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(54) ELECTRIC MOTOR

(57) An electric motor according to one embodiment
includes a stator and a rotor. The stator has a stator core,
stator teeth and stator slots. A stator coil is wound around
the stator teeth, and the stator teeth are arranged in a
circumferential direction. The stator slots are formed be-
tween the stator teeth adjacent to each other in the cir-
cumferential direction, and the stator coil is stored in the
stator slots. The rotor has a rotor core, rotor teeth and
rotor slots. The rotor core has a surface facing the rotor
core in a radial direction. The rotor teeth are provided on
the surface and are arranged in the circumferential di-
rection. The stator slots are formed between the rotor
teeth adjacent to each other in the circumferential direc-
tion, and conductor bars are stored in the rotor slots.
When a natural number is referred to as m, the number
of the stator lots is referred to as Nss, and a rotor skew
angle at which the rotor slots are slanted with respect to
a rotational axis is referred to as θrs, the rotor skew angle
θrs is set in such a manner as to satisfy θrs = 360/(Nss·m).
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Description

Technical Field

[0001] Embodiments described herein relate generally to an electric motor.

Background Art

[0002] One example of the electric motor is an induction electric motor. The induction electric motor is composed of
a stator in which a stator coil is arranged around a substantially cylindrical stator core having a plurality of stator slots,
and a rotor which is located on the inside in the radial direction of the stator and is provided in a rotatable manner with
respect to the stator.
[0003] The rotor comprises a rotary shaft which is rotatable around a rotational axis, and a rotor core which is externally
fitted and fixed to the rotary shaft. A plurality of rotor teeth extending in the radial direction are radially arranged in the
rotor core, and rotor slots are formed between the rotor teeth which are adjacent to each other in the circumferential
direction. Conductor bars are inserted in the rotor slots, respectively.
[0004] In the induction electric motor in the above-described configuration, when current is supplied to the stator coil,
induction current is generated in the conductor bar (secondary conductor) by magnetic flux generated on the primary
side (stator side). Consequently, rotary torque is applied to the rotor.
[0005] Here, since the primary side has the stator slot for storing the stator coil and the secondary side has the rotor
slot for storing the conductor bar, spatial harmonic magnetic flux which does not contribute to the rotary torque of the
rotor is generated. That is, the spatial harmonic magnetic flux generates harmonic secondary current in the conductor
bar located near a minute gap between the stator and the rotor. The harmonic secondary current serves as resistance
at the time of generating the induction current in the conductor bar, and causes a loss at the time of generating the rotary
torque in the rotor. The loss is called a harmonic secondary copper loss.
[0006] Incidentally, the so-called skew structure for slanting the stator slots or the rotor slots with respect to the axial
direction for the purpose of reducing torque ripples, noises and vibrations is known. However, even if the stator slots or
the rotor slots are skewed for the purpose of reducing torque ripples, noises and vibrations, the influence of the spatial
harmonic magnetic flux may not be reduced.

Citation List

Non Patent Literature

[0007] Non Patent Literature 1: Yukito TAKAHASHI, "Electric Device Design II -AC Generator and Induction Electric
Motor-", Kyoritsu Shuppan Co., Ltd., 1956, pages 184 to 187

Summary of Invention

Technical Problem

[0008] Embodiments described herein aim to provide an electric motor which can reduce the influence of spatial
harmonic magnetic flux.

Solution to Problem

[0009] According to one embodiment, an electric motor includes a stator and a rotor. The stator has a stator core,
stator teeth and stator slots. A stator coil is wound around the stator teeth, and the stator teeth are arranged in a
circumferential direction. The stator slots are formed between the stator teeth adjacent to each other in the circumferential
direction, and the stator coil is stored in the stator slots. The rotor has a rotor core, rotor teeth and rotor slots. The rotor
core has a surface facing the rotor core in a radial direction, and is provided in such a manner that the rotor core can
rotate around a rotational axis with respect to the stator. The rotor teeth are provided on the surface and are arranged
in the circumferential direction. The stator slots are formed between the rotor teeth adjacent to each other in the circum-
ferential direction, and conductor bars are stored in the rotor slots. When a natural number is referred to as m, the number
of the stator lots is referred to as Nss, and a rotor skew angle at which the rotor slots are slanted with respect to a
rotational axis is referred to as θrs, the rotor skew angle θrs is set in such a manner as to satisfy θrs = 360/(Nss·m).



EP 3 633 833 A1

3

5

10

15

20

25

30

35

40

45

50

55

Brief Description of Drawings

[0010]

FIG. 1 is a cross-sectional view of an electric motor of the first embodiment taken along a central axis.
FIG. 2 is a perspective view showing a state where conductor bars are inserted in a rotor core of the first embodiment.
FIG. 3 is a perspective view showing a state where a stator coil is arranged on a stator core of the second embodiment.
FIG. 4 is a cross-sectional view of an electric motor of the fourth embodiment taken orthogonally with respect to the
central axis.

Mode for Carrying Out the Invention

[0011] Electric motors of embodiments will be described hereinafter with reference to the accompanying drawings.

(First Embodiment)

[0012] FIG. 1 is a cross-sectional view of an electric motor 1 taken along a central axis C and only shows a half of the
electric motor 1 on one side of the central axis C.
[0013] The electric motor 1 is the so-called induction electric motor and is used for driving a train vehicle (not shown),
for example.
[0014] As shown in FIG. 1, the electric motor 1 comprises a stator 2, a rotor 3 which is provided in a rotatable manner
with respect to the stator 2, and a casing 4 which supports the stator 2 and the rotor 3. Note that the direction of the
central axis C will be hereinafter referred to simply as an axial direction, the direction of rotation around the central axis
C will be hereinafter referred to as a circumferential direction (rotational direction), and a direction orthogonal to the axial
direction and the circumferential direction will be hereinafter referred to as a radial direction.
[0015] The stator 2 comprises a stator core 5 having a substantially cylindrical shape. The stator core 5 is formed by
stacking a plurality of stator electromagnetic steel plates 6 in the axial direction. The stator electromagnetic steel plates
6 are thin steel plates manufactured by adding silicon to iron, for example.
[0016] In addition, a plurality of stator teeth 7 projecting toward the central axis C are formed on an inner peripheral
surface 5a side of the stator core 5. The stator teeth 7 are arranged at regular intervals in the circumferential direction.
In addition, the stator teeth 7 extend in the axial direction.
[0017] Furthermore, stator slots 8 are formed between the stator teeth 7 which are adjacent to each other in the
circumferential direction. The stator slots 8 also extend in the axial direction. Furthermore, a stator coil 9 is wound around
the stator teeth 7 via the stator slots 8. The stator coil 9 is provided in such a manner that the stator coil 9 overhangs
outward in the axial direction from both ends in the axial direction of the stator core 5. For example, DC power supplied
from a wire via a pantograph (both not shown) is converted into AC power and is supplied to the stator coil 9.
[0018] Furthermore, stator core holders 10 are provided at both ends in the axial direction of the stator core 5. The
stator core holders 10 hold the stacked stator electromagnetic steel plates 6 (stator core 5) such that the stacked stator
electromagnetic steel plates 6 will not be separated from each other. The stator core holders 10 have a substantially
ring shape and are formed of metal such as iron, and the outer diameter of the stator core holders 10 is set to be greater
than the outer diameter of the stator core 5. In addition, the inner diameter of the stator core holders 10 is set to be such
an inner diameter that the stator core holders 10 do not contact the stator coil 9. The stator core 5 and the stator core
holders 10 are integrated by welding, etc.
[0019] The rotor 3 comprises a rotary shaft 21 which is rotatable around the central axis C. That is, the central axis C
and the rotational axis of the rotor 3 coincide with each other.
[0020] A rotor core 22 having a substantially columnar shape is externally fitted and fixed at a position corresponding
to the stator 2 of the rotary shaft 21. The outer diameter of the rotor core 22 is set to such an outer diameter that a minute
gap is formed between an outer peripheral surface 22a of the rotor core 22 and the stator teeth 7 of the stator 2. The
minute gap should preferably be as small as possible.
[0021] The rotor core 22 is also formed by stacking a plurality of rotor electromagnetic steel plates 23 in the axial
direction. In addition, at the center in the radial direction of the rotor core 22, a through hole 24 into which the rotary
shaft 21 can be inserted or press-fitted is formed in a penetrating manner over the entire length in the axial direction.
Consequently, the rotary shaft 21 and the rotor core 22 rotate in an integrated manner. In a case where the rotary shaft
21 is inserted into the rotor core 22, the rotor shaft 21 is integrated with the rotor core 22 by an adhesive, etc.
[0022] In addition, rotor core holders 25 having a substantially disk shape are provided at both ends in the axial direction
of the rotor core 22. The rotor core holders 25 are also formed of metal such as iron, and at the centers in the radial
direction, through holes 25a into which the rotary shaft 21 can be inserted or press-fitted are formed, respectively.
[0023] The rotor core holders 25 configured as described above have the function of holding the stacked rotor elec-
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tromagnetic steel plates 23 (rotor core 22) such that the stacked rotor electromagnetic steel plates 23 will not be separated
from each other or displaced in the axial direction with respect to the rotary shaft 21.
[0024] In addition, a plurality of rotor teeth 29 projecting outward in the radial direction (toward the stator teeth 7 side)
are formed on the outer peripheral surface 22a side of the rotor core 22. The rotor teeth 29 are arranged at regular
intervals in the circumferential direction. In addition, rotor slots 26 are formed between the rotor teeth 29 which are
adjacent to each other in the circumferential direction. Conductor bars 30 having a rod shape are inserted in the rotor
slots 26, respectively. The conductor bars 30 are formed of a conductive and nonmagnetic material such as copper or
aluminum. Both ends in the axial direction of each conductor bar 30 project from the rotor core holders 25. Short-circuit
rings 31 having a substantially ring shape are provided at these projecting ends. The conductor bars 30 are connected
by these short-circuit rings 31. It is preferable that the material of the short-circuit rings 31 should be the same as the
material of the conductor bars 30 and should be aluminum alloy or copper alloy, for example. However, the material of
the short-circuit rings 31 is not limited to these materials.
[0025] In addition, rotor core holders 25 having a substantially disk shape are provided at both ends in the axial direction
of the rotor core 22. The rotor core holders 25 are also formed of metal such as iron, and at the centers in the radial
direction, through holes 24 into which the rotary shaft 21 can be inserted or press-fitted are formed, respectively.
[0026] The rotor core holders 25 configured as described above holds the stacked rotor electromagnetic steel plates
23 (rotor core 22) such that the stacked rotor electromagnetic steel plates 23 will not be separated from each other or
displaced in the axial direction with respect to the rotary shaft 21.
[0027] The casing 4 which supports the stator 2 and the rotor 3 is composed of a pair of mirror covers 11 and 12
having a substantially bottomed cylindrical shape and arranged on both sides in the axial direction of the stator 2, and
a pair of bearing brackets 13 and 14 which are integrated with the corresponding mirror covers 11 and 12.
[0028] The mirror covers 11 and 12 are arranged in such a state where openings 11a and 12a are directed to the
stator core 5 side. In addition, outer flange portions 15 and 16 are formed at the outer circumferential edges of the
openings 11a and 12a of the mirror covers 11 and 12, respectively.
[0029] The outer diameters of the outer flange portions 15 and 16 are set to be substantially the same as the outer
diameter of the stator core holders 10. Consequently, the stator core holders 10 and the outer flange portions 15 and
16 of the mirror covers 11 and 12 overlap in the axial direction. Furthermore, the stator holders 10 and the outer flange
portions 15 and 16 of the mirror covers 11 and 12 are fastened by bolts and nuts (not shown). Consequently, the stator
2 is supported on the mirror covers 11 and 12.
[0030] Openings 11c and 12c are formed at the centers in the radial direction of bottom portions 11b and 12b of the
mirror covers 11 and 12, respectively. Corresponding bearing brackets 13 and 14 are provided in such a manner as to
close the openings 11c and 12c, respectively. The bearing brackets 13 and 14 are integrated with the corresponding
mirror covers 11 and 12, respectively.
[0031] The bearing brackets 13 and 14 have a substantially truncated cone shape and are arranged in such a manner
as to project toward the stator 2. At the centers in the radial direction of the bearing brackets 13 and 14, insertion holes
13a and 14a into which the rotary shaft 21 which will be described later can be inserted are formed in a penetrating
manner in the axial direction.
[0032] At the centers in the radial direction of the bearing brackets 13 and 14, bearing storage portions 13b and 14b
are formed in a recessed manner on the outside in the axial direction, respectively. Bearings 17 and 18 are provided in
the bearing storage portions 13b and 14b, respectively. The rotary shaft 21 is rotatably supported on the bearing brackets
13 and 14 via the bearings 17 and 18. The casing 4 is fixed under the floor of a train vehicle (both not shown).
[0033] FIG. 2 is a perspective view showing a state where the conductor bars 30 are inserted in the rotor core 22. In
FIG. 2, to simplify the explanation, the conductor bars 30 are cut with an end plane in the axial direction of the rotor core 22.
[0034] As shown in the drawing, in the rotor core 22, the rotor electromagnetic steel plates 23 are stacked one on top
of another while being displaced from one another by a predetermined angle in the circumferential direction. Conse-
quently, the rotor slots 26 of the rotor core 22 have a rotor skew angle θrs such that the rotor slots 26 of the rotor core
22 are slanted with respect to the axial direction.
[0035] In other words, the rotor skew angle θrs is, when arbitrary portions of the rotor slots 26 of the rotor electromagnetic
steel plates 23 arranged at both ends in the axial direction of the rotor core 22 (on two rotor core holder 25 sides) are
connected to each other by a straight line (for example, a straight line L1 shown in FIG. 2), an angle between the straight
line and the axial direction.
[0036] Here, when a natural number is referred to as m and the number of the stator slots 8 of the stator 2 is referred
to as Nss, the rotor skew angle θrs is set in such a manner as to satisfy the following formula (1). 
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[0037] That is, the rotor skew angle θrs is set based on the number of the stator slots 8, not the number of the rotor
slots 26. In the present first embodiment, m = 1 and θrs = 360/Nss. However, m may be any natural number.
[0038] To operate the electric motor 1 in the above-described configuration, current is supplied to the stator coil 9 via
an inverter (not shown). The inverter (not shown) is a control device for supplying current having a predetermined
frequency to the stator coil 9. More specifically, three-phase AC current is supplied to the stator coil 9. As a result, main
magnetic flux is formed in predetermined stator teeth 7 of the stator core 5. Subsequently, the stator teeth 7 in which
the main magnetic flux is formed are sequentially switched in the rotational direction (circumferential direction) of the
rotor 3 (the formed main magnetic flux shifts in a rotating manner).
[0039] In addition, the main magnetic flux flows through the rotor teeth 29 via the stator teeth 7. At this time, since the
conductor bars 30 are inserted in the rotor slots 26, if the main magnetic flux of the stator 2 interlinks with the rotor slots
26 and the main magnetic flux changes, secondary current is generated in the conductor bars 30. By the secondary
current and the magnetic flux of the stator 2, rotary torque is generated in the rotor 3.
[0040] Here, as described above, in addition to the main magnetic flux of the stator 2, spatial harmonic magnetic flux
is also generated in the rotor core 22 due to the influence of the rotor slots 26. Since the spatial harmonic magnetic flux
is generated near the minute gap between the stator 2 and the rotor 3, the spatial harmonic magnetic flux flows in such
a manner as to pass in the circumferential direction through the rotor slots 26 (the conductor bars 30), and this causes
the harmonic secondary copper loss of the electric motor 1. The reason why the harmonic secondary copper loss is
reduced by setting the rotor skew angle θrs based on the above-described formula (1) will be described below.
[0041] For example, when current flowing through an arbitrary conductor bar 30A (30) shown in FIG. 2 is assumed to
be current irn, the current irn is proportional to the difference in temporal differentiation between magnetic flux Φ1 and
magnetic flux Φ2 which pass through the rotor teeth 29 located on both sides in the circumferential direction of the
conductor bar 30A. That is, when numbers are sequentially assigned in the circumferential direction to the rotor teeth
29, the current irn which flows into the conductor bar 30 located between the nth rotor tooth 29 and the n+1th rotor tooth
29 satisfies the following formula (2). 

[0042] In addition, when the harmonic magnetic flux generated due to the influence of the stator slots 8 when viewed
the rotor 3 side and included in the magnetic flux Φ (hereinafter referred to as stator slot harmonic magnetic flux) is
referred to as Φnh, the stator slot harmonic magnetic flux Φnh is considered to be proportional to fundamental magnetic
flux Φn0. The fundamental magnetic flux Φn0 when viewed from the conductor bars 30 rotates at a slip frequency fs,
and the phases of the stator slots 26 are shifted from one another by a mechanical angle of 2π/Nrs. Therefore, when
the number of magnetic poles is referred to as p, the phases of the stator slots 26 are shifted from one another by an
electrical angle of 2πp/Nrs. Consequently, the following formula (3) is established. 

[0043] On the other hand, a frequency fnh of the stator slot harmonic magnetic flux Φnh satisfies the following formula
(4). 

[0044] Since the phases of the stator slots 26 are shifted from one another by the mechanical angle of 2π/Nrs, the
following formula (5) is established. 

[0045] If the above-described formula (5) is transformed, the following formula (6) can be obtained. 
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[0046] In addition, based on the above-described formula (3) and the above-described formula (6), the following
formula (7) can be obtained. 

[0047] If the above-described formula (2) is substituted into the above-described formula (7), the following formula (8)
can be obtained.

[0048] Furthermore, if the above-described formula (8) is transformed and when the rotary skew angle is referred to
as θrs, the number of the stacked rotor electromagnetic steel plates 23 is referred to as m and a position (position in
sequence) where the rotor electromagnetic steel plate is stacked is referred to as k (k = 0 to m), the secondary spatial
harmonic current in a case where the rotary slots 26 are skewed can be represented as the following formula (9).

[0049] Here, since the rotor skew angle θrs (= S) is sufficiently less than 360 [deg], the sin component is hardly changed
by the value k. Therefore, if the compound of the rotor electromagnetic steel plates 23 (the entire rotor core 22) of the
cos components is zero, the primary component of the harmonic secondary current becomes approximately zero. Con-
sequently, when a natural number is referred to as a, the rotor skew angle θrs (= S) is set in such a manner as to satisfy
the following formula (10). 

[0050] As described above, the rotor core 22 of the above-described first embodiment is formed in such a manner
that the rotor slots 26 have the rotor skew angle θrs. In addition, the rotor skew angle θrs is set in such a manner as to
satisfy the above-described formula (1). Therefore, the harmonic secondary current generated in the conductor bars 30
inserted in the rotor slots 26 can be reduced, and the harmonic secondary copper loss of the electric motor 1 can be
reduced, accordingly.
[0051] In the above-described first embodiment, a case where a = 1 is represented in the formula (10). However, the
present invention is not limited to this example, and as long as the rotor skew angle θrs (= S) satisfies the above-described
formula (10), the harmonic secondary copper loss of the electric motor 1 can be reduced.
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(Second Embodiment)

[0052] Next, the second embodiment will be described with reference to FIG. 3.
[0053] FIG. 3 is a perspective view showing a state where the stator coil 9 is arranged on the stator core 5. In FIG. 3,
to simplify the explanation, the stator coil 9 is cut with an end plane in the axial direction of the stator core 5. In addition,
the same constituent elements as those of the above-described first embodiment will be denoted by the same reference
numbers and detailed descriptions will be omitted in the present second embodiment (the same applies to the subsequent
embodiments).
[0054] The basic configuration of the present second embodiment is the same as that of the above-described first
embodiment in that the electric motor 1 comprises the stator 2, the rotor 3 provided in a rotatable manner with respect
to the stator 2, and the casing 4 supporting the stator 2 and the rotor 3, a stator 202 has a stator core 205 formed by
stacking the stator electromagnetic steel plates 6, and the stator 3 has the rotor core 22 formed by stacking the rotor
electromagnetic steel plates 23 (the same applies to the subsequent embodiments).
[0055] Here, the difference between the above-described first embodiment and the present second embodiment is
that, while the rotor slows 26 of the rotor core 22 are skewed and the stator slots 8 of the stator core 5 are not skewed
in the first embodiment, the rotor slots 26 of the rotor core 22 are not skewed and stator slots 208 of the stator core 205
are skewed in the second embodiment.
[0056] More specifically, in the stator core 205, the stator electromagnetic steel plates 6 are stacked one on top of
another while being displaced from one another by a predetermined angle in the circumferential direction. Consequently,
the stator slots 208 of the stator core 205 have a stator skew angle θss such that the stator slots 208 are slanted with
respect to the axial direction.
[0057] In other words, the stator skew angle θss is, when arbitrary portions of the stator slots 208 of the stator elec-
tromagnetic steel plates 6 arranged on both sides in the axial direction of the stator core 205 (on two stator core holder
10 sides) are connected to each other by a straight line (for example, a straight line L2 shown in FIG. 3), an angle
between the straight line and the axial direction.
[0058] Here, the stator skew angle θss is set in such a manner as to satisfy the above-described formula (1). That is,
the stator skew angle θss is set based on the number of the stator slots 8, not the number of the rotor slots 26. In the
present second embodiment, m = 1 and θss = 360/Nss. However, m may be any natural number.
[0059] As described above, when the stator slots 208 are skewed instead of the rotor slots 26 in such a manner as to
satisfy the above-described formula (1), similar effects to those of the above-described first embodiment can be produced.

(Third Embodiment)

[0060] Next, the third embodiment will be described.
[0061] In the present third embodiment, the stator slots 8 and the rotor slots 26 are not skewed, and the stator slots
8 and the rotor slots 26 extend in the axial direction. The third embodiment differs from the above-described first and
second embodiments in this point.
[0062] In addition, in the present third embodiment, when a natural number is referred to as m and an integer greater
than or equal to 0 is referred to as n, the number Nss of the stator slots 8 and the number Nrs of the stator slots 26 are
set in such a manner as to satisfy the following formula (11). The present third embodiment differs from the above-
described first and second embodiments in this point.
[0063] That is, the number Nss of the stator slots 8 and the number Nrs of the rotor slots 26 are set in such a manner
as to satisfy the following formula (11). 

[0064] The reason why the harmonic secondary copper loss is reduced by setting the number Nss of the stator slots
8 and the number Nrs of the rotor slots 26 in such a manner as to satisfy the above-described formula 11 will be described
below.
[0065] That is, 2πp/Nrs is minute in the above-described formula (8). Therefore, when considered in a similar manner
to the above-described first embodiment, the magnitude of the sin component hardly changes. If the number Nss of the
stator slots 8 and the number Nrs of the rotor slots 26 are set in such a manner that the cos components become
substantially the same, the secondary spatial harmonic current flowing through the conductor bars 30 is reduced, and
consequently, the harmonic secondary copper loss is reduced. Here, to set the cos components to the same magnitude,
the following formula (12) is established. 
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[0066] From a perspective of reduction of the harmonic secondary copper loss, it is not necessary to set the cos
components to the exactly same magnitude. That is, from a practical perspective, it is only necessary to satisfy the
above-described formula (11).
[0067] Therefore, according to the above-described third embodiment, similar effects to those of the above-described
first embodiment can be produced.
[0068] In the present third embodiment, for example, m = 1 and n = 2. However, the present invention is not limited
to this example, and as long as the above-described formula (11) or the above-described formula (12) is satisfied, similar
effects to those of the above-described first embodiment can be produced.
[0069] In addition, the above-described first to third embodiments have been described based on the assumption that
the electric motor 1 is the so-called induction electric motor in which the conductor bars 30 inserted in the rotor slots 26
of the rotor core 22 are served as rotor bars, induction current is generated in the conductor bars 30 and rotary torque
is thereby generated in the rotor 3. However, the conductor bars 30 of the electric motor 1 may be served as damper
bars and the electric motor 1 may be configured as the so-called synchronous electric motor.

(Fourth Embodiment)

[0070] Next, the fourth embodiment will be described with reference to FIG. 4.
[0071] FIG. 4 is a cross-sectional view of an electric motor 401 taken orthogonally with respect to the central axis C.
FIG. 4 only shows 1/4 sector of the electric motor 401, that is, the circumferential angle region of 1/4 circumference.
[0072] The electric motor 401 of the fourth embodiment is the so-called reluctance rotary electromotor in which reluc-
tance torque is generated in the main magnetic flux of the stator 2 flowing into a rotor core 422 of a rotor 403 and the
rotor 403 is thereby rotated. The fourth embodiment differs from the above-described first to third embodiments in this
point.
[0073] Here, at the time of starting an ordinary synchronous reluctance rotary electromotor, it is necessary to detect
a relative position between the stator core 5 and the rotor core 22 and supply current to a predetermined stator coil 9
based on the relative position. However, the electric motor 401 of the present fourth embodiment is the so-called self-
starting synchronous reluctance rotary electromotor in which induction current is generated in conductor bars 430 using
the conductor bars 430 and the synchronous reluctance rotary electromotor is thereby started without an inverter. The
details are as follows.
[0074] Since the basic configuration of the stator 2 of the electric motor 401 is similar to that of the above-described
first embodiment, the detailed description will be omitted.
[0075] The rotor core 422 of the rotor 403 is formed by stacking a plurality of rotor electromagnetic steel plates 423
in the axial direction. At the center in the radial direction of the rotor core 422, a through hole 24 which penetrates the
rotor core 422 in the central axis C direction is formed. The rotary shaft 21 is press-fitted into the through hole 24, and
the rotary shaft 21 and the rotor core 422 rotate in an integrated manner.
[0076] Furthermore, in each circumferential angle region of 1/4 circumference, four layers of hollows (flux barriers)
41, 42, 43 and 44 (a first hollow 41, a second hollow 42, a third hollow 43 and a fourth hollow 44) are formed and arranged
in the radial direction. That is, the first hollow 41 is formed at a position closest to the rotary shaft 21 (on the innermost
side in the radial direction of the rotor core 422), and the second hollow 42, the third hollow 43 and the fourth hollow 44
are sequentially formed from the first hollow 41 in the direction of distancing from the rotary shaft 21 (toward the outside
in the radial direction). Subsequently, the fourth hollow 44 is arranged at a position farthest from the rotary shaft 21 (on
the outermost side in the radial direction).
[0077] In addition, the hollows 41 to 44 are formed in such a manner as to extend along the flow of the magnetic flux
formed when current is supplied to the stator coil 9. That is, each of the hollows 41 to 44 is curved in such a manner
that the center in the circumferential direction is located furthest inside in the radial direction (each of the hollows 41 to
44 is convex toward the inside in the radial direction). Consequently, a direction in which magnetic flux flows easily and
a direction in which magnetic flux does not flow easily are formed in the rotor core 422.
[0078] Here, in the present fourth embodiment, a direction in which magnetic flux flows easily is referred to as a q
axis. In addition, a direction which is parallel to the radial direction and is electrically and magnetically orthogonal to the
q axis is referred to as a d axis. That is, the follow portions 41 to 44 constitute a multilayer structure in the direction along
the d axis.
[0079] More specifically, regarding the q axis direction in the rotor core 422, a direction in which the flow of magnetic
flux is not prevented by the hollows 41 to 44 is referred to as the q axis. That is, positive magnetic potential is applied
(for example, the north pole of a magnet is brought closer) to an arbitrary circumferential angle position on the outer
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peripheral surface 422a of the rotor core 422. In addition, negative magnetic potential is applied (for example, the south
pole of a magnet is brought closer) to another arbitrary circumferential angle position which is displaced by one pole (by
a mechanical angle of 90 degrees in the present embodiment) from the positive magnetic potential. A direction from the
central axis C toward an arbitrary position at which the magnetic flux flows most in the above-described case where the
position of the positive magnetic potential and the position of the negative magnetic potential are displaced from each
other in the circumferential direction is defined as the q axis. Furthermore, the longitudinal direction of each of the hollows
41 to 44 is the q axis.
[0080] On the other hand, a direction in which the flow of the magnetic flux is prevented by the hollows 41 to 44, that
is, a direction which is magnetically orthogonal to the q axis is referred to as the d axis. In the present embodiment, a
direction parallel to a direction in which two rotor core portions separated into a region close to the central axis C and a
region far from the central axis C by the hollows 41 to 44 is the d axis. In addition, in a case where the hollows 41 to 44
constitute multiple layers (four layers in the present embodiment) as is the case in the present embodiment, a direction
in which the layers overlap one another is the d axis. In the present fourth embodiment, the d axis is not limited to the
direction electrically and magnetically orthogonal to the q axis and may cross the q axis with a certain angular width (for
example, a mechanical angle of about 10 degrees) from an angle at which the d axis is orthogonal to the q axis.
[0081] Consequently, the rotor core 422 has four poles, and the four layers of the hollows 41 to 44 are formed for each
pole (the circumferential angle region of 1/4 circumference of the rotor core 422). In addition, one pole is the region
between the q axes. That is, each of the hollows 41 to 44 is curved toward the inside in the radial direction such that
each of the hollows 41 to 44 is located furthest inside in the radial direction on the d axis.
[0082] Furthermore, each of the hollows 41 to 44 is curved in such a manner that both ends in the longitudinal direction
when viewed from the central axis C direction are located near the outer peripheral surface 422a of the rotor core 422.
Furthermore, each of the hollows 41 to 44 is formed in such a manner that each of the hollows 41 to 44 becomes more
parallel to the q axis as it is closer to both ends in the longitudinal direction and becomes more orthogonal to the d axis
as it is closer to the center in the longitudinal direction.
[0083] In addition, bridges 45, 46, 47 and 48 (first bridges 45, second bridges 46, third bridges 47 and fourth bridge
48s) are formed between both ends in the longitudinal direction of the hollows 41 to 44 and the outer peripheral surface
422a of the rotor core 422 in the q axis direction, respectively.
[0084] Here, three conductor bars 430 (430a, 430b and 430c) are inserted in each of the third hollow 43 and the fourth
hollow 44 of the hollows 41 to 44. The three conductor bars 430 are arranged at regular intervals in the longitudinal
direction in the corresponding one of the hollows 43 and 44. More specifically, one of the three conductor bars 430 (the
conductor bar 430b) is arranged on the d axis of each of the hollows 43 and 44. In addition, conductor bars 430 (the
conductor bars 430a and 430c) are arranged respectively on both sides in the longitudinal direction of each of the hollows
43 and 44. Each of the conductor bars 430a and 430c arranged on both sides in the longitudinal direction of each of the
hollows 43 and 44 is spaced apart from the corresponding one of the bridges 47 and 48 by a predetermined gap.
[0085] In addition, rotor core holders (not shown) are provided at both ends in the axial direction of the rotor core 422,
and the rotor core holders and the rotor core 422 are integrated with the rotor shaft 21. In each conductor bar 430
arranged in the rotor core 422, both ends in the axial direction project outward in the axial direction from the rotor core
holders. Short-circuit rings (not shown) having a substantially ring shape are provided at these projecting ends in the
axial direction. The conductor bars 430 are connected by these short-circuit rings.
[0086] To operate the electric motor 401 in the above-described configuration, three-phase AC current is supplied to
the stator coil 9 of the stator 2. Consequently, main magnetic flux is formed in predetermined stator teeth 7 of the stator
core 5. Subsequently, the stator teeth 7 in which the main magnetic flux is formed are sequentially switched in the
rotational direction (circumferential direction) of the rotor 3 (the formed main magnetic flux shifts in a rotating manner).
[0087] At this time, in an asynchronous state until the rotor 3 in a shutdown state starts to rotate in synchronization
with the rotational shift of the main magnetic flux on the stator 2 side, secondary current is generated in the conductor
bars 430 provided in the rotor core 422. That is, each conductor bar 430 generates starting torque for rotating the rotor
3 between the conductor bar 430 and the stator 2.
[0088] As described above, in the electric motor 401 which is a self-starting synchronous reluctance rotary electromotor,
the conductor bars 430 function as damper bars. The hollows 41 to 44 of the rotor core 422 of the electric motor 401
are skewed, and the skew angle of the hollows 41 to 44 is set to the above-described rotor skew angle θrs. The rotor
skew angle θrs is set in such a manner as to satisfy the above-described formula (1). As a result, similar effects to those
of the above-described first embodiment can be produced.
[0089] In the electric motor 401, the stator slots 8 of the stator core 5 are skewed, and the skew angle of the stator
slots 8 is set to the above-described stator skew angle θss. The stator skew angle θss is set in such a manner as to
satisfy the above-described formula (1). As a result, similar effects to those of the above-described second embodiment
can be produced.
[0090] According to at least one of the above-described embodiments, it is possible to reduce the harmonic secondary
copper loss of the electric motor 1 or 401 by setting the rotor skew angle θrs of the rotor slots 26 of the rotor 3 or the
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hollows 41 to 44 of the rotor 402 or the stator skew angle θss of the stator slots 208 of the stator 2 in such a manner as
to satisfy the above-described formula (1) or by setting the number Nss of the stator slots 8 and the number Nrs of the
rotor slots 26 in such a manner as to satisfy the above-described formula (11) or the above-described formula (12) .
[0091] While certain embodiments have been described, these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inventions. Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various omissions, substitutions and changes in the form of the
embodiments described herein may be made without departing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms or modifications as would fall within the scope and spirit
of the inventions.

Claims

1. A electric motor comprises:

a stator comprising a stator core, a plurality of stator teeth around which a stator coil is wound and which are
arranged in a circumferential direction, and a plurality of stator slots which are formed between the stator teeth
adjacent to each other in the circumferential direction and in which the stator coil is stored; and
a rotor comprising a rotor core which has a surface facing the stator core in a radial direction and is provided
in such a manner that the rotor core can rotate around a rotational axis with respect to the stator, a plurality of
rotor teeth which are provided on the surface and are arranged in the circumferential direction, and a plurality
of rotor slots which are formed between the rotor teeth adjacent to each other in the circumferential direction
and in which conductor bars are stored, wherein
when a natural number is referred to as m, a number of the stator slots is referred to as Nss, and a rotor skew
angle at which the rotor slots are slanted with respect to the rotational axis is referred to as θrs, the rotor skew
angle θrs is set in such a manner as to satisfy θrs = 360/(Nss·m).

2. A electric motor comprising:

a stator comprising a stator core, a plurality of stator teeth around which a stator coil is wound and which are
arranged in a circumferential direction, and a plurality of stator slots which are formed between the stator teeth
adjacent to each other in the circumferential direction and in which the stator coil is stored; and
a rotor comprising a rotor core which has a surface facing the stator core in a radial direction and is provided
in such a manner that the rotor core can rotate around a rotational axis with respect to the stator, a plurality of
rotor teeth which are provided on the surface and are arranged in the circumferential direction, and a plurality
of rotor slots which are formed between the rotor teeth adjacent to each other in the circumferential direction
and in which conductor bars are stored, wherein
when a natural number is referred to as m, a number of the stator slots is referred to as Nss, and a stator skew
angle at which the stator slots are slanted with respect to the rotational axis is referred to as θss, the stator
skew angle θss is set in such a manner as to satisfy θss = 360/(Nss·m).

3. A electric motor comprising:

a stator comprising a stator core, a plurality of stator teeth around which a stator coil is wound and which are
arranged in a circumferential direction, and a plurality of stator slots which are formed between the stator teeth
adjacent to each other in the circumferential direction and in which the stator coil is stored; and
a rotor comprising a rotor core which has a surface facing the stator core in a radial direction and is provided
in such a manner that the rotor core can rotate around a rotational axis with respect to the stator, a plurality of
rotor teeth which are provided on the surface and are arranged in the circumferential direction, and a plurality
of rotor slots which are formed between the rotor teeth adjacent to each other in the circumferential direction
and in which conductor bars are stored, wherein
when a natural number is referred to as m, an integer greater than or equal to 0 is referred to as n, a number
of the stator slots is referred to as Nss, and a number of the rotor slots is referred to as Nrs, the number Nss of
the stator slots and the number Nrs of the rotor slots satisfy Nss = m·Nrs6n.

4. The electric motor of any one of claims 1 to 3, wherein
the electric motor is an induction electric motor, and
the conductor bars function as rotor bars.
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5. The electric motor of any one of claims 1 to 3, wherein
the electric motor is a synchronous electric motor, and
the conductor bars function as damper bars.
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