or 10-pole/9-
slot synchronous motor and does not illustrate specific
numerical values.
[0040] FIG. 7 is a diagram illustrating the relation be-
tween the generated torque and the excitation force in
the synchronous motor illustrated in FIG. 4. FIG. 7 illus-
trates a curve A, which indicates the relation between
the torque and the excitation force in the 8-pole/9-slot
synchronous motor 10, and a curve B, which indicates
the relation between the torque and the excitation force
in the 10-pole/9-slot synchronous motor. In these syn-
chronous motors, the permanent magnets 6 having an
equivalent magnetic force are used in the rotor 4.
[0041] As illustrated in FIG. 7, both the excitation force
in the 10-pole/9-slot synchronous motor and the excita-
tion force in the 8-pole/9-slot synchronous motor in-
crease in proportion to the generated torque. However,
the excitation force in the 10-pole/9-slot synchronous mo-
tor is substantially smaller than the excitation force in the
8-pole/9-slot synchronous motor and is specifically
smaller than or equal to one-fourth the excitation force
of the 8-pole/9-slot synchronous motor.
[0042] FIG. 8 is a diagram in which the curve B illus-
trated in FIG. 7 is enlarged. In FIG. 8, for ease of under-
standing of the change of the curve B in FIG. 7, the values
on the vertical scale are different from the values on the
vertical scale in FIG. 7. As illustrated in FIG. 8, the exci-
tation force in the 10-pole/9-slot synchronous motor ex-
hibits characteristics close to a quadratic function with
respect to the generated torque. In such a manner, in the
10-pole/9-slot synchronous motor, the excitation force
exhibits a tendency to increase sharply as the generated
torque increases. Due to this tendency, it can be pre-
sumed that the magnetic flux density of the stator core 3
affects the excitation force.
[0043] FIG. 9 is a diagram illustrating the relation be-
tween the radial thickness of the tooth tip portion in the
10-pole/9-slot synchronous motor and the excitation
force ratio in the synchronous motor. The horizontal axis
indicates the tooth thickness (t1, t2, t3) in the 10-pole/9-
slot synchronous motor and the vertical axis indicates
the excitation force ratio in the 10-pole/9-slot synchro-
nous motor. The data in FIG. 9 represents the result of
the magnetic field analysis of the ratio (excitation force
ratio) of the value of the excitation force when the tooth
thickness (t1, t2, t3) is changed to the minimum value of
the excitation force when the tooth thickness (t1, t2, t3)
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is changed, which is defined as 1.0.
[0044] The generated torque when the data in FIG. 9
is obtained is equivalent to the rated output in the 10-
pole/9-slot synchronous motor. As illustrated in FIG. 9,
in the 10-pole/9-slot synchronous motor, the excitation
force ratio indicates a substantially constant value in a
region in which the tooth thickness (t1, t2, t3) is relatively
large. In contrast, in a region in which the tooth thickness
is relatively small, the excitation force ratio increases as
the tooth thickness decreases. It can be presumed that
this tendency is because the magnetic path narrows as
the tooth thickness decreases and thus the magnetic flux
density in the tooth tip portion increases, thereby result-
ing in an increase in the excitation force. This can be
presumed to be due to the same reason as the following:
the electric current increases as the torque of the electric
motor is increased and thus the magnetic field density in
the tooth tip portion increases, thereby resulting in an
increase in the excitation force. In other words, it can be
presumed that this tendency is because of an increase
in the magnetic field density in the tooth tip portion.
[0045] FIG. 10 is a diagram illustrating the relation be-
tween the tooth radial thickness and the excitation force
in the 8-pole/9-slot synchronous motor. The horizontal
axis indicates the tooth thickness in the 8-pole/9-slot syn-
chronous motor and the vertical axis indicates the exci-
tation force ratio in the 8-pole/9-slot synchronous motor.
The data in FIG. 10 represents the result of the magnetic
field analysis of the ratio (excitation force ratio) of the
value of the excitation force when the tooth thickness is
changed to the minimum value of the excitation force
when the tooth thickness is changed, which is defined
as 1.0.
[0046] The generated torque when the data in FIG. 10
is obtained is equivalent to the rated output in the 8-
pole/9-slot synchronous motor. As illustrated in FIG. 10,
in the 8-pole/9-slot synchronous motor, the excitation
force ratio changes little with respect to the change in the
tooth thickness.
[0047] As is apparent from the results in FIG. 9 and
FIG. 10, the effect of suppressing the excitation force of
the rotor by increasing the tooth thickness can be ob-
tained in the 10-pole/9-slot synchronous motor. In the
synchronous motor having the ratio between the number
of magnetic poles and the number of slots of 2:3, when
the three windings 2 forming one phase are disposed
symmetrically about the rotary shaft 7, the magnetic at-
tractive forces are canceled out with respect to the rotary
shaft 7; therefore, the excitation force of the rotor 4 as
described above is not generated. Therefore, in the syn-
chronous motor configured as above, even when the
tooth thickness t1 is made smaller than the tooth thick-
nesses t2 and t3 as illustrated in FIG. 2, the excitation
force does not change and thus an effect similar to the
above cannot be obtained.
[0048] However, when the value of the air gap 8 is
made constant and the tooth thickness is increased in
order to suppress the excitation force, the cross-sectional

area of the slots 35, into which the windings 2 are stored,
is reduced. As a measure against this, it is possible to
reduce the wire diameter of the copper wires used for
the windings 2; however, when the wire diameter of the
windings is reduced, the loss (copper loss) generated in
the copper wires increases due to the increase in the
resistance of the windings 2. Therefore, the efficiency of
the synchronous motor is reduced.
[0049] As a measure against such a reduction in effi-
ciency, it is possible to set, in the teeth group of each
phase, the circumferential width w1 of the tip portion 30b
of the central tooth 30 to be smaller than the circumfer-
ential widths w2 and w3 of the tip portions 31b and 32b
of the both-side teeth 31 and 32. With this configuration,
the induced voltage is increased and thus an electric cur-
rent is reduced, thereby preventing an increase in copper
loss. Therefore, a reduction of the efficiency can be sup-
pressed.
[0050] In this case, the magnetic attractive force (i.e.,
excitation force generated in the radial direction against
the rotary shaft) generated between the tip portion 30b
and the rotor 4 may be reduced as a result of a reduction
of the circumferential width w1 of the tip portion 30b of
the central tooth.
[0051] With the use of such a reduction in the magnetic
attractive force, in the present embodiment, the tooth
thickness t1 of the central tooth 30 is made smaller than
the tooth thicknesses t2 and t3 of the both-side teeth 31
and 32. With this configuration, the cross-sectional area
of the slots 35 can be relatively increased; therefore, an
increase in the magnetic attractive force can be sup-
pressed even when the number of windings of the central
tooth 30 is increased.
[0052] Next, an explanation will be given of the mag-
nitude of the excitation force when the tooth thickness is
changed.
[0053] FIG. 11 is a first diagram illustrating the relation
between the thickness of the tooth tip portions and the
excitation force ratio in the 10-pole/9-slot synchronous
motor. The data in FIG. 11 represents the result of the
magnetic field analysis of the ratio (excitation force ratio)
of the value of the excitation force when each tooth thick-
ness is changed to the value of the excitation force when
the tooth thicknesses t1, t2, and t3 of three teeth forming
each phase are set to a minimum, which is defined as
1.0, in the 10-pole/9-slot synchronous motor 10 in which
the width θ1 of the tip portion 30b is set to 40 degrees.
[0054] In FIG. 11, the smallest tooth thickness is de-
scribed as "thin", the largest tooth thickness is described
as "thick", and the intermediate thickness between "thin"
and "thick" is described as "normal".
[0055] The three pieces of data on the left side indicate
the excitation force ratio in the 10-pole/9-slot synchro-
nous motor 10 in which the tooth thickness t2 and the
tooth thickness t3 are set small and the tooth thickness
t1 is set to three different thicknesses. The three pieces
of data on the right side indicate the excitation force ratio
in the 10-pole/9-slot synchronous motor 10 in which the
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tooth thickness t2 and the tooth thickness t3 are set large
and the tooth thickness t1 is set to three different thick-
nesses. The data in the center indicates the excitation
force ratio in the 10-pole/9-slot synchronous motor 10 in
which the tooth thickness t1, the tooth thickness t2, and
the tooth thickness t3 are set to the intermediate thick-
ness.
[0056] According to the data in FIG. 11, the excitation
force ratio in the cases other than the case where the
tooth thicknesses t1, t2, and t3 are all "thin" indicates a
low value compared with the excitation force ratio (data
on the leftmost side) where the tooth thicknesses t1, t2,
and t3 are all "thin".
[0057] There is no significant difference between the
excitation force ratio (data in the center) when the tooth
thicknesses t1, t2, and t3 are all "normal" and the exci-
tation force ratio (data on the rightmost side) when the
tooth thicknesses t1, t2, and t3 are all "thick".
[0058] In contrast, the excitation force ratio (second
and third pieces of data from the right) when the tooth
thickness t2 and the tooth thickness t3 are "thick" and
the tooth thickness t1 is "normal" or "thin" exhibits a de-
creasing trend. However, the excitation force ratio of the
second and third pieces of data from the left is approxi-
mately the same as the excitation force ratio in the center.
Therefore, from the perspective of ensuring the slot
cross-sectional area, a significant effect cannot be ob-
tained by reducing only the tooth thickness t1.
[0059] FIG. 12 is a second diagram illustrating the re-
lation between the thickness of the tooth tip portions and
the excitation force ratio in the 10-pole/9-slot synchro-
nous motor. FIG. 12 is different from FIG. 11 in that the
10-pole/9-slot synchronous motor 10 in which the width
θ1 of the tip portion 30b is set to 36 degrees is used.
[0060] According to the data in FIG. 12, it is found that
there is a significant difference between the third excita-
tion force ratio from the right and the fourth excitation
force ratio from the right. In other words, when the width
θ1 of the tip portion 30b is set to 36 degrees, even when
the tooth thickness t1 is reduced, the excitation force can
be reduced by increasing the tooth thickness t2 and the
tooth thickness t3. This trend becomes more significant
as the width θ1 of the tip portion 30b, i.e., the circumfer-
ential width w1 of the tip portion 30b, is reduced.
[0061] FIG. 13 is a third diagram illustrating the relation
between the thickness of the tooth tip portions and the
excitation force ratio in the 10-pole/9-slot synchronous
motor. FIG. 13 is different from FIG. 11 in that the 10-
pole/9-slot synchronous motor 10 in which the width θ1
of the tip portion 30b is set to 32 degrees is used.
[0062] In the synchronous motor 10 in which the width
θ1 of the end portion 30b is set to 32 degrees, it is found
that the tooth thickness t2 and the tooth thickness t3 have
a dominant effect on the excitation force, and, as a result,
the third excitation force ratio from the right is reduced
compared with the excitation force ratio illustrated in FIG.
12.
[0063] As described above, the synchronous motor 10

according to the present embodiment is the 10-pole/9-
slot synchronous motor 10 that includes nine teeth that
are divided into three phases, each of which includes
three adjacent teeth, and that includes the stator 1 in
which the circumferential width w1 of the inner-diameter-
side tip portion (30b) of the first tooth (30), which is dis-
posed in the center among three teeth forming each
phase, is made smaller than the circumferential widths
w2 and w3 of the inner-diameter-side tip portions (31b,
32b) of the two second teeth (31, 32), which are disposed
on both sides of the first tooth, and the radial thickness
(t1) of the inner-diameter-side tip portion of the first tooth
is made smaller than the radial thickness (t2, t3) of the
inner-diameter-side tip portion of each of the second
teeth. With this configuration, the radial excitation force
that is generated in principle in the 10-pole/9-slot syn-
chronous motor is reduced. Moreover, a larger induced
voltage can be generated by reducing the circumferential
width w1 of the central tooth 30 such that it is smaller
than the circumferential widths t2 and t3 of the both-side
teeth 31 and 32; therefore, the efficiency of the synchro-
nous motor 10 can be improved. Furthermore, because
the tooth thickness t1 of the central tooth 30 is made
smaller than the tooth thicknesses t2 and t3 of the both-
side teeth 31 and 32, a reduction in the cross-sectional
area of the slots 35 is suppressed. Therefore, a reduction
in efficiency of the synchronous motor 10 can be sup-
pressed. As a result, the efficiency can be improved while
further reducing vibration and noise.
[0064] Moreover, in the synchronous motor 10 accord-
ing to the present embodiment, the width w1 from the
slot opening (33a1) between the first tooth (30) and one
of the second teeth (31) to the slot opening (33a2) be-
tween the first tooth (30) and the other of the second
teeth (32) is made larger than a mechanical angle of 32
degrees and smaller than a mechanical angle of 40 de-
grees. With this configuration, the winding factor increas-
es compared with the conventional 10-pole/9-slot syn-
chronous motor that is formed such that the width w1 is
40 degrees; therefore, high output and high efficiency
can be achieved. The winding factor is an index that in-
dicates how efficiently the magnetic flux generated from
the permanent magnets 6 of the rotor 4 interlinks the
windings 2.
[0065] Furthermore, in the synchronous motor 10 ac-
cording to the present embodiment, the width w1 from
the slot opening (33a1) between the first tooth (30) and
one of the second teeth (31) to the slot opening (33a2)
between the first tooth (30) and the other of the second
teeth (32) is made such that the width becomes a me-
chanical angle of 36 degrees. With this configuration,
among the synchronous motors 10 in which the circum-
ferential width w1 of the tip portion 30b of the central tooth
30 is made smaller than the circumferential widths w2
and w3 of the tip portions 31b and 32b of the both-side
teeth 31 and 32, the winding factor becomes the largest.
Therefore, high output and high efficiency can be
achieved.
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[0066] The embodiment of the present invention de-
scribes an example of the details of the present invention
and it is obvious that the embodiment can be combined
with other publicly known technologies and can be
changed, for example, by omitting a part thereof without
departing from the scope of the present invention.

Industrial Applicability

[0067] As described above, the present invention can
be applied to a synchronous motor and is particularly
useful as an invention that can achieve further reduction
in vibration and noise.

Reference Signs List

[0068]

1 stator, 2 winding, 3 stator core, 4 rotor, 5 back yoke,
6 permanent magnet, 7 rotary shaft, 8 air gap, 10
synchronous motor, 30 central tooth, 30a base por-
tion, 30a1 root, 30b tip portion, 30b1 circumferential
end portion, 30b2 inner diameter side surface, 31
both-side tooth, 31a base portion, 31a1 root, 31b tip
portion, 31b1 circumferential end portion, 31b2 inner
diameter side surface, 32 both-side tooth, 32a base
portion, 32a1 root, 32b tip portion, 32b1 circumfer-
ential end portion, 32b2 inner diameter side surface,
33a1, 33a2, 33b slot opening, 34 yoke, 35 slot.

Claims

1. A 10-pole/9-slot synchronous motor that includes
nine teeth that are divided into three phases, each
of which includes three adjacent teeth, the synchro-
nous motor comprising a stator in which a circum-
ferential width of an inner-diameter-side tip portion
of a first tooth, which is disposed in a center among
three teeth forming each phase, is made smaller than
a circumferential width of inner-diameter-side tip por-
tions of two second teeth, which are disposed on
both sides of the first tooth, and a radial thickness of
the inner-diameter-side tip portion of the first tooth
is made smaller than a radial thickness of the inner-
diameter-side tip portions of the second teeth.

2. The 10-pole/9-slot synchronous motor according to
claim 1, wherein a width from a slot opening between
the first tooth and one of the second teeth to a slot
opening between the first tooth and another of the
second teeth is made larger than a mechanical angle
of 32 degrees and smaller than a mechanical angle
of 40 degrees.

3. The 10-pole/9-slot synchronous motor according to
claim 1, wherein a width from a slot opening between
the first tooth and one of the second teeth to a slot

opening between the first tooth and another of the
second teeth is made such that the width becomes
a mechanical angle of 36 degrees.
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