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(57) ABSTRACT

A multi-gap type rotary electric machine is provided, where
the machine is provided a shaft supported rotatably by a
baring secured to a housing. An annular rotor is secured to the

(P) shaft and configured to rotate together with the shaft. Double
stators are secured to the housing and configured to have gaps
(21) Appl. No.: 14/100,039 between the stators and the rotor. Relationships of:
3.5<P13/P6 (1) and
(22) Filed: Dec. 9,2013 PIP6 @
(30) Foreign Application Priority Data are met, where P6 denotes a circumferential width of each of
outer salient poles, P7 denotes a circumferential width of each
Dec.7,2012  (IP) oo 2012-268471 of inner salient poles, and P13 denotes a circumferential
Oct. 28,2013 (JP) coeveerceccecce 2013-223066 width of each of the outer magnets.
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FIG.9

MODEL 31
P1: QUTER-STATOR QUTER DIAMETER (mm) 266
P(r% n%UTER“STATOR INTER-SLOT DIAMETER 252
FE%:E%UJSEE-)STATOR-TOOTH WIDTH (mm) 25 8
P4: ROTOR QUTER DIAMETER (mm) 2313
P3: QUTER-MAGNET THICKNESS (mm) 4.0
P6: OUTER-SALIENT-POLE WIDTH (mm) 6.0
P7: INNER-SALIENT-POLE WIDTH (mm) 8.0
F8: INNER-MAGNET THICKNESS (mm) 42
P9: ROTOR INNER DIAMETER (mm) 191.8
I:(’rTn?;])INNER-STATOR INTER-SLOT DIAMETER 166.5
FggﬁlﬁgEEYSTATOR-TOOTH WIDTH (mm) 17.82
P12: INNER-STATOR INNER DIAMETER (mm) 154
P12 OUTER-MAGNET WIDTH (r) 3.6
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FIG.10

MODEL 123
P1: OUTER-STATOR OUTER DIAMETER (mm) 266
Fazn rr%UTER~STATDR INTER-SLOT DIAMETER 54
Feg:E%uggLRE)STAToR-TOOTH WIDTH (mm) 24.66
P4: ROTOR QUTER DIAMETER {mm) 234.54
P5: OUTER-MAGNET THICKNESS (mm) 3.6
P6: OUTER-SALIENT-POLE WIDTH (mm) 40
P7: INNER-SALIENT-POLE WIDTH (mm) 12.0
P8: INNER-MAGNET THICKNESS (mm) 3.4
P9: ROTOR INNER DIAMETER (mm) 189.1
F(‘:n 2'1 ;NNER—STATOR INTER-SLOT DIAMETER 167.3
|(=F3 gﬁlrggﬁ)—smma-mom WIDTH (mm) 1452
P12: INNER-STATOR INNER DIAMETER (mm) 154
F FJ éR %%E:}z—MAGNET WIDTH (mm) 41.4
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MULTI-GAP TYPE ROTARY ELECTRIC
MACHINE

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is based on and claims the benefit
of priorities from earlier Japanese Patent Application Nos.
2012-268471 and 2013-223066 filed Dec. 7, 2012 and Oct.
28, 2013, respectively, the descriptions of which are incorpo-
rated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Technical Field of the Invention

[0003] The present invention relates to a multi-gap type
rotary electric machine which is applicable to various uses,
such as industrial uses and vehicle uses and in particular is
preferred to be used in a drive motor for hybrid vehicles.
[0004] 2. Related Art

[0005] As small and high-power motors based on conven-
tional art, IPM motors (Interior permanent magnet motors)
are well known. The IPM motors can use reluctance torque
that is a core attractive force, in addition to magnet torque that
is generated by magnets. The IPM motors include double-
stator motors in which stators are arranged in radially inside
and radially outside of the rotor.

[0006] Forexample, a patent document JP-A-2008-302789
discloses a double-stator motor. In this double-stator motor,
permanent magnets are embedded in the rotor so as to be
located radially inward thereof, being opposed to the inner
stator, and also embedded in the rotor so as to be located
radially outward thereof, being opposed to the outer stator.
The rotor also has salient poles (rotor core portions) each of
which is formed between circumferentially adjacent mag-
nets.

[0007] However, the motor disclosed in the patent docu-
ment JP-A-2008-302789 suffers from a problem of not being
able to increase power density for the reasons set forth below.

[0008] a) The stator winding is a short-pitch winding.
Therefore, the pole pitch of the rotor does not coincide with
the pole pitch of the magnetic field generated by the stator
windings. Therefore, the reluctance torque cannot be fully
used.

[0009] b)The surface of each ofthe salient poles of the rotor
is concaved. Specifically, the inner peripheral surface of each
of the inner salient poles and the outer peripheral surface of
each of the outer salient poles of the rotor are concaved.
Therefore, magnetic resistance is increased and the reluc-
tance torque cannot be fully used.

[0010] c) The outer magnetic circuit is ensured to have a
high rate of the reluctance torque by increasing the outer-
salient-pole width relative to one pole pitch of the rotor.
However, this increases the length of the magnetic path and
accordingly increases the magnetic resistance, resulting in
decreasing the reluctance torque. Further, since the increase
of the salient-pole width necessarily decrease the magnet
width, the magnet torque cannot be fully used as well.
[0011] d) Further, due to the increase of the outer-salient-
pole width of the rotor, the rotor yoke, in which the magnetic
path is shared between the outer and inner magnetic circuits,
is unavoidably saturated with the magnetic flux supplied from
the outer salient poles to the rotor. As a result, torque is
decreased in the inner magnetic circuit as well which is pre-
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ferred to have a short magnetic path compared to the outer
magnetic circuit and to increase the rate of the reluctance
torque.

[0012] Meanwhile as small and high-power motors based
on conventional art, [IPM motors (interior permanent magnet
motors) are well known. The IPM motors can use reluctance
torque that is a core attractive force, in addition to magnet
torque that is generated by so magnets. The IPM motors
include double-stator motors. As shown in FIG. 19, in such a
double-stator motor, an inner stator 110 and an outer stator
120 are arranged in radially inside and outside of a rotor 100.
[0013] Forexample, a patent document JP-A-2007-261342
discloses a double-stator motor. In this double-stator motor, a
rotor core 101 facing the inner stator 110 has an inner periph-
ery in which inner magnets 130 are embedded and an outer
periphery in which outer magnets 140 are embedded. Thus, in
the rotor core 101, inner salient poles 102 and outer salient
poles 103 are formed, each being interposed between circum-
ferentially adjacent magnetic poles.

[0014] However, the motor disclosed in the patent docu-
ment JP-A-2007-261342 suffers from problems as set forth
below, which should be solved before the motor is put into
practical use.

[0015] a) Local demagnetization is likely to be caused in
the permanent magnets (inner magnets 130 and outer mag-
nets 140) embedded in the rotor core 101, in particular, in end
portions of each magnetic pole (both circumferential end
portions).

[0016] b) In the double-stator motor in which the inner and
outer stators 110 and 120 are arranged radially inside and
outside of the rotor 100, the inner magnets 130 are more likely
to be demagnetized 16 compare to the outer magnets 140.
[0017] As aresult of studying the problems set forth above,
the inventors of the present invention found the following
fundamental causes.

[0018] The biggest cause of the above item a) lies in that:
magnetic saturation tends to occur in the rotor yoke in which
magnetic flux of an inner magnetic circuit and magnetic flux
of an outer magnetic circuit join together and flow there-
through and; the magnetic saturation causes magnetic leak-
age toward the inside of the magnets, resulting in applying a
large demagnetizing field to the magnets.

[0019] The reason why magnetic saturation tends to occur
is that the rotor yoke has a width W which is narrow in the
vicinities of the end portions of each magnetic pole, and the
end portions have a highest concentration of g-axis magnetic
flux (see FIG. 20) that generates reluctance torque and d-axis
magnetic flux (see FIG. 21) that so generates magnet torque,
as indicated by the thick arrows in FIG. 19.

[0020] Another cause of bringing local demagnetization is
that the tendency of causing magnetic saturation in the salient
poles 102 and 103 provided in between the magnetic poles
leads to the occurrence of magnetic leakage, resultantly
applying a large demagnetizing field to the end portions of
each magnetic pole, which are near the salient poles. The
reason why magnetic saturation tends to occur is that, as
shown in FIG. 20, the g-axis magnetic flux is concentrated on
the salient poles 102 and 103, in which the interval between
the magnetic poles is small.

[0021] The cause of the above item b) lies in that: In a
double-stator motor, magnetic saturation tends to occur in the
inner magnetic circuit compared to the outer magnetic circuit
and; the magnetic saturation causes magnetic leakage, result-
ing in applying a large demagnetizing field to the vicinities of
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the inner magnets 130. The reason why magnetic saturation
tends to occur is that the inner stator 110 arranged radially
Inside of the rotor 100 has a space occupancy which is smaller
than that of the outer stator 120 arranged radially outside of
the rotor 100. Specifically, if slot dimensions equivalent to
those of the outer stator 120 are attempted to be ensured in the
inner stator 110, the inner stator 110 has to have a small tooth
width. The cause of demagnetization in magnets, to begin
with, is that the demagnetizing field is large with respect to the
retentive power of the magnets (retentive power is propor-
tionate to the thickness of each magnet). Accordingly, an
effective measure against demagnetization of magnets is to
increase the thickness of each magnet. However, in a double-
stator motor, the increase in the thickness of each magnet
leads to the decrease in the thickness of the rotor yoke or the
back yoke of either of the inner and outer stators. As a result,
magnetic saturation is caused and the motor performance is
impaired.

SUMMARY

[0022] Henceitis desiredto provide a multi-gap type rotary
electric machine which is able to increase the rate of the
magnet torque in the outer magnetic circuit and enhance the
output torque by providing a configuration in which the reluc-
tance torque is fully used in the inner magnetic circuit.
[0023] There is provided a multi-gap type rotary electric
machine which is able to, as another object, prevent demag-
netization of magnets, in end portions of each rotor pole,
without impairing the performance of the machine and to, as
another object, more enhance resistance to demagnetization
in the inner magnets than in the outer magnets.

[0024] An exemplary embodiment provides a multi-gap
type rotary electric machine, comprising: a shaft supported
rotatably by a baring secured to a housing; an annular rotor
secured to the shaft and configured to rotate together with the
shaft; and a stator secured to the housing and configured to
have a gap between the stator and the rotor.

[0025] Therotorincludes an annular rotor core made of soft
magnetic material and configured to have a radial direction
and a circumferential direction, a plurality of inner magnets,
each composed of a permanent magnet, embedded in radially
inner portions of the rotor core at equal pitches in the circum-
ferential direction, and a plurality of outer magnets, each
composed of a permanent magnet, embedded in radially outer
portions of the rotor core at equal pitches in the circumferen-
tial direction.

[0026] The rotor core includes a plurality of inner salient
poles each formed between mutually adjacent two of the inner
magnets in the circumferential direction, and a plurality of
outer salient poles each formed between mutually adjacent
two of the outer magnets in the circumferential direction, the
inner and outer salient poles being made of soft magnetic
material.

[0027] The statorincludes at least an inner stator located on
a radially inner side of the rotor with a gap left between the
inner stator and the rotor, and an outer stator located on a
radially outer side of the rotor with a gap left between the
outer stator and the rotor.

[0028] The inner stator includes an inner stator core pro-
vided with a plurality of inner slots formed on an radially
outer circumference of the inner stator at equal intervals in the
circumference direction and a plurality of inner teeth formed
on the radially outer circumference at equal intervals in the
circumferential direction, the inner slots and the so inner teeth
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being aligned alternately in the circumferential direction; and
an inner stator winding full-pitch wound at the inner stator
core through the inner slots.

[0029] The outer stator includes an outer stator core pro-
vided with a plurality of outer slots formed on an radially
inner circumference of the outer stator at equal intervals in the
circumference direction and a plurality of outer teeth formed
on the radially inner circumference at equal intervals in the
circumferential direction, the outer slots and the outer teeth
being aligned alternately in the circumferential direction; and
an outer stator winding full-pitch wound at the outer stator
core through the outer slots.

[0030] In the foregoing construction, relationships of:
3.5<P13/P6 (1) and
P7/P6>1 @

are met, where P6 denotes a circumferential width of each of
the outer salient poles, P7 denotes a circumferential width of
each of the to inner salient poles, and P13 denotes a circum-
ferential width of each of the outer magnets.

[0031] In the multi-gap type rotary electric machine, the
inner magnets are embedded in the rotor core so as to be
located radially inward thereof and the outer magnets are
embedded in the rotor core so as to be located radially out-
ward thereof to provide inner salient poles each of which is
located between circumferentially adjacent inner magnets,
and outer salient poles each of which is located between
circumferentially adjacent outer magnets. Thus, both of the
magnet torque and the reluctance torque are put to practical
use. Also, the inner and outer stators are applied with full-
pitch winding of the inner and outer stator windings, respec-
tively. Specifically, the pole pith of the rotor is equal to the
pole pitch of the magnetic field generated by the inner and
outer stator windings. Accordingly, the reluctance torque can
be fully used.

[0032] Further, with the requirements of Formulas (1) and
(2) being met, appropriate relationship can be established
between P13 (outer-magnet width), P6 (outer-salient-pole
width) and P7 (inner-salient-pole width). Accordingly, the
rate of the magnet torque is increased in the outer magnetic
circuit. In addition, the so rotor yoke, in which the magnetic
path is shared between the outer and inner magnetic circuits,
is prevented from being magnetically saturated. Thus, the
reluctance torque can be fully used in the inner magnetic
circuit as well.

[0033] In this way, the multi-gap type rotary electric
machine can enhance the output torque, reduce the size and
increase the power.

[0034] Another exemplary embodiment provides a multi-
gap type rotary electric machine, comprising: a shaft having a
length-wise direction defined as an axial direction, the shaft
given both a radial direction and a circumferential direction
defined in relation to the axial direction; an annular rotor
securely arranged on the shaft such that the rotor and the shaft
rotate together on a center axis of the shaft, the rotor and shaft
being concentric to each other; an inner stator arranged radi-
ally inside the rotor with a gap left between the inner stator
and the rotor; and an outer stator arranged radially outside the
rotor with a gap left between the outer stator and the to rotor;
wherein the rotor includes an annular rotor core made of soft
magnetic material, inner magnets arranged at radially inner
positions in the rotor core, which positions are closer to a
radially inner periphery of the rotor core, the inner magnets
providing a plurality of inner rotor poles, and outer magnets
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arranged at radially outer positions in the rotor core, which
positions are closer to a radially outer periphery of the rotor
core, the outer magnets providing a plurality of outer rotor
poles, wherein the rotor core includes a plurality of inner
salient poles each located between mutually adjacent two of
the inner rotor poles in the circumferential direction and a
plurality of outer salient poles each located between mutually
adjacent two of the outer rotor poles in the circumferential
direction, wherein each of the inner and outer rotor poles has
two end portions in the circumferential direction, each of the
inner and outer inner magnets has a thickness in the radial
direction, each of the inner magnets has a radially outer
circumferential surface and each of the outer magnets has a
radially inner circumferential surface, and the radially inner/
outer circumferential surfaces of the end portions of at least
ones of the inner and outer magnets have inclinations which
gradually reduces the thickness as advancing toward an end of
each of the magnet in the circumferential direction.

[0035] In the multi-gap type rotary electric machine, the
opposite-to-stator surface of either or both of the inner and
outer magnets is inclined to gradually reduce the thickness of
the magnet in the magnetic pole ends, toward the circumfer-
ential ends of the magnet with reference to the circumferen-
tially center portion of the magnet. In other words, the radial
width of the rotor yoke, in which a magnetic path common to
the inner and outer rotor poles is created, is gradually
increased (widened) toward the circumferential ends of each
inner or outer rotor pole, with reference to the pole center
portion. Thus, in the rotor yoke, magnetic saturation is mini-
mized in the vicinities of the pole end portions. As a result, the
occurrence of local demagnetization is prevented in the pole
end portions of the magnets.

BRIEF DESCRIPTION OF THE DRAWINGS

[0036] Inthe accompanying drawings:

[0037] FIG. 1 is a vertical cross-sectional view illustrating
a configuration of a motor, according to a first embodiment of
the present invention;

[0038] FIG.2 is across-sectional view illustrating the mag-
netic circuits is of the motor;

[0039] FIG. 3 is a connection diagram illustrating a state
where inner and outer stator windings are connected to an
inverter;

[0040] FIG. 4 shows the range of P13/P6 relative to torque,
resulting from simulations;

[0041] FIG. 5 shows the range of P7/P6 relative to torque,
resulting from simulations;

[0042] FIG. 6 is a cross-sectional view illustrating the mag-
netic circuits of a motor, according to a second embodiment
of the present invention;

[0043] FIG.7 is a graph showing the results of calculations
of torque generated by models, according to the second
embodiment;

[0044] FIG. 8 is a table listing the ranges of dimensions at
portions of the magnetic circuits of motors;

[0045] FIG. 9 is a table listing the design specification of
the model 31 shown in FIG. 7;

[0046] FIG. 10 is a table listing the design specification of
the model 123 shown in FIG. 7,

[0047] FIG.111is avertical cross-sectional view illustrating
a configuration of a motor, according to a third embodiment
of the present invention;
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[0048] FIG.12is avertical cross-sectional view illustrating
a configuration of the motor, according to a fourth embodi-
ment of the present invention;

[0049] FIG. 3 is a cross-sectional view Illustrating %4 of a
magnetic circuit of a motor in a circumferential direction,
according to the fourth embodiment;

[0050] FIGS.14A and 14B are partial cross-sectional views
each illustrating a rotor, according to the fourth embodiment;
[0051] FIG. 15 is a connection diagram illustrating a state
where inner and outer stator windings are connected to an
inverter;

[0052] FIGS.16Aand16B arepartial cross-sectional views
each illustrating a rotor, according to a fifth embodiment of
the present invention;

[0053] FIGS.17Aand17B arepartial cross-sectional views
each illustrating a rotor, according to a sixth embodiment of
the present invention;

[0054] FIG. 18is a vertical cross-sectional view illustrating
a configuration of a motor, according to a seventh embodi-
ment of the present invention;

[0055] FIG. 19 is a partial cross-sectional view illustrating
a magnetic circuit of a motor, according to conventional art;
[0056] FIG. 20 is a partial cross-sectional view illustrating
a rotor to show flow of g-axis magnetic flux, according to
conventional art; and

[0057] FIG. 21 is a partial cross-sectional view illustrating
a rotor to show flow of d-axis magnetic flux, according to
conventional art.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0058] With reference to the accompanying drawings,
hereinafter are described several embodiments of the present
invention.

First Embodiment

[0059] Referring, first, to FIGS. 1 to 5, hereinafter is
described a first embodiment of the present invention.
[0060] In the first embodiment, the multi-gap type rotary
electric machine of the present invention is applied to a drive
motor 1 which is installed in a vehicle or the like.

[0061] FIG. 1 is a vertical cross-sectional view illustrating
a configuration of the motor 1. As shown in FIG. 1, the motor
1 of the first embodiment includes a motor housing 2, a shaft
4, arotor 6, an inner stator 7, and an outer stator 8. The shaft
4 is rotatably supported by the motor housing 2 via a baring 3.
The rotor 6 is in an annular shape and supported by the shaft
4 via arotor retaining member 5. The inner stator 7 is arranged
radially inside of the rotor 6. The outer stator 8 is arranged
radially outside of the rotor 6.

[0062] The shaft 4 is configured to rotate on a length-wise
central axis CL passing through a center O in a circular
section of the shaft 4, which section is orthogonal to the
length-wise section. Hence, the to rotor 6, the inner stator 7,
and the outer stator 8 are mutually coaxially arranged to the
central axis CL.

[0063] Forexample, the rotor retaining member 5 is formed
of a non-magnetic SUS material and includes a cylindrical
portion 5a and a rotor disc 5b. The cylindrical portion 5a is
fitted and fixed to the outer periphery of the shaft 4. The rotor
disc 55 is in a disc-like shape and extended radially outward
from an end of the cylindrical portion 5a. The rotor 6 is fixed
to the rotor disc 5b.
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[0064] As shown in FIG. 2, the rotor 6 includes a rotor core
64 including a rotor yoke 6z, permanent magnets 9 (herein-
after referred to as inner magnets 9), and permanent magnets
10 (hereinafter referred to as outer magnets 10). The inner
magnets 9 are embedded in the rotor core 6a so as to be
located radially inward thereof and the outer magnets 10 are
embedded in the rotor core 6a so as to be located radially
outward thereof.

[0065] For example, the rotor core 6a is configured by
stacking a plurality of core sheets each of which is formed by
annularly pressing and punching an electromagnetic steel
plate. The rotor core 64 has a radially inner peripheral portion
which is provided with inner magnet insertion grooves 65 and
inner salient poles 6 A. The rotor so core 6a also has a radially
outer peripheral portion which is provided with outer magnet
insertion holes 6¢ and outer salient poles 6B.

[0066] The inner magnet insertion grooves 65 and the outer
magnet insertion holes 6¢ are each formed throughout the
rotor core 6a in the direction of stacking the core sheets so as
to have a predetermined opening width in the circumferential
direction of the rotor core 6a. Also, the inner magnet insertion
grooves 65 and the outer magnet insertion holes 6¢ are formed
in the circumferential direction of the rotor core 64 at prede-
termined intervals, by the number equal to that of the poles of
the rotor 6. Each of the inner magnet insertion grooves 66 is
formed in a groove shape, with the inner peripheral side of the
rotor core 6a being open. Each of the outer magnet insertion
holes 6c¢ is formed in a hole shape, with the outer peripheral
side of the rotor core 6a being closed.

[0067] Eachoftheinnersalient poles 6A is formed between
circumferentially adjacent inner magnet insertion grooves 6b.
Each to of the outer salient poles 6B is formed between
circumferentially adjacent outer magnet insertion holes 6c¢.
The circumferential positions of the inner salient poles 6A in
the rotor core 6a are ensured to coincide with those of the
respective outer salient poles 6B. Each inner salient pole 6A
has an inner peripheral surface which is ensured to be con-
cyclic with the inner-radius surface of the rotor 6. Also, each
outer salient pole 6B has an outer peripheral surface which is
ensured to be concyclic with the outer-radius surface of the
rotor 6.

[0068] The inner magnets 9 are inserted into the respective
inner magnet insertion grooves 65 formed in the rotor core 64,
for arrangement at an even pitch in the circumferential direc-
tion.

[0069] The outer magnets 10 are inserted into the respective
outer magnet insertion holes 6¢ formed in the rotor core 6a,
for arrangement at an even pitch in the circumferential direc-
tion.

[0070] As shown by the hollow arrows in FIG. 2, the inner
and outer magnets 9 and 10 are magnetized in the radial
direction of the rotor 6. As can be seen, the direction of the
polarity is different from each other between the circumfer-
entially adjacent magnets. Also, the direction of the polarity is
opposite to each other between the radially facing inner mag-
net 9 and outer magnet 10.

[0071] In the rotor 6a shown in FIG. 2, each outer magnet
insertion hole 6c¢ for inserting the outer magnet 10 has a
circumferentially center portion at which the hole 6c¢ is
divided into two and a bridge 64 is formed to connect the inner
peripheral side and the outer peripheral side of the outer
magnet insertion hole 6¢. The bridge 6d is provided for the
purpose of preventing radially outward expansion of the radi-
ally outer portion of the rotor core 6a, which covers the outer
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peripheral surfaces of the outer magnets 10, when pressed
radially outward due to the effect of the centrifugal force.
Thus, the magnet insertion hole 6¢, which is divided into two
in FIG. 2, may be divided into three or more. However, the
outer magnet insertion hole 6c¢ does not have to be necessarily
divided, unless the radially outer portion of the rotor core 6a
comes into contact with the outer stator 8, or, in other words,
as far as the deformation in the radially outer portion of the
rotor core 6a is so small that the effect of the centrifugal force
is ignorable.

[0072] Intherotor 6 shown in FIG. 2, the outer magnets 10
are inserted into and embedded in the respective outer magnet
holes 6¢ to establish what is generally called a magnet-em-
bedded structure. On the other hand, the inner magnets 9 are
inserted into the respective inner magnet insertion grooves 65
with the radially inner peripheral surfaces of the magnets
being exposed to establish a so-called inset structure. The
expression “embedded” encompasses the term “inset”. In
other words, the multi-gap type rotary electric machine of the
present disclosure is not limited to the magnet-embedded
structure in which the permanent magnets are enclosed by the
rotor core 6a, but may be applied to the inset structure in
which the permanent magnets are embedded in the rotor core
6a with the magnets’ surfaces (radially inner or outer periph-
eral surfaces) being exposed. In short, the “magnet-embed-
ded structure” here is defined to encompass the “inset struc-
ture”.

[0073] As shown in FIGS. 1 and 2, the inner stator 7
includes an inner stator core 7a with a radially outer circum-
ference 7ao (see FIG. 2) and inner stator windings 75 of three
phases (U, V and W) (see FIG. 1). On the radially outer
circumference 7ao of the inner stator core 7a, a plurality of
inner slots 7al are formed at regular intervals in the so cir-
cumferential direction with an inner tooth 742 being formed
in between the circumferentially adjacent inner slots 7al.
Each inner slot 7al has a bottom 7bt, as shown in FIG. 2.
Full-pitch winding of the inner stator windings 75 is applied
to the inner stator core 7a.

[0074] As shown in FIGS. 1 and 2, the outer stator 8
includes an outer stator core 8a with a radially inner circum-
ference 8al (see FIG. 2) and outer stator windings 85 of three
phases (X, Y and Z) (see FIG. 1). On the radially outer
circumference 8ai of the outer stator core 8a, a plurality of
outer slots 8al are formed at regular intervals in the circum-
ferential direction with an outer tooth 842 being formed in
between the circumferentially adjacent outer slots 8a1. Each
outer slot 8a1 has a bottom 8¢, as shown in FIG. 2. Full-pitch
winding of the outer stator windings 854 is applied to the outer
stator core 8a.

[0075] The number of slots is the same between the inner
and outer stators 7 and 8.

[0076] FIG. 3 is a connection diagram illustrating a state
where the inner and outer stator windings 76 and 86 are
connected to an inverter 11. For example, as shown in FIG. 3,
the U-, V- and W-phase inner stator windings 75 are serially
connected to the X-, Y- and Z-phase outer stator windings 84,
respectively, to establish a star connection which is connected
to the inverter 11. The inverter 11 is controlled by an ECU
(electronic control unit), not shown. The control performed
by the ECU is based on information derived from a rotor
position sensor, not shown, which senses the rotational posi-
tion of the rotor 6. The inverter 11 converts the electric power
of a direct-current power source B into alternating-current



US 2014/0159532 Al

electric power and supplies the converted electric power to
the inner and outer stator windings 75 and 854.

[0077] When the inner and outer stator windings 76 and 85
are excited via the inverter 11, the inner and outer stators 7 and
8 each generate winding magnetomotive force in such a way
that the same polarity is created in the magnetic poles that are
radially opposed to each other via the rotor 6 at the same
circumferential position.

[0078] Hereinafter is described a design specification
related to the magnetic circuits of the rotor 6.

[0079] First, portions of the magnetic circuits shown in
FIG. 2 are so defined as follows.

[0080] The circumferential width of each outer salient pole
6B is referred to as outer-salient-pole width and denoted as
P6.

[0081] The circumferential width of each inner salient pole
6A is referred to as inner-salient-pole width and denoted as
P7.

[0082] The circumferential width of each outer magnet 10
is referred to as outer-magnet width and denoted as P13.
[0083] The following Formula (1) is applied to the relation-
ship between P6 and P13, while Formula (2) is applied to the
relationship between P6 and P7.

3.5<P13/P6 o)

P7/P6>1 )

Advantageous Effects of the First Embodiment

[0084] The motor 1 of the first embodiment uses the mag-
net-embedded rotor 6 in which the inner magnets 9 are
embedded in the rotor core 6a so as to be located radially
inward thereof and the outer magnets 10 are embedded in the
rotor core 6a so as to be located radially outward thereof.
Therefore, both of the magnet torque and the reluctance
torque are put to practical use.

[0085] Further, full-pitch winding of the inner stator wind-
ings 7b and the outer stator windings 85 are applied to the
inner stator 7 and the outer stator 8, respectively. Specifically,
the pole pitch of the rotor 6 is equal to the pole pitch of the
magnetic field generated by the inner and outer stator wind-
ings 76 and 85. Therefore, the reluctance torque can be fully
used.

[0086] Further, in the inner salient poles 6A and the outer
salient poles 6B formed in the rotor core 64, the inner periph-
eral surface of each inner salient pole 6A is ensured to be
concyclic with the inner-radius surface of the rotor 6, and the
outer peripheral surface of each outer salient pole 68 is
ensured to be concyclic with the outer-radius surface of the
rotor 6. In other words, since the inner peripheral surface of
each inner salient pole 6 A and the outer peripheral surface of
each outer salient pole 6B are not concaved, magnetic resis-
tance will not be increased as in the double-stator motor
disclosed in the patent document JP-A-2008-302789.
Accordingly, the reluctance torque can be effectively used.
[0087] With the application of Formulas (1) and (2) set
forth above to the magnetic circuits of the rotor 6, an appro-
priate relationship can be established between P13 (outer-
magnet width), P6 as (outer-salient-pole width) and P7 (in-
ner-salient-pole width). Thus, the rate of the magnet torque
can be increased in the outer magnetic circuit. Also, since the
magnetic saturation is minimized in the rotor yoke 6z, the
reluctance torque can be fully used in the inner magnetic
circuit as well.
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[0088] The outer magnetic circuit refers to a magnetic cir-
cuit in which magnetic flux passes between the outer stator 8
and the rotor 6. The inner magnetic circuit refers to a magnetic
circuit in which magnetic flux passes between the inner stator
7 and the rotor 6. The rotor yoke 6z refers to a portion of the
rotor core 6a, in which the magnetic path is shared between
the outer and inner magnetic 100 circuits.

[0089] The requirements of Formulas (1) and (2) set forth
above are derived as a result of simulations using models on
acomputer. The results of the simulations are shown in FIGS.
4 and 5.

[0090] The models of the simulations meet the require-
ments of both of Formulas (1) and (2). Specifically, with the
requirements of Formula (2) being met, when an output
torque is calculated using P13/P6 as a parameter, total output
torque is enhanced, as shown in FIG. 4, in the range of
Formula (1). More specifically, the magnet torque in the outer
magnetic circuit becomes high, and the inner torque also
becomes high in the inner magnetic circuit, the inner torque
being the sum of the magnet torque and the reluctance torque.
[0091] Similarly, with the requirements of Formula (1)
being met, when an output torque is calculated using P7/P6 as
a parameter, total output torque is enhanced, as can be seen
from FIG. 5, in the range of P7/P6>1 that meets the require-
ments of Formula (2).

[0092] The simulations reveal that, when the requirements
ofFormulas (1) and (2) are met, the output torque of the motor
as a whole is enhanced and therefore a small-size and high-
power motor can be realized.

Other Embodiments

[0093] Referring to FIGS. 6 to 11, hereinafter are described
second and third embodiments related to the present inven-
tion.

[0094] In the second and third embodiments, the compo-
nents identical with or similar to those in the first embodiment
are given the same reference numerals for the sake of omitting
unnecessary explanation.

Second Embodiment

[0095] In the second embodiment, dimensional ranges at
portions related to the magnetic circuits of the motor 1 are set,
on condition that the requirements of Formulas (1) and (2) of
the first embodiment are met.

[0096] FIG. 6 is a cross-sectional view illustrating the mag-
netic circuits of the motor 1 according to the third embodi-
ment. Portions in the magnetic circuits shown in FIG. 6 are
denoted as P1 to P13 as follows. It should be appreciated that
P6 (outer-salient-pole width), P7 (inner-salient-pole width)
and P13 (outer-magnet width) are the same as those of the first
embodiment.

[0097] The outer diameter of the outer stator 8 is referred to
as outer-stator outer diameter and denoted as P1.

[0098] The diameter of each outer slot 8al is referred to as
an outer-stator inter-slot diameter and denoted as P2. That is,
this diameter P2 is a radial distance between the bottoms of
two of the outer slots 8al, which passes through the central
axis CL, that is, the center O, of the shaft 4, as shown in FIG.
6.

[0099] The number of the outer teeth 8a2 included in one
pole of the stator 8 (six in FIG. 6) multiplied by the width of
one outer tooth 842 (P31, P32,33, P34, P35 or P36 in FIG. 6)
is referred to as outer-stator-tooth width and denoted as P3.
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[0100] The outer diameter of the rotor 6 is referred to as
rotor outer diameter and denoted as P4.

[0101] The radial thickness of each outer magnet 10 is
referred to as outer-magnet thickness and denoted as P5.
[0102] The radial thickness of each inner magnet 9 is
referred to as inner-magnet thickness and denoted as P8.
[0103] The inner diameter of the rotor 6 is referred to as
rotor inner diameter and denoted as P9.

[0104] The diameter of each inner slot 7al is referred to as
an inner-stator inter-slot diameter and denoted as P10. That is,
this diameter P10 is a radial distance between the bottoms of
two of the inner slot 7al, which passes through the radial
center of the inner stator 7 (in other words, the radial center of
the outer stator 8), as shown in FIG. 6. The inner and outer
stators 7 and 8 are arranged concentrically.

[0105] The number of the inner teeth 742 included in one
pole of the inner stator 7 (six in FIG. 6) multiplied by the
width of one inner tooth 742 (P111,P112, P113, P114, P115
or P116 in FIG. 6) is referred to as inner-stator-tooth width
and denoted as P11.

[0106] The inner diameter of the inner stator 7 is referred to
as inner-stator inner diameter and denoted as P12.

[0107] On the premise that the requirements of Formulas
(1) and (2) of the first embodiment are met and that the
relationship expressed by Formula (3) of the second embodi-
ment is established, output torque was calculated, with
parameters of P1 to P13 being given to the simulation models.
FIG. 7 shows output torque resulting from the calculation
performed for each of the models.

[0108] Based on the results of the simulations, the models
were classified into three groups, i.e. Group H1 of generating
high torque, Group H2 of generating middle torque and
Group L of generating low torque.

[0109] FIG. 8 is a table listing design specifications of
Groups H1, H2 and L. FIG. 8 corresponds to the following
Table 1:

TABLE 1
Superior

Torque characteristics Group H1 Group H2
P1: Outer-stator outer 1
diameter
P2: Outer-stator inter-slot 0.936-0.959 0.928-0.967
diameter
P3: Outer-stator-tooth width 0.0789-0.1016 0.0676-0.1128
(per pole)

0.868-0.884
0.0112-0.0188
0.0112-0.0339
0.0319-0.0489
0.0093-0.0170

0.706-0.726

0.616-0.636

0.857-0.895
0.0112-0.0207
0.0075-0.0376
0.0263-0.0489
0.0056-0.0170

0.699-0.726

0.612-0.636

P4: Rotor outer diameter
P5: Outer-magnet thickness
P6: Outer-salient-pole width
P7: Inner-salient-pole width
P8: Inner-magnet thickness
P9: Rotor inner diameter
P10: Inner-stator inter-slot
diameter

P11: Inner-stator-tooth
width (per pole)

0.0394-0.0734 0.0507-0.0734

P12: Inner-stator inner 0.571-0.587 0.563-0.594
diameter

P13: Outer-magnet width 0.1315-0.1579 0.1278-0.1617

(per pole)

[0110] In FIG. 8, using P1=266 mm as a reference, the

dimensional ranges of P2 to P13 are shown, being divided
into Groups H1, H2 and L. In conformity with the rate of
increase/decrease of the dimension of P1, the dimensional
ranges of P2 to P13 relatively vary. For example, when the
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dimension of P1 is increased/decreased by 10%, the dimen-
sional ranges of P2 to P13 also increase/decrease by 10%.
FIG. 8 schematically shows, in the right column, the dimen-
sional ranges of P2 to P13, being distinguishable between
Groups H1, H2 and L.

[0111] The motor 1 of the second embodiment is based on
a design specification having the dimensions (dimensions of
P1 to P13) of the magnetic circuits included in the ranges of
Group H2 shown in FIG. 8. More desirably, the motor 1 may
be based on a design specification included in the ranges of
Group H1 shown in FIG. 8. The design specification included
in Group L is disapproved.

[0112] FIG. 9 is a table listing the design specification of
Model 31 shown in FIG. 7, as an example of a model having
dimensions of the magnetic circuits included in the ranges of
Group H2. Similarly, FIG. 10 is a table listing the design
specification of Model 123 shown in FIG. 7, as an example of
a model having dimensions of the magnetic circuits included
in the ranges of Group H1.

[0113] As described above, when the motor 1 is based on a
design specification having dimensions of the magnetic cir-
cuits (dimensions of P1 to P13) included in the ranges of
Group H2 of FIG. 8, the output torque of the motor is
enhanced compared to the model based on a design specifi-
cation included in the ranges of Group L. More preferably, it
is desirable that the motor 1 is based on a design specification
included in the ranges of Group H1. In this case, as so shown
in FIG. 7, the output torque is more increased and accordingly
the motor 1 will be reduced in its size and enhanced in its
power.

Third Embodiment

[0114] The third embodiment deals with an example of a
triple-gap type motor 1. FIG. 11 is a vertical cross-sectional
view illustrating a triple-gap type motor 1 of the fourth
embodiment. As shown in FIG. 11, the triple-gap type motor
1 includes a side stator 12 that faces an end face of'the rotor 6,
which is axially opposite to the rotor disc (on the left in FIG.
11), with a gap therebetween. The side stator 12 includes a
side stator core 12a and a side stator winding 125. The side
stator core 12a is connected to the inner and outer stator cores
7a and 8a. A full-pitch winding of'the side stator winding 125
is applied to the side stator core 12a. The side stator winding
125 serially connects between the inner and outer stator wind-
ings 7 and 85.

[0115] The triple-gap type motor 1 forms magnetic gaps in
three faces between the rotor 6 and the stators 7, 8 and 12.
Accordingly, when the requirements of Formulas (1) and (2)
of'the first embodiment are applied to the magnetic circuits of
the rotor 6 of the triple-gap type motor 1, torque can be further
enhanced. In addition, when the design specifications
described in the second embodiment are applied to the triple-
gap type motor 1, the output torque will be enhanced, the size
will be reduced, and the power will be increased.

Fourth Embodiment

[0116] In the fourth embodiment and subsequent embodi-
ments, like the foregoing, the multi-gap type rotary electric
machine of the present invention is applied to a drive motor
(hereinafter referred to as motor 51) of a hybrid vehicle.

[0117] Although the following embodiments include the
similar components described in the foregoing, all the com-
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ponents of those so embodiments are described to clearly
provide readers with contexts of their features.

[0118] As shown in FIG. 12, in the same way as the con-
figuration described in the first embodiment, the motor 51
includes an annular rotor 54, an inner stator 55 and an outer
stator 56. The rotor 54 is as supported by a shaft 53 via arotor
retaining member 52. The inner stator 55 is arranged radially
inside of the rotor 54 with a gap therebetween. The outer
stator 56 is arranged radially outside of the rotor 54 with a gap
therebetween. The basic structure of this motor 51 is the same
as that described in the first embodiment.

[0119] The shaft 53, which corresponds to a rotary shaft of
the present invention, has end portions which are rotatably
supported by a motor housing 58 via respective bearings 57.
[0120] The rotor retaining member 52 includes a cylindri-
cal boss portion 52a and a disk portion 525. The cylindrical
boss portion 52a is made such as of non-magnetic SUS. The
disk portion 525 is extended radially outward from an end of
the cylindrical boss portion 52a. The cylindrical boss portion
52a is fitted to the outer periphery of the shaft 53 so that the
rotor retaining member 52 is integrally rotated with the shaft
53.

[0121] As shown in FIG. 13, the rotor 54 includes a rotor
core 54a, inner magnets 59 and outer magnets 60. The inner
magnets 59 are embedded in the inner periphery of the rotor
core 54a to form inner rotor poles. The outer magnets 60 are
embedded in the outer periphery of the rotor core 544 to form
outer rotor poles.

[0122] For example, the rotor core 54a is configured by
stacking a plurality of core sheets, each being obtained by
annularly punching an electromagnetic steel sheet using a
pressing machine. The stacked core sheets are joined together
by inserting fastener members, such as rivets or through bolts
(not shown), therethrough in the stacked direction, and fixed
to the disk portion 526 (see FIG. 12).

[0123] As shown in FIG. 14A, the rotor core 54a has inner
salient poles 544, each of which is formed between circum-
ferentially adjacent inner rotor poles (inner magnets 59). The
rotor core 4a also has outer salient poles 54¢, each of which is
formed between circumferentially adjacent outer rotor poles
(outer magnets 60).

[0124] The inner salient poles 545 are located at the same
circumferential positions as those of the corresponding outer
salient poles 54¢. The rotor core 54a includes a rotor yoke 544
which is annularly formed and located between the inner
rotor poles (inner magnets 59) and the outer rotor poles (outer
magnets 60). Inner magnetic flux and outer magnetic flux are
joined together and passed through the rotor yoke 544. The
inner magnetic flux passes through the rotor core 544 via the
inner salient poles 545 in relation to the inner stator 55. The
outer magnetic flux passes through the rotor core 54qa via the
outer salient poles 54¢ in relation to the outer stator 56.
[0125] The inner periphery of the rotor core 54a is provided
with inner magnet insertion holes 61 into which the respective
inner magnets 59 are inserted. The outer periphery ofthe rotor
core 54a is provided with outer magnet insertion holes 62 into
which the respective outer magnets 60 are inserted. However,
each ofthe outer magnet insertion holes 62 is formed in a hole
shape, with the outer peripheral side of the rotor core 54a
being closed. In contrast, each of the inner magnet insertion
grooves 61 is formed in a groove shape, with the inner periph-
eral side of the rotor core 54a being open. Specifically, each of
the outer magnets 60 is inserted into the corresponding one of
the outer magnet insertion holes 62, in a state of being

Jun. 12,2014

enclosed in the rotor core 54a, to form a magnet-embedded
structure. On the other hand, each of the inner magnets 59 is
inserted into the corresponding one of the inner magnet inser-
tion holes 61, in a state of its inner peripheral surface in the
radial direction being exposed, to form a so-called inset struc-
ture. In the present invention, the “magnet-embedded struc-
ture” is defined to encompass the “inset structure”.

[0126] As indicated by the arrows in FIG. 13, the inner and
outer magnets 59 and 60 are magnetized such that the polarity
of each of the inner magnets 59 coincides with that of the
corresponding one of the outer magnets 60, the one being
radially opposed to the inner magnet 59, and that the orien-
tation of the magnetic field of the inner rotor poles is circum-
ferentially alternated with the orientation of the magnetic
field of the outer rotor poles.

[0127] As shown in FIG. 13, the inner stator 55 is config-
ured by inner stator core 555 and three-phase (U, V and W)
inner stator windings 55¢. In the stator core 555, a plurality of
inner slots 554 are formed in the circumferential direction at
a regular interval. The three-phase inner stator windings 5¢
are wound about the inner stator core 555 (e.g., in a full-pitch
winding manner).

[0128] As shown in FIG. 13, the outer stator 56 is config-
ured by outer stator core 565 and three-phase (X, Y and Z)
outer stator windings 6c. In the stator core 564, a plurality of
outer slots 56a are formed in the circumferential direction at
a regular interval. The three-phase outer stator windings 56¢
are wound about the outer stator core 565 (e.g., in a full-pitch
winding manner).

[0129] Thenumber of slots of the inner stator 55 is the same
as that of the outer stator 56.

[0130] For example, as shown in FIG. 15, in the same way
as the connections described in the first embodiment, the U-,
V- and W-phase inner stator windings 55¢ are serially con-
nected to the X-, Y- and Z-phase outer stator windings 56¢,
respectively, to establish a star connection. The star connec-
tion has phase terminals on the opposite side of the neutral
point, and the phase terminals are connected to an inverter 49.
The inverter 49 is controlled by an ECU (electronic control
unit), not shown. The control performed by the ECU is based
on information derived from a rotor position sensor, not
shown, which senses the rotational position of the rotor 54.
The inverter 49 converts the electric power of a direct-current
power source B into alternating-current electric power and
supplies the converted electric power to the inner and outer
stator windings 55¢ and 56¢.

[0131] When the inner and outer stator windings 55¢ and
56¢ are excited via the inverter 49, the inner and outer stators
55 and 56 each generate winding magnetomotive force in
such a way that the same polarity Is created in the magnetic
poles that are radially opposed to each other via the rotor 54
at the same circumferential position.

[0132] Referring to FIGS. 14A and 14B, hereinafter are
described the inner and outer magnets 59 and 60 having
features of one subject matter of the present invention. FIGS.
14A and 14B are partial cross-sectional views each illustrat-
ing the rotor 54 that includes the inner and outer rotor poles.
In FIGS. 14A and 14B, hatching that indicates a cross section
is omitted.

[0133] First, individual portions of the inner and outer mag-
nets 59 and 60 are defined as follows.

[0134] a) A circumferential center portion of each of the
inner and outer rotor poles is referred to as pole center portion.
Reference P21 indicates the thickness of each inner magnet
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59 at the pole center portion, while reference P23 indicates
the thickness of each outer magnet 60 at the pole center
portion.

[0135] b) Circumferential end portions of each of the inner
and outer poles are referred to as pole end portions PE. Ref-
erence P22 indicates the thickness of each inner magnet 59 at
its pole end portions PE. Reference P24 indicates the thick-
ness of each outer magnet 60 at its pole end portions PE.
[0136] c) Theradially outer peripheral surface of each inner
magnet 59 and the radially inner peripheral surface of each
outer magnet 60 are each referred to as opposite-to-stator
surface.

[0137] Each inner magnet 59 and each outer magnet 60
establish relationships P21>P22 and P23>P24, respectively.
Further, as shown in FIG. 14A, the opposite-to-stator surface
of each magnet is circumferentially inclined toward its cir-
cumferential ends with reference to the pole center portion, so
that the thickness P21 or P23 is reduced to the thickness P22
or P24, respectively.

Advantages and Effects of the Fourth Embodiment

[0138] The motor 1 according to the fourth embodiment
uses the rotor 54 having a magnet-embedded structure in
which the inner magnets 59 are embedded in the inner periph-
ery of the rotor core 54a and the outer magnets 60 are embed-
ded in the outer periphery thereof. Thus, both of magnet
torque and reluctance torque are made use of.

[0139] Also, in the rotor 54, the opposite-to-stator surface
of'each of the inner and outer magnets 59 and 60 is inclined in
the pole end portions PE of the inner or outer rotor pole. Thus,
the thickness P22 or P24 of each magnet is gradually reduced
toward the so circumferential ends with reference to the pole
center portion. In other words, the radial width of the rotor
yoke 54d, in which a magnetic path common to the inner and
outer rotor poles is created, is gradually increased (widened)
toward the circumferential ends of each inner or outer rotor
pole, with reference to the pole center portion. Thus, as indi-
cated by the thick arrows in FIG. 14B, in the rotor yoke 544,
magnetic saturation is minimized in the vicinities of the pole
end portions PE which have a highest concentration of g-axis
magnetic flux that generates reluctance torque and d-axis
magnetic flux that generates magnet torque. As a result, mag-
netic leakage toward the inner and outer magnets 59 and 60 is
prevented. Accordingly, the occurrence of local demagneti-
zation is prevented in the pole end portions PE of each of the
inner and outer magnets 59 and 60, without impairing the
motor performance.

[0140] Hereinafter, the fourth to seventh embodiments of
the present invention are described.

[0141] Inthe fifth to seventh embodiments, the components
identical with or similar to those in the fourth embodiment are
given the same reference numerals for the sake of omitting
unnecessary explanation.

Fifth Embodiment

[0142] Inthe fifth embodiment, as shown in FIGS. 16 A and
16B, the outer magnet 60 in each outer rotor pole has cham-
fered corner portions in each of which the stator-side surface
of'the magnet meets the circumferential end face of the mag-
net. The stator-side surface of each outer magnet 60 refers to
a surface opposite to the so opposite-to-stator surface
described in the fourth embodiment, i.e. the outer peripheral
surface of each outer magnet 60.
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[0143] Each of the outer magnet insertion holes 62 formed
in the rotor core 54a is provided with spaces S which are
defined by the inner wall of the hole and the respective cham-
fered corner portions of the outer magnet 60.

[0144] In the configuration of the fifth embodiment, the
spaces S of the outer magnet insertion holes 62 function as
magnetic gaps. The spaces S are filled with air, by way of
example. Therefore, as shown in FIG. 16B, demagnetizing
field intensity (the magnetic flux indicated so by the broken-
line arrow in FIG. 16B) applied to each outer magnet 60 is
mitigated. As a result, demagnetization in the pole end por-
tions of the outer magnets 60 is minimized. Alternative to
providing the spaces S at the respective chamfered corner
portions of the outer magnet 60 in each outer magnet insertion
hole 62, as non-magnetic material, such as aluminum or a
resin, may be arranged at the spaces corresponding to the
spaces S.

Sixth Embodiment

[0145] In the sixth embodiment, as shown in FIGS. 17A
and 17B, each outer magnet insertion hole 62 includes a
bridge 63 that connects between the inner periphery and the
outer periphery of the hole 62 to divide the hole 62 into two in
the circumferential direction. In this case, the outer magnet 60
that forms each outer rotor pole is divided into two and
separately inserted into the two divisions of the outer magnet
insertion hole 62 defined by the bridge 63. In other words,
each outer rotor pole is formed of a set of two outer magnets
60 that are inserted into the respective two divisions of the
outer magnet insertion hole 62 defined by the bridge 63.
[0146] As shown in FIG. 17B, in the configuration of the
sixth embodiment, the outer magnetic flux passes through the
bridge 63 to act against the demagnetizing field applied to the
corresponding inner magnet 59. As a result, demagnetization
in each inner magnet 59 is mitigated.

[0147] Further, formation of the bridges 63 in the rotor core
54a, each of which divides the corresponding one of the outer
magnet insertion holes 62, can contribute to enhance the
resistance of the rotor 54 against centrifugal force. Specifi-
cally, when centrifugal force acts on the outer magnets 60 by
the rotation of the rotor 54, each outer magnet 60 is pressed
radially outward against a thin portion of the rotor core 54a
(radially outer portion of the rotor core 54a with reference to
the outer magnet insertion hole 62), the thin portion covering
the outer periphery of the outer magnet 60. In this regard, the
formation of the bridges 63 can prevent the thin portions from
being expanded radially outward, being pressed by the
respective outer magnets 60 with the application of the cen-
trifugal force. In so this way, the outer periphery of the rotor
54 is prevented from contacting the inner periphery of the
outer stator 56. Thus, the magnetic gap between the rotor 54
and the outer stator 56 is uniformly maintained.

Seventh Embodiment

[0148] The seventh embodiment is an example of a triple-
gap type motor.
[0149] As shown in FIG. 18, a triple-gap type motor 71

includes a side stator 64 which faces an end face of the rotor
54 with a gap therebetween, the end face being on a side
opposite to the disk portion (left side as viewed in FIG. 18).
The side stator 64 includes a side-stator core 64a and a side-
stator winding 645. The side-stator core 64a is connected to
the inner and outer stator cores 555 and 565. The side-stator
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winding 645 is wound about the side-stator core 64a (e.g., in
a full-pitch winding manner) to serially connect the inner and
outer stator windings 55¢ and 56c¢.

[0150] The triple-gap type motor 71 forms magnetic gaps
in three faces between the rotor 4 and the stators 55,56 and 64.
[0151] Accordingly, by applying the configuration
described in any one of the fourth to sixth embodiments,
torque can be further enhanced.

Modifications to the Fourth to Seventh Embodiments

[0152] In the fourth embodiment, the configuration is
applied to both of the inner and outer rotor poles. Specifically,
in both of the inner and outer magnets 59 and 60, the opposite-
to-stator surface is inclined toward the magnetic pole ends.
Alternative to this, the opposite-to-stator surface of either of
the inner and outer magnets 59 and 60 may be inclined toward
the magnetic pole ends.

[0153] Inthe fifth embodiment, the corner portions of each
of'the outer magnets 60 are chamfered. Alternative to this, the
corner portions of each of the inner magnets 59 may be
chamfered, in addition to the chamfering of the outer magnets
60. In this case, similar to the outer rotor poles, spaces are
provided to each inner magnet insertion hole 61, the spaces
being defined by the inner wall of the hole 61 and the respec-
tive chamfered corner portions of the so inner magnet 59, or
non-magnetic material, such as aluminum or a resin, is
arranged in the spaces.

[0154] In the sixth embodiment, each outer magnet inser-
tion hole 62 is divided into two by the bridge 63. Alternative
to this, each outer magnet insertion hole 62 may be divided
using two or more bridges 63.

[0155] The present invention may be embodied in several
other forms without departing from the spirit thereof. The
embodiment and modifications described so far are therefore
intended to be only illustrative and not restrictive, since the
scope of the invention is defined by the appended claims
rather than by the description preceding them. All changes
that fall within the metes and bounds ofthe claims, or equiva-
lents of such metes and bounds, are therefore Intended to be
embraced by the claims.

What is claimed is:

1. A multi-gap type rotary electric machine, comprising:

a shaft supported rotatably by a baring secured to a hous-
ng;

an annular rotor secured to the shaft and configured to
rotate together with the shaft; and

a stator secured to the housing and configured to have a gap
between the stator and the rotor,

wherein
the rotor comprises

an annular rotor core made of soft magnetic material and
configured to have a radial direction and a circumferen-
tial direction,

a plurality of inner magnets, each composed of a perma-
nent magnet, embedded in radially inner portions of the
rotor core at equal pitches in the circumferential direc-
tion, and

a plurality of outer magnets, each composed of a perma-
nent magnet, embedded in radially outer portions of the
rotor core at equal pitches in the circumferential direc-
tion;
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the rotor core comprises

a plurality of inner salient poles each formed between
mutually adjacent two of the inner magnets in the cir-
cumferential direction, and

a plurality of outer salient poles each formed between
mutually adjacent two of the outer magnets in the cir-
cumferential direction, the inner and outer salient poles
being made of soft magnetic material;

the stator comprises at least

an inner stator located on a radially inner side of the rotor
with a gap left between the inner stator and the rotor, and

an outer stator located on a radially outer side of the rotor
with a gap left between the outer stator and the rotor,

wherein the inner stator comprises

an inner stator core provided with a plurality of inner slots
formed on an radially outer circumference of the inner
stator at equal intervals in the circumference direction
and a plurality ofinner teeth formed on the radially outer
circumference at equal intervals in the circumferential
direction, the inner slots and the inner teeth being
aligned alternately in the circumferential direction; and

an inner stator winding full-pitch wound at the inner stator
core through the inner slots,

the outer stator comprises

an outer stator core provided with a plurality of outer slots
formed on an radially inner circumference of the outer
stator at equal intervals in the circumference direction
and a plurality of outer teeth formed on the radially inner
circumference at equal intervals in the circumferential
direction, the outer slots and the outer teeth being
aligned alternately in the circumferential direction; and

an outer stator winding full-pitch wound at the outer stator
core through the outer slots,

wherein relationships of:

3.5<P13/P6 (1) and

P7/P6>1 )

are met, where P6 denotes a circumferential width of each of
the outer salient poles, P7 denotes a circumferential width of
each of the inner salient poles, and P13 denotes a circumfer-
ential width of each of the outer magnets.
2. The rotary electric machine of claim 1, wherein
when the outer stator has an outer diameter of P1, a diam-
eter between bottoms of two of the outer slots, which
passes through a radial center of the outer stator, is P2,
P3 denotes a circumferential length obtained by multi-
plying a circumferential width of one of the outer teeth
by the number of outer teeth contained in one magnetic
pole of the outer stator, the rotor has an outer diameter of
P4, each of the outer magnets has a radial thickness of
PS5, each of the inner so magnets has a radial thickness of
P8, the rotor has an inner diameter of P9, a diameter
between bottoms of two of the inner slots, which passes
through the radial center of the outer stator, is P10, P11
denotes a circumferential length obtained by multiply-
ing a circumferential width of one of the inner teeth by
the number of inner teeth contained in one magnetic pole
of the inner stator, and the inner stator has an inner
diameter of P12,
the dimensions P1 to P13 are set to meet dimensional ratios
listed in a group H2 of a table 1, where the dimension of
P1 is set to be 1 as a reference:
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TABLE 1
Superior
Torque characteristics Group H1 Group H2
P1: Outer-stator outer 1
diameter
P2: Outer-stator inter-slot 0.936-0.959 0.928-0.967
diameter
P3: Outer-stator-tooth width 0.0789-0.1016 0.0676-0.1128
(per pole)
P4: Rotor outer diameter 0.868-0.884 0.857-0.895
P5: Outer-magnet thickness 0.0112-0.0188 0.0112-0.0207
P6: Outer-salient-pole width 0.0112-0.0339 0.0075-0.0376
P7: Inner-salient-pole width 0.0319-0.0489 0.0263-0.0489
P8: Inner-magnet thickness 0.0093-0.0170 0.0056-0.0170
P9: Rotor inner diameter 0.706-0.726 0.699-0.726
P10: Inner-stator inter-slot 0.616-0.636 0.612-0.636
diameter
P11: Inner-stator-tooth 0.0394-0.0734 0.0507-0.0734
width (per pole)
P12: Inner-stator inner-slot 0.571-0.587 0.563-0.594
diameter
P13: Outer-magnet width 0.1315-0.1579 0.1278-0.1617
(per pole)

3. The rotary electric machine of claim 2, wherein

the dimensions P1 to P13 are set to meet dimensional ratios
listed in a group H1 of the table 1.

4. A multi-gap type rotary electric machine, comprising:

a shaft having a length-wise direction defined as an axial
direction, the shaft given both a radial direction and a
circumferential direction defined in relation to the axial
direction;

an annular rotor securely arranged on the shaft such that the
rotor and the shaft rotate together on a center axis of the
shaft, the rotor and shaft being concentric to each other;

an inner stator arranged radially inside the rotor with a gap
left between the inner stator and the rotor; and

an outer stator arranged radially outside the rotor with a gap
left between the outer stator and the rotor;

wherein the rotor comprises

an annular rotor core made of soft magnetic material,

inner magnets arranged at radially inner positions in the
rotor core, which positions are closer to a radially inner
periphery of the rotor core, the inner magnets providing
a plurality of inner rotor poles, and

outer magnets arranged at radially outer positions in the
rotor core, which positions are closer to a radially outer
periphery of the rotor core, the outer magnets providing
a plurality of outer rotor poles,

wherein the rotor core comprises a plurality of inner salient
poles each located between mutually adjacent two of the
inner rotor poles in the circumferential direction and a
plurality of outer salient poles each located between
mutually adjacent two of the outer rotor poles in the
circumferential direction,

wherein each of the inner and outer rotor poles has two end
portions in the circumferential direction,

each of the inner and outer inner magnets has a thickness in
the radial direction,
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each of the inner magnets has a radially outer circumfer-
ential surface and each of the outer magnets has a radi-
ally inner circumferential surface, and

the radially inner/outer circumferential surfaces of the end

portions of at least ones of the inner and outer magnets
have inclinations which gradually reduces the thickness
as advancing toward an end of each of the magnet in the
circumferential direction.

5. The rotary electric machine of claim 4, wherein

each of the inner magnets has a radially inner circumfer-

ential surface and each of the outer magnets has a radi-
ally outer circumferential surface,

at least ones of the radially inner circumferential surface of

the inner magnets and the radially outer circumferential
surface of the outer magnets has circumferential ends
which are present in end portions, the circumferential
ends having chamfered corners on each of which a non-
magnetic portion is formed.

6. The rotary electric machine of claim 5, wherein the
non-magnetic portion is made of air or non-magnetic mate-
rial.

7. The rotary electric machine of claim 4, wherein the rotor
core comprises

a plurality of magnet insertion holes at the radially outer

positions, the outer magnets being arranged respectively
in the magnet insertion holes, and

one or more bridges each linking radially inner and outer

walls of each of the insertion holes with each other such
that each of the insertion holes is divided into two or
more holes in the circumferential direction,

wherein each of the outer magnets are divided in two or

more outer magnets arranged in the divided two or more
holes, respectively.

8. The rotary electric machine of claim 5, wherein the rotor
core comprises

a plurality of magnet insertion holes at the radially outer

positions, the outer magnets being arranged respectively
in the magnet insertion holes, and

one or more bridges each linking radially inner and outer

walls of each of the insertion holes with each other such
that each of the insertion holes is divided into two or
more holes in the circumferential direction,

wherein each of the outer magnets are divided in two or

more so outer magnets arranged in the divided two or
more holes, respectively.

9. The rotary electric machine of claim 6, wherein the rotor
core comprises

a plurality of magnet insertion holes at the radially outer

positions, the outer magnets being arranged respectively
in the magnet insertion holes, and

one or more bridges each linking radially inner and outer

walls of each of the insertion holes with each other such
that each of the insertion holes is divided into two or
more holes in the circumferential direction,

wherein each of the outer magnets are divided in two or

more outer magnets arranged in the divided two or more
holes, respectively.
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