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1
VARIABLE MAGNETIC FLUX-TYPE
ROTARY ELECTRIC MACHINE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a U.S. National stage application of
International Application No. PCT/JP2012/044262, filed
Jun. 26, 2012, the contents of which is hereby incorporated
herein by reference.

BACKGROUND

Field of the Invention

The present invention generally relates to a variable
magnetic flux-type rotary electric machine.

Background Information

A rotary electric machine in which the armature magnetic
flux linkage is varied has been disclosed in Japanese Laid-
Open Patent Application No. 2006-280195 and the like (e.g.,
Japanese Laid-Open Patent No. 2006-280195). However,
with the rotary electric machine disclosed in Japanese Laid-
Open Patent Application No. 2006-280195, it has been
necessary to control the magnetized state of the magnets.
Control is thus difficult, and because magnets with small
coercive field strengths have been used in order to control
magnetic forces, it has been difficult to avoid demagnetiza-
tion due to armature counteraction, resulting in restrictions
on design and uses. In addition, there have been problems
with high energy loss due to the flow of magnetization/
demagnetization current.

SUMMARY

One object presented in this disclosure is to resolve these
types of problems by providing a variable magnetic flux-
type rotary electric machine that increases loss during low
load, inhibits loss during high-speed rotation, and inhibits
ohmic loss.

In view of the above, a variable magnetic flux-type rotary
electric machine is proposed that basically comprises an
annular stator and a rotor. The annular stator includes a stator
coil wound on a plurality of teeth. The rotor has a circular
shape that is concentric with the stator and defines an air gap
between the rotor and the stator. The rotor has at least one
permanent magnet arranged in the d-axis magnetic path. The
stator and the rotor are arranged relative to the permanent
magnet to set an operating characteristic of d(Kt(I))/dI=0 in
a range of at or below magnetic saturation of a core material
of at least one of the stator and the rotor, where KT
represents a torque constant, and I represents an applied
current, and a function of the torque constant KT with
respect to the applied current I is represented by KT=Kt(I)
for a given torque Tr acting on the rotor that is represented
by Tr=KTxI.

With the rotary electric machine of the present disclosure,
loss during low load, loss during high-speed rotation, and
ohmic loss can be inhibited by forming magnetic flux bypass
paths that can inhibit the amount of magnetic flux leakage
due to the stator armature action between adjacent magnetic
poles. In addition, generation of maximum torque during
high load can be achieved by inhibiting magnetic flux
leakage due to the armature action. As a result, consumption
of electricity during travel mode can be greatly improved by
using the rotary electric machine of the present disclosure as
an electric motor in electric vehicles.
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Moreover, the rotary electric machine of the present
disclosure has a configuration whereby the pathway for the
magnetic flux of the magnet inside the rotor is inhibited by
armature current without changing the magnetization con-
dition of the permanent magnet. Inhibition is thus compara-
tively easy, and there is no associated energy loss, because
magnetization/demagnetization is not carried out.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the attached drawings which form a part
of this original disclosure:

FIG. 1 is a diagram showing the configuration of a rotary
electric machine pertaining to a first embodiment;

FIG. 2 is a diagram showing the magnetic flux flow of the
rotary electric machine pertaining to an embodiment in a
no-load state;

FIG. 3 is a diagram showing the magnetic flux flow when
g-axis current is supplied to the stator coil of the rotary
electric machine pertaining to an embodiment;

FIG. 4 is a diagram showing the configuration of a rotary
electric machine pertaining to a first modification example
of the first embodiment;

FIG. 5 is a diagram showing the configuration of a rotary
electric machine pertaining to a second modification
example of the first embodiment;

FIG. 6 is a diagram showing the configuration of a rotary
electric machine pertaining to a third modification example
of the first embodiment;

FIG. 7 is a diagram showing the configuration of a rotary
electric machine pertaining to a fourth modification example
of the first embodiment;

FIG. 8 is a diagram showing the configuration of a rotary
electric machine pertaining to a fiftth modification example;

FIG. 9 is a diagram showing the configuration of a rotary
electric machine pertaining to a second embodiment;

FIG. 10 is an explanatory diagram showing the flow of
magnetic flux when a magnetic field impeding part is not
provided in the rotary electric machine of the second
embodiment;

FIG. 11 is a diagram showing the configuration of a rotary
electric machine pertaining to a third embodiment;

FIG. 12 is a diagram showing the configuration of a rotary
electric machine pertaining to a fourth embodiment;

FIG. 13 is a characteristic diagram showing the relation-
ship between torque and current flow to the stator coil in an
embodiment; and

FIG. 14 is a characteristic diagram showing the relation-
ship between torque constant and current flow to the stator
coil in an embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

Selected embodiments of a variable magnetic flux-type
rotary electric machine will now be explained with reference
to the drawings. It will be apparent to those skilled in the art
from this disclosure that the following descriptions of the
embodiments are provided for illustration only and not for
the purpose of limiting the invention as defined by the
appended claims and their equivalents.

First Embodiment

FIG. 1 is a diagram showing the configuration of a rotary
electric machine pertaining to a first embodiment. A portion
that constitutes one-fourth of the entire configuration is
shown. Each other one-fourth of the remaining three-fourth
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of the entire configuration of the rotary electric machine
repeats the illustrated one-quarter in a continuous repeating
manner. As shown in FIG. 1, this rotary electric machine has
a stator 11 that is formed in the shape of a ring, and a rotor
12 that is formed in the shape of a circle that is concentric
with the stator 11 to form an electric motor or generator.

The stator 11 has a stator core 14 and a plurality of (e.g.,
24) teeth 51 that protrude inwards from the stator core 14.
The spaces between adjacent teeth 51 are regarded as slots
52. A stator coil C is wound on the teeth 51. The stator core
14 is formed, for example, from laminated iron sheets.

The rotor 12 has a rotor core 13, where the rotor core 13
is formed in the shape of a cylinder having a laminated iron
sheet structure produced by the lamination of iron sheets that
are formed from a metal having high magnetic permeability.
In addition, on the circumferential edge part of the stator
core 13, opposite the stator 11, four permanent magnets m
(specifically, a quadrupole structure) are provided in the
circumferential direction at equivalent spacing with respect
to each other, with the polarity of adjacent permanent
magnets being opposite. In FIG. 1, one-quarter of the entire
rotary electric machine is shown, and thus only one perma-
nent magnet m is shown.

Gaps are provided in opposing portions of the rotor core
13, and the permanent magnets m are rigidly fixed to the
rotor core 13 by fitting the permanent magnets m into these
gaps. In addition, the radial direction of the rotor 12 is the
magnetization direction of the permanent magnets m. In this
embodiment, the geometrical center of each of the perma-
nent magnets m is taken as the d-axis, and the g-axis is
defined as being at an electrical angle of 90° from the d-axis
(in this embodiment, there are four poles, and so this
position is 45° in terms of the mechanical angle).

The outer circumference of the rotor 12 has the shape of
a circular arc, and electrical gap parts 16 are formed between
adjacent magnetic poles. By forming these gap parts 16, two
magnetic flux by-pass paths 3 are formed for each of the
permanent magnets m in the continuous portion between
adjacent magnetic poles on the outer circumferential part of
the rotor core 13. Specifically, the magnetic flux bypass
paths 3 are provided near the air gap 4 that serves as a gap
portion between the stator 11 and the rotor 12. In addition,
narrow magnetic paths 2 having widths A are produced
between the permanent magnets m and the gap part 16. The
widths A of the magnetic paths 2 are set so as to be smaller
than widths B of the magnetic flux bypass paths 3. Specifi-
cally, the stator 11 and the rotor 12 are arranged relative to
the permanent magnets m such that a relationship of A<B is
set.

Because the relationship A<B set, the magnetic flux
emanating from the permanent magnets m meet lower
magnetic resistance when leaking towards the opposite pole
side of the adjacent permanent magnets via the magnetic
flux bypass path 3 than when leaking towards the opposite
pole side of the permanent magnets m via the magnetic path
2. The magnetic flux passing through the magnetic paths 2
is the leak magnetic flux from the surface of the permanent
magnet m to the back surface of the permanent magnet m,
and the leak magnetic flux amount is nearly independent of
armature current, thus constituting a simple magnetic flux
loss, without merit. On the other hand, the magnetic flux
passing through the magnetic flux bypass paths 3 can be
inhibited by the armature current, and efficiency can thus be
improved by appropriate inhibition in accordance with the
machine operating point.

In addition, the magnetic resistance in the d-axis is set so
as to be smaller than the magnetic resistance in the g-axis.
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In other words, salient pole characteristics are produced in
which the inductance Ld in the direction of the d-axis and
the inductance 1q in the direction of the g-axis are related by
Ld>1q.

In addition, for the permanent magnets m, the relationship
between thickness and coercive field strength is determined
by the stator specifications (characteristics) and the power
source capacity, and permanent magnets are used for the
permanent magnets m that can be magnetized and demag-
netized by reversed electric fields.

The operation of the rotary electric machine pertaining to
the first embodiment is described below. FIG. 2 is an
explanatory diagram showing the magnetic flux distribution
when current is not supplied to the stator coil that is wound
on the teeth 51 of the stator 11. As shown in FIG. 2, when
current is not being supplied, one part of the magnetic flux
21 emanating from the permanent magnet m flows towards
the stator 11, producing linkage with the stator coil. In
addition, the other part of the magnetic flux 1 that has
emanated from the permanent magnet m leaks towards the
adjacent magnetic poles through the magnetic flux bypass
paths 3 on both sides.

For this reason, it is easy to inhibit the amount of magnetic
flux that leaks through the magnetic flux bypass paths 3. The
desired torque thus can be easily generated by suppressing
the amount of magnetic flux that produces linkage with the
stator coil when the rotary electric machine is operating at
low load.

FIG. 3 is an explanatory diagram that shows the magnetic
flux distribution when current is supplied to the stator coil.
When the rotor 12 is rotating in the direction of the arrow
Y1, the magnetic flux 53 that emanates from the permanent
magnet m faces in the direction of rotation. In addition, it is
understood that leakage of magnetic flux from the perma-
nent magnet m to the magnetic flux bypass paths 3 is
suppressed by the armature counteraction 31. Specifically,
with the rotary electric machine of this embodiment, the
magnetic flux bypass paths 3 (magnetic flux leak path) are
provided so that magnetic flux leaks between adjacent
magnetic poles during no load or low load. In addition, the
magnetic flux bypass paths 3 (magnetic flux leak path) are
disposed in positions whereby the leak magnetic flux flow-
ing to the magnetic flux bypass paths 3 can be inhibited by
armature action in accordance with armature current (with
the machine being a function of current).

In this manner, with the rotary electric machine according
to the first embodiment, the magnetic flux bypass paths 3 are
provided to serve as pathways when magnetic flux emanat-
ing from the permanent magnet m leaks towards the adjacent
permanent magnet. In addition, a magnetic flux inflow and
outflow part (a portion indicated by symbol “a” in FIG. 1)
of each of the magnetic flux bypass paths 3 are provided near
the air gap 4. Consequently, magnetic flux flowing through
the magnetic flux bypass paths 3 is readily inhibited by
suppressing electric current flowing to the stator coil.

In addition, by increasing the leak magnetic flux when the
rotor 12 rotates in a no-load condition or low-load condition,
the magnetic flux involved in linkage with the stator 11 can
be decreased, and loss can be decreased. Moreover, when
rotating under high-load conditions, leak magnetic flux can
be inhibited by inhibiting electric current flowing to the
stator coil, and the magnetic flux is involved in linkage with
the stator 11 can be increased, thereby providing high
torque. As a result, mode travel electricity consumption can
be greatly improved when the rotary electric machine of this
embodiment is used in an electric vehicle.
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In addition, by providing the magnetic flux bypass paths
3 near the air gap 4, the magnetic flux inflow and outflow
parts are disposed in the vicinity of the air gap 4 without
complicating the rotor structure, thereby making it easy to
inhibit the amount of magnetic flux flowing through the
magnetic flux bypass paths 3.

In addition, the width A of the magnetic path 2 and the
width B of the magnetic flux bypass path 3 are provided with
the relationship B>A, and, of the magnetic flux that ema-
nates from the permanent magnet m, most of the leak
magnetic flux is magnetic flux that passes through the
magnetic flux bypass paths 3, allowing the amount of
magnetic flux to be easily inhibited. In addition, inhibition
can be improved even more if a configuration is used in
which the relationship is B>2A.

With the rotary electric machine of this embodiment,
when little current I is supplied to the stator coil, as during
no load or low load, leak magnetic flux is generated that
flows through the magnetic flux bypass path 3, thereby
decreasing the back electromotive force that is induced in
the stator coil by the magnetic flux of the permanent magnet
m, which causes a resultant decrease in torque Tr that is
produced in the rotor 12. In addition, when the current I that
flows to the stator coil is increased in order to run the rotary
electric machine at high speed, the leak magnetic flux
decreases, and the amount of magnet magnetic flux that is
involved in linkage with the armature increases, hereby
allowing the torque Tr to be increased. Specifically, con-
cerning the torque Tr and the current I with the rotary
electric machine of this embodiment, the rate of change of
the torque Tr increases along with an increase in the current
1, as indicated by the symbol ql in FIG. 13.

In other words, when the torque Tr is expressed in terms
of the torque constant KT and the current I as Tr=KTxI, the
torque constant KT is related to the current I by the function
KT=Kt(I), and an operating characteristic having a relation-
ship d(Kt(1))/d1=0 is set at or below magnetic field saturation
of the core material.

Consequently, the degree of linkage between the magnet
magnetic flux and the stator coil increases when current is
applied, and the torque constant increases. For this reason,
in low-torque ranges, the degree of linkage between the
magnet magnetic flux and the stator coil is decreased, loss is
decreased, and the induced voltage is also decreased, which
increases the variable speed range. In addition, the magnetic
field circuit is symmetrical with respect to the center of the
magnetic pole, and roughly similar characteristics are
obtained regardless of the direction of rotation of the rotor
12.

In addition, with the above relationship d(Kt(I))/dIz0 as
pertains to the magnetic flux distribution of the magnet, the
leak amount of magnetic flux of the magnet to the opposite
pole during no load decreases when current is applied, and
the maximum torque constant KT_max is set at 10% or
greater than the minimum torque constant KT_min. Specifi-
cally, as indicated by curve g2 in FIG. 14, the torque
constant KT is set at minimum value KT min under no load
when there is no current I that conducts to the stator coil and
the torque constant KT is set at maximum value KT_max
when the current I is large. The maximum torque constant
KT_max is set to at least 10% greater than the minimum
torque constant KT_min.

By setting the parameters in this manner, the magnet
magnetic flux can be inhibited by normal current inhibition,
without using a special inhibition method or additional
structures. Consequently, performance can be improved
without an increase in cost. Moreover, the level of weak
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magnetic field inhibition during high-speed rotation can be
decreased, and a low-cost magnet having low coercive field
strength can be used. Alternatively, the size of the magnets
can be decreased.

In addition, in the first embodiment, the motor has salient
pole characteristics in which the relationship between the
inductance L.d in the d-axis direction and the inductance Lq
in the g-axis direction is L.d>1.q, and thus positive reluctance
torque can be obtained when positive d-axis current is
applied to the stator coil, which allows the maximum torque
to be increased.

In addition, for the permanent magnet m, a magnet is used
that can be magnetized/demagnetized by the counter mag-
netic field that can be generated by the stator specifications
and the power source capacity, and thus the characteristics
of motors that utilize the rotary electric machine can be
changed.

Next, a modification example of the rotary electric
machine presented in the first embodiment will be described
with reference to FIGS. 4 to 8. FIG. 4 is a diagram showing
a first modification example. With the rotor 12, two perma-
nent magnets ml and m2 are inclined with respect to the
circumferential direction and are provided symmetrically
with respect to the d-axis. In addition, as shown in FIG. 4,
magnetic field impeding parts 22a and 224 are formed to the
side of the permanent magnet m1 and the permanent magnet
m2. Magnetic flux flowing between the rotor core 13 and the
magnetic flux bypass paths 5a and 554 is thus shielded by the
magnetic field impeding parts 22a¢ and 224. In addition, by
forming the magnetic field impeding parts 22a and 2254, the
magnetic path 23a provided on the side part of the perma-
nent magnet m1 and the magnetic path 235 provided on the
side part of the permanent magnet m2 each have narrow
widths (widths A2). A magnetic path 24 is thus formed
between the two permanent magnets m1 and m2, and this
magnetic path 24 also has a small width (width Al). In
addition, the widths A1 and A2 of the magnetic path 24 and
the magnetic paths 23a and 235 are set to be smaller than the
width B of the magnetic flux bypass path 3.

Consequently, in the first modification example having
this configuration, similar effects as with the first embodi-
ment described above can be achieved.

FIG. 5 is a diagram showing a second modification
example. As shown in FIG. 5, in the second modification
example, two permanent magnets m3 and m4 are provided
in one magnetic pole of the rotor 12. The respective perma-
nent magnets m3 and m4 are disposed so that their length-
wise directions coincide with the g-axes that constitute the
center axes between the magnetic poles (axes that are
inclined at 45° relative to the d-axis). In addition, the
respective permanent magnets m3, md4 are magnetized in
directions that are at right angles with respect to the radial
direction as shown by arrows D1 and D2.

Magnetic flux bypass paths 264 and 265 are formed in the
rotor 12 which is the end part of the outer circumferential
side of the permanent magnets m1 and m2, and narrow-
width magnetic paths 25a and 254 are formed via gap parts
in the rotor 12 that serves as the end part of the inner
circumferential side. The widths A of the magnetic paths 254
and 256 shown in FIG. 5 are set so as to be smaller than the
widths B of the magnetic flux bypass paths 26a and 265.

Consequently, similar effects as with the first embodiment
described above can be achieved in the second modification
example having this configuration.

FIG. 6 is a diagram showing a third modification example.
As shown in FIG. 6, in the third modification example, three
permanent magnets m5, m6 and m7 are provided inside a
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single magnetic pole of the rotor 12. Of magnets, permanent
magnet m5 is disposed so that the lengthwise direction
thereof runs along the circumferential direction of the rotor
12, and the center thereof roughly coincides with the d-axis.
In addition, the permanent magnet m5 is magnetized in the
radial direction of the rotor 12. The permanent magnets mé6
and m7 are disposed so that the lengthwise directions thereof
coincide with the g-axes that serve as center axes between
magnetic poles. In addition, the permanent magnets mé and
m7 are magnetized in a direction that is perpendicular with
respect to the radial direction.

Magnetic flux bypass paths 27a and 275 are provided at
the end parts on the outer circumferential sides of the
permanent magnets mé6 and m7, and narrow-width magnetic
paths 28a and 285 are provided at both ends of the perma-
nent magnet m5. The width A of the magnetic paths 28 and
28b is set so as to be smaller than the width B of the
magnetic flux bypass paths 27a and 275.

Consequently, similar effects as with the first embodiment
described above can be achieved in the third modification
example having this configuration.

FIG. 7 is a graph showing a fourth modification example.
As shown in FIG. 7, in the fourth modification example,
three permanent magnets m8, m9 and m10 are provided in
a single magnetic pole of the rotor 12. Of the magnets, the
permanent magnet m8 is disposed so that the longitudinal
direction runs in the circumferential direction of the rotor 12,
and the center thereof roughly coincides with the d-axis. In
addition, the permanent magnet m8 is magnetized in the
radial direction of the rotor 12. The permanent magnets m9
and m10 are disposed at positions whereby they are slightly
inwards from the g-axes, and the permanent magnets m9 and
m10 are magnetized in a direction that is perpendicular with
respect to the radial direction of the rotor 12.

Magnetic flux bypass paths 29a and 295 are provided at
the end parts of the outer circumferential sides of the
permanent magnets m9 and m10, and narrow-width mag-
netic paths 30a and 305 are provided at both ends of the
permanent magnet m8. The widths A of the magnetic paths
30a and 306 are set so as to be smaller than the widths B of
the magnetic flux bypath paths 294 and 295.

Consequently, similar effects as with the first embodiment
can be attained in the fourth modification example having
this configuration.

FIG. 8 is a diagram showing a fifth modification example.
As shown in FIG. 8, in the fifth modification example, a
permanent magnet m11 is provided towards the outer cir-
cumferential side in one magnetic pole of the rotor 12. The
permanent magnet m11 is magnetized in the radial direction
of the rotor 12. In addition, magnetic field impeding parts
35a and 354 are provided on both ends of the permanent
magnet m11, and magnetic field impeding parts 36a and 365
are provided to the outside thereof. In addition, magnetic
paths 32a¢ and 3256 are produced between the permanent
magnet m11 and the magnetic field impeding parts 35a and
35h, and magnetic flux bypass paths 33¢ and 335 are
produced between the magnetic field impeding parts 35a and
35b to the inside and the magnetic field impeding parts 36a
and 364 to the outside. In addition, the outer circumferential
parts of the magnetic field impeding parts 36a and 364 to the
outside produce magnetic paths 34a and 345. In addition, the
width A of the magnetic paths 32a, 325 is set so as to be
smaller than the width B of the magnetic flux bypass paths
33q and 33b.

Consequently, similar effects as with the first embodiment
can be achieved in the fifth modification example having this
configuration.
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Second Embodiment

A second embodiment is described below. FIG. 9 is a
diagram showing the configuration of the rotary electric
machine of the second embodiment. In FIG. 9, only one-
fourth of the entire rotary electric machine is shown. Each
other one-fourth of the remaining three-fourth of the entire
configuration of the rotary electric machine repeats the
illustrated one-quarter in a continuous repeating manner. For
the sake of simplicity, the same reference numbers of the
first embodiment will be used to describe the second
embodiment. As shown in FIG. 9, as with the first embodi-
ment described above, the rotary electric machine of the
second embodiment has the annular stator 11 and the rotor
12 concentrically arranged with the air gap 4 serving as a
gap portion between the stator 11 and the rotor 12. The rotor
12 has a rotor core 13.

On the circumferential edge part of the stator core 13
opposite the stator 11, four permanent magnets m (specifi-
cally, a quadrupole structure) are provided along the cir-
cumferential direction at equivalent spacing with respect to
each other, with the polarity of adjacent permanent magnets
being opposite. In FIG. 9, one-quarter of the entire rotary
electric machine is shown, and so only one the permanent
magnet m12 is shown. In addition, in this embodiment, the
permanent magnet m12 is provided towards the outer cir-
cumferential side of the rotor core 13.

Gaps are provided in opposing portions of the rotor core
13, and the permanent magnet m12 is rigidly fixed on the
rotor core 13 by fitting into a gap. In addition, the center of
the permanent magnet m12 coincides with the d-axis, and
the radial direction of the rotor 12 is the magnetization
direction.

In addition, magnetic field impeding parts 374 and 375
that shield the flow of magnetic flux are provided at the sides
of the permanent magnet m12, and magnetic flux bypass
paths 39a and 395 are formed at the outer circumferential
sides of the magnetic field impeding parts 37a and 375. In
addition, magnetic field impeding parts 38a and 385 are
produced on the outer circumferential sides of the magnetic
flux bypass paths 39a and 3954. Specifically, the magnetic
field impeding parts 38a and 384 are formed between the
rotor 12 and the air gap 4, and thus the gaps between the
magnetic flux bypass paths 394 and 395 and the stator 11 are
large. In addition, narrow-width magnetic paths 41a and 415
are produced between the permanent magnet m12 and the
magnetic field impeding parts 37a and 37b. The magnetic
field impeding parts can be formed from materials having
relative permeabilities of 1, such as resin or air.

With the rotary electric machine according to the second
embodiment, the magnetic flux bypass paths 39a and 395
and the stator 11 are magnetically separated by providing the
magnetic field impeding parts 38a and 38b. In addition,
magnetic impeding parts 37a and 37b are provided to the
inside of the magnetic flux bypass paths 39a and 395, and
magnetic separation thus is also provided with respect to the
inside of the stator core 13 by providing the magnetic field
impeding parts 37a and 375.

FIG. 10 shows the flow of magnetic flux when the
magnetic field impeding parts 38a and 386 shown in FIG. 9
are not provided between the stator 11 and the magnetic flux
bypass paths 39a and 395. During conduction, leak magnetic
flux 40 is generated towards the stator 11 through the
magnetic flux bypass paths 394 and 395, which causes a
decrease in torque due to a decrease in the magnet magnetic
flux inhibition capacity. However, as shown in FIG. 9, by
providing the magnetic impeding parts 38a and 385, leak
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magnetic flux 40 shown in FIG. 10 can be inhibited, even
though there is magnetic flux 55 that flows towards the stator
11, and the capacity for inhibiting magnetic flux can be
increased.

In this manner, with the rotary electric machine of the
second embodiment, the magnetic resistance between the
rotor core 13 and the stator 11 can be increased by forming
magnetic impeding parts 38a and 385 between the rotor core
13 and the stator 11, and leak magnetic flux 40 flowing from
the rotor core 13 to the stator 11 can be inhibited. In addition,
the magnetic field resistance from the magnetic flux bypass
paths 39a and 395 to the stator 11 is increased, and it is
possible to thereby inhibit loss in magnetic flux inhibition
level and decrease in torque due to magnetic flux projection.

Third Embodiment

A third embodiment is described below. FIG. 11 is a
diagram showing the configuration of the rotary electric
machine according to a third embodiment. FIG. 11, as with
the first and second embodiments, shows only one-fourth of
the entire rotary electric machine. Each other one-fourth of
the remaining three-fourth of the entire configuration of the
rotary electric machine repeats the illustrated one-quarter in
a continuous repeating manner. For the sake of simplicity,
the same reference numbers of the first embodiment will be
used to describe the third embodiment. As shown in FIG. 11,
as with the first and second embodiments described above,
the rotary electric machine of the second embodiment has
the annular stator 11 and the rotor 12 concentrically arranged
with the air gap 4 serving as a gap portion between the stator
11 and the rotor 12. The rotor 12 includes the rotor core 13.

On the circumferential edge part of the stator core 13
opposite the stator 11, four permanent magnets m (specifi-
cally, a quadrupole structure) are provided in the circum-
ferential direction at equivalent spacing with respect to each
other, with the polarity of adjacent permanent magnets being
opposite. In FIG. 11, one-quarter of the entire rotary electric
machine is shown, and so only one the permanent magnet
m13 is shown.

Gaps are provided in opposing portions of the rotor core
13, and the permanent magnet m13 is rigidly fixed on the
rotor core 13 by fitting into a gap. In addition, the center of
the permanent magnet m13 coincides with the d-axis, and
the radial direction of the rotor 12 is the magnetization
direction.

In addition, magnetic field impeding parts 42a and 425
that shield the flow of magnetic flux are provided at the sides
of the permanent magnet m13, magnetic flux bypass paths
43a and 435 are formed at the outer circumferential sides of
the magnetic field impeding parts 42a and 425, magnetic
impeding parts 44a and 44b are provided on the outer
circumferential sides of the magnetic flux bypass paths 43a
and 435, and narrow-width bridge-forming parts 45¢ and
45b are provided on the outer circumferential sides of the
magnetic impeding parts 44a and 445. Consequently, the air
gap 4 is produced between the bridge-forming parts 45a and
45b and the stator 11.

In addition, narrow-width magnetic paths 46a and 465 are
produced between the permanent magnet m13 and the
magnetic impeding parts 42a and 424, and the width of the
magnetic paths 46a and 465 is roughly the same as the width
of the bridge-forming parts 454 and 4564.

With the rotary electric machine according to the third
embodiment, the magnetic flux bypass paths 43a and 435
and the stator 11 are magnetically separated by the magnetic
impeding parts 44a and 445b. In addition, magnetic impeding
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parts 42a and 424 are provided on the inside of the magnetic
flux bypass paths 43a and 435, and the magnetic flux bypass
paths 43a and 4356 and the inside of the rotor core 13 are
magnetically separated by the magnetic field impeding parts
42a and 425. Consequently, it is possible to decrease the leak
magnetic flux flowing from the rotor core 13 to the stator 11.

In addition, by providing narrow-width bridge-forming
parts 45a and 455, permeance pulsation can be decreased,
and torque rippling can be reduced, thus contributing to an
increase in torque.

Fourth Embodiment

A fourth embodiment is described below. FIG. 12 is a
diagram showing the configuration of the rotary electric
machine according to a fourth embodiment. The rotary
electric machine according to the fourth embodiment has
roughly the same configuration as the rotary electric
machine of the third embodiment described above. Conse-
quently, the same parts have been assigned the same sym-
bols, and descriptions of their configurations have been
omitted.

With the rotary electric machine according to the fourth
embodiment, as shown in FIG. 12, bridge-forming parts 45a
and 455 are provided on the outer circumferential part of the
rotor 12, and the bridge-forming parts 45a and 455 and the
magnetic flux bypass paths 43a and 4356 are connected by
connector parts 47a and 475. Magnetic field impeding parts
44a and 445 are produced between the bridge-forming parts
45a and 455 and the magnetic flux bypass paths 43a and
43b.

With the rotary electric machine of this embodiment, the
connector parts 47a and 475 are provided near the air gap 4,
and the angle 0 formed between the tangent 48 of the rotor
12 at the connecting parts 47a and 475 and the magnetic flux
vector direction 49 in the magnetic flux bypass paths 43a
and 4354 is set so as to be in the range of 45° to 90°.

By setting the angle in this manner, magnetic flux that
flows into, or out from, the magnetic flux bypass paths 43a
and 435 passes through the connector parts 47a and 475 at
the distal ends of the magnetic flux bypass paths 43a and
43bh, and thus inhibition of leak magnetic flux can be
effectively achieved by the counter magnetic field of the
stator 11. In addition, magnetic field inhibition from the
magnetic flux bypass paths 43a and 435 to the stator 11 is
increased, and it is possible to reduce the amount of mag-
netic flux inhibition or torque loss due to magnetic flux
projection.

While only selected embodiments have been chosen to
illustrate the present invention, it will be apparent to those
skilled in the art from this disclosure that various changes
and modifications can be made herein without departing
from the scope of the invention as defined in the appended
claims. The functions of one element can be performed by
two, and vice versa. The structures and functions of one
embodiment can be adopted in another embodiment. It is not
necessary for all advantages to be present in a particular
embodiment at the same time. Every feature which is unique
from the prior art, alone or in combination with other
features, also should be considered a separate description of
further inventions by the applicant, including the structural
and/or functional concepts embodied by such feature(s).
Thus, the foregoing descriptions of the embodiments
according to the present invention are provided for illustra-
tion only, and not for the purpose of limiting the invention
as defined by the appended claims and their equivalents.
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What is claimed is:

1. A variable magnetic flux-type rotary electric machine

comprising:

an annular stator including a stator coil wound on a
plurality of teeth;

a rotor having a circular shape that is concentric with the
stator and defines an air gap between the rotor and the
stator, and the rotor including at least one permanent
magnet arranged in a d-axis magnetic path, a shape of
a magnetic field circuit being roughly symmetrical with
respect to a magnetic pole center;

an electrical gap part formed adjacent and spaced from the
at least one permanent magnet in the rotor;

a magnetic path formed between the at least one perma-
nent magnet and the electrical gap part;

a magnetic flux bypass path formed between the electrical
gap part and the air gap, a first width of the magnetic
path being less than a second width of the magnetic flux
bypass path;

the stator and the rotor being arranged relative to the at
least one permanent magnet to set an operating char-
acteristic of d(Kt(I))/dI=0 in a range of at or below
magnetic saturation of a core material of at least one of
the stator and the rotor, where KT represents a torque
constant, and I represents an applied current, and a
function of the torque constant KT with respect to the
applied current I is represented by KT=Kt(I) for a given
torque Tr acting on the rotor that is represented by
Tr=KTxI.

2. The variable magnetic flux-type rotary electric machine

according to claim 1, wherein

a distribution of a magnetic flux emanating from the at
least one permanent magnet has the characteristic d(Kt
(D))/dI=z0 such that the stator and the rotor is arranged
relative to the at least one permanent magnet to set a
leak amount of magnetic flux of the at least one
permanent magnet to an opposite pole in a no-load state
that decreases with an application of current, and a
maximum torque constant KT_max that is 10% or more
greater than a minimum torque constant KT_min.

3. The variable magnetic flux-type rotary electric machine

according to claim 2, wherein

regarding a magnet magnetic flux characteristic of the
magnetic field circuit, the stator and the rotor is
arranged relative to the at least one permanent magnet
to set a magnetic flux inflow and outflow part of the
magnetic flux bypass path that serves as a route for
leakage of magnetic flux to an adjacent permanent
magnet pole is disposed near the air gap between the
rotor and the stator such that a magnetic flux emanating
from the at least one permanent magnet experiences a
smaller magnetic field resistance against leakage
towards an opposite pole of an adjacent permanent
magnet that is adjacent to the at least one permanent
magnet than a magnetic field resistance against leakage
towards an opposite pole of the at least one permanent
magnet.

4. The variable magnetic flux-type rotary electric machine

according to claim 2, wherein

a magnetic field impeding part is provided between the
magnetic flux bypass path and the air gap to inhibit
magnetic flux leakage from the magnetic flux bypass
part to a stator core of the stator.

5. The variable magnetic flux-type rotary electric machine

according to claim 2, wherein

the rotor has salient pole characteristics in which a d-axis
inductance [.d is larger than a g-axis inductance Lq.
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6. The variable magnetic flux-type rotary electric machine
according to claim 2, wherein
the at least one permanent magnet has a relationship
between a magnet thickness and a coercive field
strength that is set in accordance with a characteristics
of the stator and a power source capacity for driving the
rotary electric machine to provide a magnetization/
demagnetization capability in which the at least one
permanent magnet is selectively magnetized and
demagnetized by reversed electric fields during opera-
tion.
7. The variable magnetic flux-type rotary electric machine
according to claim 1, wherein
regarding a magnet magnetic flux characteristic of the
magnetic field circuit, the stator and the rotor is
arranged relative to the at least one permanent magnet
to set a magnetic flux inflow and outflow part of the
magnetic flux bypass path that serves as a route for
leakage of magnetic flux to an adjacent permanent
magnet pole is disposed near the air gap between the
rotor and the stator such that a magnetic flux emanating
from the at least one permanent magnet experiences a
smaller magnetic field resistance against leakage
towards an opposite pole of an adjacent permanent
magnet that is adjacent to the at least one permanent
magnet than a magnetic field resistance against leakage
towards an opposite pole of the at least one permanent
magnet.
8. The variable magnetic flux-type rotary electric machine
according to claim 7, wherein
the magnetic flux inflow and outflow part of the magnetic
flux bypass path is disposed near the air gap, and the
magnetic flux bypass path is arranged so that an angle
formed between a direction of the magnetic flux vector
in the air gap and a direction of a tangent at an
intersection between an arc of an outer circumference
of the rotor and the magnetic field vector is in a range
of 45° to 90°.
9. The variable magnetic flux-type rotary electric machine
according to claim 1, wherein
a magnetic field impeding part is provided between the
magnetic flux bypass path and the air gap to inhibit
magnetic flux leakage from the magnetic flux bypass
part to a stator core of the stator.
10. The wvariable magnetic flux-type rotary electric
machine according to claim 9, wherein
the rotor core has a bridge-forming part that is disposed
between the magnetic impediment and the air gap.
11. The wvariable magnetic flux-type rotary electric
machine according to claim 9, wherein
the magnetic flux inflow and outflow part of the magnetic
flux bypass path is disposed near the air gap, and the
magnetic flux bypass path is arranged so that an angle
formed between a direction of the magnetic flux vector
in the air gap and a direction of a tangent at an
intersection between an arc of an outer circumference
of the rotor and the magnetic field vector is in a range
of 45° to 90°.
12. The variable magnetic flux-type rotary electric
machine according to claim 1, wherein
the rotor has salient pole characteristics in which a d-axis
inductance [.d is larger than a g-axis inductance Lq.
13. The wvariable magnetic flux-type rotary electric
machine according to claim 1, wherein
the at least one permanent magnet has a relationship
between a magnet thickness and a coercive field
strength that is set in accordance with a characteristics
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of'the stator and a power source capacity for driving the
rotary electric machine to provide a magnetization/
demagnetization capability in which the at least one
permanent magnet is selectively magnetized and
demagnetized by reversed electric fields during opera- 5
tion.
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