
Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).

Printed by Jouve, 75001 PARIS (FR)

(19)
EP

2 
89

7 
26

6
B

1
*EP002897266B1*

(11) EP 2 897 266 B1
(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention 
of the grant of the patent: 
30.12.2020 Bulletin 2020/53

(21) Application number: 13836543.2

(22) Date of filing: 05.09.2013

(51) Int Cl.:
H02K 55/04 (2006.01) H02K 1/02 (2006.01)

H02K 1/24 (2006.01) H02K 3/18 (2006.01)

(86) International application number: 
PCT/JP2013/005257

(87) International publication number: 
WO 2014/041768 (20.03.2014 Gazette 2014/12)

(54) SUPERCONDUCTING FIELD-POLE MAGNET

SUPRALEITENDER FELDPOLMAGNET

AIMANT À PÔLE INDUCTEUR SUPRACONDUCTEUR

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR

(30) Priority: 11.09.2012 JP 2012199466

(43) Date of publication of application: 
22.07.2015 Bulletin 2015/30

(73) Proprietors:  
• Kawasaki Jukogyo Kabushiki Kaisha

Kobe-shi, Hyogo 650-8670 (JP)
• National University Corporation 

Tokyo University of Marine Science 
And Technology
Minato-ku
Tokyo 108-8477 (JP)

(72) Inventors:  
• MURASE, Yohei

Akashi-shi, Hyogo 673-8666 (JP)

• UMEMOTO, Katsuya
Akashi-shi, Hyogo 673-8666 (JP)

• IZUMI, Mitsuru
Minato-ku, Tokyo 108-8477 (JP)

• TSUZUKI, Keita
Minato-ku, Tokyo 108-8477 (JP)

(74) Representative: Dehns
St. Bride’s House 
10 Salisbury Square
London EC4Y 8JD (GB)

(56) References cited:  
EP-A1- 2 128 292 WO-A2-03/009454
GB-A- 1 453 784 JP-A- H1 131 614
JP-A- H1 131 614 JP-A- S57 162 942
JP-A- 2003 158 009 JP-A- 2003 158 009
JP-A- 2008 231 463 US-A- 4 058 746
US-A- 6 066 906  



EP 2 897 266 B1

2

5

10

15

20

25

30

35

40

45

50

55

Description

Technical Field

[0001] The present invention relates to a superconducting field pole.

Background Art

[0002] An electrical rotating machine is typically an electric motor or a power generator made up of a stator, a rotor,
and a housing supporting the rotor and the stator. The electrical rotating machine can be classified into a normal conducting
electrical rotating machine using normal conducting coils, which do not cause a superconducting phenomenon, and a
superconducting electrical rotating machine using superconducting coils, which cause the superconducting phenomenon.
The superconducting electrical rotating machine has a so-called radial gap type structure in which mainly, a cylindrical
stator and a plurality of field poles (superconducting field poles) are arranged. In the stator, an armature winding of a
plurality of phases using a normal conducting winding is arranged in a circumferential direction, and the plurality of field
poles using superconducting coils are disposed coaxially with the stator in an internal space of the stator, and are
arranged in the circumferential direction so as to be opposed to the plurality of phases of the armature winding of the
stator. In the rotor of the superconducting electrical rotating machine, a rotor core as an inner cylindrical body and a
casing as an outer cylindrical body surrounding an outer circumference of the rotor core are rotatably supported by a
rotor shaft joined on a central axis of the rotor core. Moreover, the rotor of the superconducting electrical rotating machine
is formed with a decompression space between the rotor core and the casing, and in this decompression space, the
superconducting field poles are arranged.
[0003] As shown in Fig. 14, a superconducting field pole 28 has a structure in which a plurality of racetrack type coils
29 are laminated, the racetrack type coils 29 being each made up of a pair of linear portions 30a, 30b opposed to each
other, and a pair of arc portions 30c, 30d opposed to each other and joining both ends of the linear portions 30a, 30b.
Specifically, the superconducting field pole 28 shown in Fig. 14 is a superconducting coil body in which four racetrack
type coils 29a to 29d are laminated, and the racetrack type coils 29a to 29d of respective layers each have an air-cored
structure, which does not configure a so-called magnetic circuit, obtained by spirally (like mosquito repelling incense)
winding a tape-like (belt-like) superconducting wire material 31 like a pancake around an oval winding frame not shown
so as to form a racetrack shape. Further, a cross section of each of the racetrack type coils 29a to 29d shown in Fig.
14 has a double-layered structure accompanying double pancake winding. That is, the two layers of the superconducting
wire material 31 are formed in a lamination direction of the racetrack type coils 29 so that a longitudinal direction (a
parallel direction) of a cross section of the superconducting wire material 31 is the lamination direction of the racetrack
type coils 29, and a short direction (a vertical direction) of the cross section of the superconducting wire material 31 is
a radial direction of the racetrack type coils 29. In addition, the cross section has a shape in which the relevant two layers
of the superconducting wire material 31 are arrayed from a radially inner side to a radially outer side of each of the
racetrack type coils 29. The racetrack type coils 29 may each have a single-layered structure by single pancake winding
besides the double-layered structure by the double pancake winding.
[0004] In the above-described structure of the superconducting field pole 28, a critical current, which is one of per-
formance measures of the superconducting wire material 31, depends on intensity of a magnetic field (hereinafter,
referred to as a vertical magnetic field) acting in a direction vertical to a tape broad width face (main face) of the
superconducting wire material 31 (in the radial direction of the racetrack type coil), so that there has been known a
problem that as the intensity of the vertical magnetic field becomes larger, the critical current is reduced. Fig. 15 is a
schematic view indicating a situation where the vertical magnetic field occurs.
[0005] On the other hand, in Patent Literature 1, there has been disclosed a high-temperature superconducting magnet
to which flanges each made of iron such as, for example, a silicon steel sheet and the like as ferromagnetic bodies are
attached at both ends of a high-temperature superconducting coil body in which a plurality of high-temperature super-
conducting coil units using a high-temperature superconducting tape material are laminated. In this manner, when the
ferromagnetic bodies are attached at both the ends of the high-temperature superconducting coil body, a magnetic field
of a coil winding portion is directed to the ferromagnetic bodies. As a result, it is said that as compared with a high-
temperature superconducting magnet to which no ferromagnetic body is attached, in the high-temperature supercon-
ducting magnet to which the ferromagnetic bodies are attached, reduction of a critical current density by the magnetic
field of the high-temperature superconducting tape material is small, and a generated magnetic field of the high-tem-
perature superconducting magnet is increased. WO 03/009454 discloses a rotor assembly including non-cored super-
conducting coils.
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Citation List

Patent Literature

[0006] PTL 1: Japanese Unexamined Patent Application Publication No. H7-142245

Summary of Invention

Technical Problem

[0007] The superconducting coil disclosed in PTL 1 is used in the magnet. Accordingly, measures for suppressing
reduction of the critical current in the vertical magnetic field in the radial gap type superconducting electrical rotating
machine are not mentioned at all. Moreover, the superconducting coil disclosed in PTL 1 presupposes use in only a
single pole, and does not presuppose use as the superconducting field poles of a plurality of poles in a radial gap type
superconducting electrical rotating machine. Thus, mutual magnetic influence among the plurality of poles, and magnetic
linkage between the superconducting field pole on the rotor side and the armature on the stator side are not considered,
and there has been room for improvement on enhancement of the critical current and output of the radial gap type
superconducting motor.
[0008] The present invention is achieved to solve the above-described problems, and a first object is to suppress
reduction of a critical current by a vertical magnetic field in a radial gap type superconducting electrical rotating machine
in which a rotor is made superconducting, and a stator is made normal-conducting. Moreover, a second object thereof
is to enhance the critical current, in a radial gap type superconducting electrical rotating machine in which a rotor is
made superconducting and a stator is made normal-conducting, by reducing the vertical magnetic field of a wire material
in view of mutual influence by another superconducting field pole, and to enhance output by increasing an interlinkage
magnetic flux that crosses both a superconducting field pole of the rotor and an armature winding of the stator.

Solution to Problem

[0009] In order to solve the above-described problems, a superconducting electrical rotating machine according to
claim 1 is disclosed.
[0010] Here, "a central axis of... is directed to a radial direction" means "an extending direction of the central axis of...
coincides with the radial direction". Moreover, "arranged on or in the vicinity of an end face" means "in contact with the
end face, or adjacent to the end face". A case where the outer magnetic field-deflecting member and the inner magnetic
field-deflecting member are each arranged through a gap on each of the end faces of the superconducting coil body
refers to the case where each of the outer and inner magnetic field-deflecting members is not in contact with the end
face, but adjacent to the same.
[0011] According to the configuration of the superconducting field pole, in the radial gap type superconducting electrical
rotating machine, the ferromagnetic outer and inner magnetic field-deflecting members attract the magnetic flux directed
to the superconducting coil body, which can reduce a vertical magnetic field of the wire material, and enhance a critical
current. Moreover, the existence of the ferromagnetic bodies in the vicinity of the superconducting coil body increases
a generated magnetic flux, and increase of an interlinkage magnetic flux that crosses both the superconducting field
pole of the rotor and the armature winding of the stator can enhance output.
[0012] Further, according to the above-described configuration of the superconducting field pole, in view of influence
by magnetic field distribution of the superconducting field pole adjacent in the circumferential direction of the rotor
(hereinafter, referred to as the adjacent pole), the volume of the inner magnetic field-deflecting member, which is closer
to the adjacent pole (the influence is stronger), is made larger than the volume of the outer magnetic field-deflecting
member, which is farther from the adjacent pole (the influence is weaker). This can reduce the influence by the magnetic
field distribution of the adjacent pole. Moreover, as a result, the existence of the ferromagnetic material in the vicinity of
the superconducting coil body increases the generated magnetic flux, and intensity of a magnetic flux directed from the
end face of the superconducting coil laminated body at the radially inner side of the rotor to the end face at the radially
outer side, and in turn, intensity of a magnetic flux directed from the superconducting coil laminated body of the rotor to
the armature winding of the stator can be made larger. Moreover, the vertical magnetic field of the superconducting wire
material in an outer circumferential portion of the superconducting coil laminated body, which is close to the adjacent
pole, can be reduced, and the magnetic flux can be deflected from the superconducting field pole to the armature winding
in the outer circumferential portion.
[0013] For these reasons, in the radial gap type superconducting electrical rotating machine, in view of the mutual
influence by another superconducting field pole, the vertical magnetic field of the wire material can be reduced to thereby
enhance the critical current, and the interlinkage magnetic flux that crosses both the superconducting field pole of the
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rotor and the armature winding of the stator can be increased to enhance output.
[0014] In each of the superconducting field poles, the outer magnetic field-deflecting member may be arranged through-
out the entire end face of the superconducting coil laminated body at the radially outer side of the rotor, and may be
formed into a plate shape in which a central portion is thicker than an outer circumferential portion. Here, the present
invention is not limited to the shape in which the central portion is thicker and the outer circumferential portion is thinner
throughout an entire circumference of the end face of the superconducting coil laminated body, but in at least a partial
range of the entire circumference of the end face, the central portion may be thicker and the outer circumferential portion
may be thinner.
[0015] According to the above-described configuration of the superconducting field pole, the outer magnetic field-
deflecting member having the plate shape in which the central portion is thicker than the outer circumferential portion
(a conical shape, a truncated conical shape, a hemispherical shape, and a shape in which a small-diameter cylindrical
body is provided continuously and coaxially on one end face of a large-diameter cylindrical body, and so on) is employed,
which can reduce the vertical magnetic field of the superconducting wire material constituting racetrack type coils of
respective layers of the superconducting coil laminated body, and deflect the magnetic field distribution of the super-
conducting coil laminated body to a direction where the magnetic field more easily crosses the armature. In other words,
a leakage magnetic flux can be used as a valid magnetic flux.
[0016] In each of the superconducting field poles, the outer magnetic field-deflecting member may be formed so that
the central portion has a predetermined thickness, and the thickness becomes smaller from the central portion to the
outer circumferential portion.
[0017] According to the above-described configuration of the superconducting field pole, the shape of the outer mag-
netic field-deflecting member is made a tapered shape (a truncated conical shape or the like) in which the thickness
becomes smaller from the central portion to the outer circumferential portion, by which the outer magnetic field-deflecting
member having the plate shape in which the central portion is thicker than the outer circumferential portion can be easily
manufactured.
[0018] In each of the superconducting field poles, the inner magnetic field-deflecting member may be arranged through-
out the entire end face of the superconducting coil laminated body at the radially inner side of the rotor, and may be
formed into a plate shape in which a central portion is thicker than an outer circumferential portion.
[0019] According to the above-described configuration of the superconducting field pole, similar to the outer magnetic
field-deflecting member, the inner magnetic field-deflecting member having the plate shape in which the central portion
is thicker than the outer circumferential portion (a conical shape, a truncated conical shape, a hemispherical shape, and
a shape in which a small-diameter cylindrical body is provided continuously and coaxially on one end face of a large-
diameter cylindrical body, and so on) is employed, which can further reduce the vertical magnetic field of the supercon-
ducting wire material constituting the racetrack type coils of the respective layers of the superconducting coil laminated
body, and deflect the magnetic field distribution of the superconducting coil laminated body to the direction where the
magnetic field more easily crosses the armature. In other words, the leakage magnetic flux can be used as the valid
magnetic flux.
[0020] In each of the superconducting field poles, the inner magnetic field-deflecting member may be formed so that
the central portion has a predetermined thickness, and the thickness becomes smaller from the central portion to the
outer circumferential portion.
[0021] According to the above-described configuration of the superconducting field pole, the shape of the inner mag-
netic field-deflecting member is made a tapered shape (a truncated conical shape or the like) in which the thickness
becomes smaller from the central portion to the outer circumferential portion, by which the inner magnetic field-deflecting
member having the plate shape in which the central portion is thicker than the outer circumferential portion can be easily
manufactured.
[0022] In each of the superconducting field poles, the inner magnetic field-deflecting member and the outer magnetic
field-deflecting member may be made of a nano-crystal soft magnetic material manufactured by crystallizing an amor-
phous alloy obtained by compositely adding copper (Cu) and niobium (Nb) to an Fe-Si-B compound.
[0023] According to the above-described configuration of the superconducting field pole, the inner magnetic field-
deflecting member and the outer magnetic field-deflecting member can be made lightweight.
[0024] In each of the above-described superconducting field poles, both the outer magnetic field-deflecting member
and the inner magnetic field-deflecting member may have a shape in which no hole is opened in a central portion when
seen from an extending direction of a central axis of the superconducting coil body.
[0025] According to the above-described configuration of the superconducting field pole, as compared with a case
where at least one of the outer magnetic field-deflecting member and the inner magnetic field-deflecting member has a
shape in which a hole is opened in the central portion when seen from the extending direction of the central axis of the
superconducting coil body, the magnetic flux directed from the superconducting field pole to the armature winding can
be deflected so as to easily pass the central portions of the inner magnetic field-deflecting member and the outer magnetic
field-deflecting member. This can further increase the interlinkage magnetic flux that crosses both the superconducting



EP 2 897 266 B1

5

5

10

15

20

25

30

35

40

45

50

55

field pole of the rotor and the armature winding of the stator, and further enhance the output of the superconducting
electrical rotating machine.
[0026] In each of the superconducting field poles, at least one of the outer magnetic field-deflecting member and the
inner magnetic field-deflecting member may have a shape in which a hole is opened in a central portion when seen from
an extending direction of a central axis of the superconducting coil body.
[0027] According to the above-described configuration of the superconducting field pole, as compared with the case
where both the outer magnetic field-deflecting member and the inner magnetic field-deflecting member have the shape
in which no hole is opened in the central portion when seen from the extending direction of the central axis of the
superconducting coil body, the outer magnetic field-deflecting member or the inner magnetic field-deflecting member,
which has the hole opened, more attracts the magnetic flux directed to the superconducting coil body, which can more
reduce a maximum portion of the vertical magnetic field of the wire material constituting the superconducting field pole,
and in turn, more enhance the critical current.

Advantageous Effects of Invention

[0028] According to the present invention, firstly, in a radial gap type superconducting electrical rotating machine in
which a rotor is made superconducting, and a stator is made normal-conducting, reduction of a critical current by a
vertical magnetic field can be suppressed. Secondly, in the radial gap type superconducting electrical rotating machine
in which the rotor is made superconducting, and the stator is made normal-conducting, in view of mutual influence of
another superconducting field pole, the reduction of the vertical magnetic field of the wire material can enhance the
critical current, and increase of an interlinkage magnetic flux that crosses both the superconducting field pole of the rotor
and the armature winding of the stator can enhance output.

Brief Description of Drawings

[0029]

[Fig. 1] Fig. 1 is a view showing an external appearance example and an internal structural example of a supercon-
ducting electrical rotating machine including superconducting field poles according to Embodiment 1 of the present
invention.
[Fig. 2] Fig. 2 is a cross-sectional view schematically showing a configuration example of the superconducting
electrical rotating machine including the superconducting field poles according to Embodiment 1 of the present
invention.
[Fig. 3] Fig. 3 is a view for describing an interlinkage magnetic flux to be realized by shapes of magnetic field-
deflecting members in the present invention, the interlinkage magnetic flux crossing both the superconducting field
pole and an armature winding.
[Fig. 4] Fig. 4 is a view for describing that magnetic field distribution of the superconducting field pole is affected by
magnetic field distribution of another adjacent superconducting field pole, which leads to an idea of the shapes of
the magnetic field-deflecting members in the present invention.
[Fig. 5] Fig. 5 is a view showing a configuration example of the superconducting field pole according to Embodiment
1 of the present invention.
[Fig. 6] Fig. 6 is a view showing a configuration example of a superconducting field pole according to Embodiment
2 of the present invention.
[Fig. 7] Fig. 7 is a view showing a configuration example of a superconducting field pole according to Embodiment
3 of the present invention.
[Fig. 8] Fig. 8 is a view showing a configuration example of a superconducting field pole according to Embodiment
4 of the present invention.
[Fig. 9] Fig. 9 is a view showing a configuration example of a superconducting field pole according to Example 5.
[Fig. 10] Fig. 10 is a view showing a configuration of a superconducting field pole according to a comparative
embodiment.
[Fig. 11] Fig. 11 is a view showing a configuration of a superconducting field pole according to Embodiment 8 of the
present invention.
[Fig. 12] Fig. 12 is a schematic view that defines respective dimensions of the superconducting field pole according
to Embodiment 3 of the present invention, and volumes of outer and inner magnetic field-deflecting members of the
same superconducting field pole.
[Fig. 13] Fig. 13 is a view showing a decreasing rate of a maximum magnetic field of a wire material and an increasing
rate of motor output in each of the models as a result from performing analysis using analysis models (1/6 models
of a six-pole motor having the magnetic field-deflecting members) corresponding to Embodiments 1, 3, and 4 of the
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present invention.
[Fig. 14] Fig. 14 is a view showing a configuration example of the superconducting field pole.
[Fig. 15] Fig. 15 is a view for describing a vertical magnetic field of the superconducting wire material constituting
racetrack type coils of respective layers of a superconducting coil laminated body.

Description of Embodiments

(Viewpoints of the Present Invention)

[0030] The present inventors firstly have focused on a configuration peculiar to a radial gap type superconducting
electrical rotating machine in which a rotor is made superconducting, and a stator is made normal-conducting, and have
considered arrangement of magnetic field-deflecting members appropriate for this peculiar configuration.
[0031] Secondly, in the superconducting field poles of the radial gap type superconducting electrical rotating machine
in which the rotor is made superconducting, and the stator is made normal-conducting, the inventors have focused on
shapes of the magnetic field-deflecting members that can enhance a critical current by reducing a vertical magnetic field
of a wire material in view of mutual influence by another superconducting field pole, and enhance output by increasing
an interlinkage magnetic flux that crosses both the superconducting field pole of the rotor and an armature winding of
the stator.
[0032] Hereinafter, the viewpoints of the shapes of the magnetic field-deflecting members will be described with
reference to Figs. 3 and 4. Fig. 3 is a view for describing the interlinkage magnetic flux to be realized by shapes of
magnetic field-deflecting members in the present invention, the interlinkage magnetic flux crossing both the supercon-
ducting field pole and an armature winding. Fig. 4 is a view for describing that magnetic field distribution of the super-
conducting field pole is affected by magnetic field distribution of another adjacent superconducting field pole, which leads
to an idea of the shapes of the magnetic field-deflecting members in the present invention.
[0033] First, as shown in Fig. 3, a plurality of superconducting field poles 28 are arranged in a circumferential direction
so as to correspond to a plurality of phases of an armature winding 40 in a rotor 16 of a superconducting electrical
rotating machine, the rotor 16 being disposed coaxially with a cylindrical stator 18 in an internal space of the stator 18,
in which the armature winding 40 of the plurality of phases is arranged in an inner circumferential direction of a cylindrical
back yoke 32. The superconducting field poles 28 are each a non-cored field pole. Here, in order to increase the
interlinkage magnetic flux that crosses both the superconducting field pole 28 of the rotor 16 and the armature winding
40 of the stator 18, it can be considered to intensify a magnetic field of the superconducting field pole 28 as a first
measure, and to deflect the magnetic field distribution of the superconducting field pole 28 to a direction where it easily
crosses the armature winding 40 as a second measure.
[0034] Referring to Fig. 3, in the case of the superconducting field pole 28 not provided with the magnetic field-deflecting
member, the interlinkage magnetic flux that crosses both the superconducting field pole and the armature winding 40
is ϕA indicated by solid curves with arrows (vector lines) in Fig. 3. Since an amount of the interlinkage magnetic flux ϕA
that is directed to the armature winding 40 is small because of a large curvature, a magnetic field vertical to a broad
width face (a main face) (refer to Fig. 14) of the superconducting wire material of racetrack type coils constituting
respective layers of the superconducting field pole is made larger. Accordingly, in order to take the foregoing first measure
and the foregoing second measure, the shapes of the magnetic field-deflecting members provided in the superconducting
field pole 28 have been considered so that the interlinkage magnetic flux ϕA indicated by the solid curves with arrows
in Fig. 3 becomes an interlinkage magnetic flux ϕB in which an amount directed to the armature winding 40 is large
because a curvature is small as indicated by dotted curves with arrows in Fig. 3.
[0035] In this consideration process, particularly, the present inventors have focused on the fact that as shown in Fig.
4, the magnetic field distribution of each of the superconducting field poles 28 arranged in the circumferential direction
of the rotor 16 is affected by the magnetic field distribution of the superconducting field pole 28 adjacent in the circum-
ferential direction of the rotor 16 (hereinafter, referred to as an adjacent pole). Here, as to a positional relationship
between the superconducting field poles 28 as a certain pole and the adjacent pole, it is found that a distance between
outer circumferential portions of respective end faces of the certain pole and the adjacent pole at a radially inner side
(inner circumferential side in Fig. 4) of the rotor 16 is smaller than a distance between outer circumferential portions of
respective end faces of the certain pole and the adjacent pole at a radially outer side (outer circumferential side in Fig.
4) of the rotor 16. That is, it can be said that in the certain pole, the outer circumferential portion of the end face at the
radially inner side of the rotor 16 is strongly affected by the magnetic field distribution from the adjacent pole as compared
with the outer circumferential portion of the end face at the radially outer side of the rotor 16. Consequently, based on
a first consideration result, the shapes of the magnetic field-deflecting members that can suppress the influence by the
magnetic field distribution from the adjacent pole will be proposed in the following embodiments.
[0036] Hereinafter, the embodiments of the present invention will be described with reference to the drawings. In the
following, through all the drawings, the same or equivalent elements will be given the same reference numerals, and
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redundant description will be omitted.

(Embodiment 1)

[Structural Example of Superconducting Electrical Rotating Machine]

[0037] Fig. 1 is a view showing an external appearance example and an internal structural example of a superconducting
electrical rotating machine according to Embodiment 1 of the present invention. Fig. 2 is a cross-sectional view sche-
matically showing a configuration example of the superconducting electrical rotating machine according to Embodiment
1 of the present invention. The superconducting electrical rotating machine shown in Fig. 2 has six phases (e.g., a U
phase, a V phase, a W phase, an X phase, a Y phase, and a Z phase), six poles (permanent magnet fields), and 72
slots. It is obvious that the number of phases and the number of poles of the superconducting electrical rotating machine
are arbitrary, as long as the number of phases is two or more, and the number of poles is four or more. Moreover, in
Fig. 2, for simplification of description, an outer magnetic field-deflecting member and an inner magnetic field-deflecting
member are not shown. The outer magnetic field-deflecting member and the inner magnetic field-deflecting member will
be described in detail later.
[0038] A superconducting electrical rotating machine 10 shown in Fig. 1 has a radial gap structure in which a rotor 16
is made superconducting (the superconducting field pole), and a stator 18 is made normal-conducting (the normal
conducting armature winding). The superconducting electrical rotating machine 10 has a tubular housing 12, the rotor
16, and the stator 18 disposed inside the housing 12 so as to surround a circumference of the rotor 16.
[0039] The rotor 16 has a central axis 14, and a rotor shaft 20 rotatably supported by the housing 12. The rotor shaft
20 supports a rotor core 22, which is an inner cylindrical body with the central axis 14 as a center, and a casing 24,
which is an outer cylindrical body. A tubular vacuum heat insulation space is constructed between the rotor core 22 and
the casing 24, and inside this vacuum heat insulation space, there are arranged non-cored superconducting field poles
28 forming a plurality of magnetic pole pairs at regular intervals along a circumferential direction of the vacuum heat
insulation space. In Fig. 2, arrangement of the superconducting field poles 28 having three magnetic pole pairs as a
case of six poles is shown. Moreover, in the rotor 16, although not illustrated, a cooling structure to cool the supercon-
ducting field poles 28 arranged in the foregoing vacuum heat insulation space is provided. As a refrigerant used in this
cooling structure to cool the superconducting field poles 28, for example, helium gas can be employed. The rotor core
22 is formed by cutting a forged material of a solid columnar body made of a nonmagnetic material excellent in low-
temperature characteristics, for example, SUS316. The casing 24 preferably includes one or a plurality of heat insulator
layers excellent in heat insulation performance to low temperature.
[0040] The stator 18 has a back yoke 32 formed into a tubular shape by laminating a plurality of annular electromagnetic
steel sheets (e.g., silicon steel sheets) in an axial direction parallel to the central axis 14 of the stator 18 (the central axis
of the rotor shaft 20 as well). The back yoke 32 is divided, for example, into a plurality of sections having a thickness of
a predetermined lamination interval in the axial direction. Teeth 34 disposed at intervals in a circumferential direction of
the back yoke 32 are provided on an inner circumferential surface of each of the sections of the back yoke 32 so as to
extend toward the central axis 14 of the back yoke 32 (the central axis of the rotor shaft 20 as well). Between the teeth
34 adjacent to one another in the circumferential direction of the back yoke 32 in the inner circumferential surface of
each of the sections of the back yoke 32, a slot 36 (a depressed groove) having a substantially rectangular cross section
in a direction parallel to the central axis 14 of the stator 18 is extended.
[0041] The teeth 34 are formed of a nonmagnetic material, for example, a rigid resin material having a high mechanical
strength such as fiber reinforced plastic (FRP). Besides this, the teeth 34 may be formed of a nonmagnetic metal, for
example, stainless steel. Regardless of the material, the teeth 34 are formed by laminating a plurality of thin nonmagnetic
sheets in the direction parallel to the central axis 14 of the rotor 18. In this manner, forming the teeth 34 of the nonmagnetic
material can prevent an eddy current from be generated inside the teeth 34 by movement of a magnetic field accompanying
rotation of the rotor 16, and with this, a cooling structure of the teeth 34 is unnecessary. Moreover, concentration of the
magnetic flux on radially inner end portions (end portions opposed to the rotor 16) of the teeth 34 can be avoided.
[0042] In each of the slots 36, a slot number for identifying each one is given. Fig. 2 shows a method of giving the slot
numbers when the number of slots is 72. In each of the slots 36, in a radially outer region and a radially inner region of
the housing 12, an in-phase unit winding pair of the armature winding (stator winding) 40 is arranged. When seen from
axially one end side of the back yoke 32, one end (a starting end) of the unit winding pair appears in the radially outer
region and another end (a terminal end) of the unit winding pair appears in the radially inner region. Accordingly, a total
number of the unit windings of the armature winding 40 is 72, that is, the same as the number of the slots. Hereinafter,
the unit windings of the armature winding 40 arranged in the respective slots 36 will be identified, using reference
numerals 40(1), 40(2), ..., 40(72), and the respective slots 36 will be described, using reference numerals 36(1), 36(2), ...,
36(72).
[0043] The armature winding 40, for example, has first Y (star) connection made up of a U-phase winding, a V-phase
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winding, and a W-phase winding, which are different from one another by 120° in phase, and second Y (star) connection
made up of an X-phase winding, a Y-phase winding, and a Z-phase winding, which are different from one another by
120° in phase, and is arranged so that the phase is shifted by 60° from the respective phase windings of the first Y
connection, and further, a neutral point of the first Y connection and a neutral point of the second Y connection are
connected to each other. For example, the U-phase winding is arranged in the slot pairs of serial numbers adjacent to
each other, and in the slot pairs appearing at intervals of 12 slots. Specifically, the U-phase winding is in the respective
slots 36(1), 36(2), 36(13), 36(14), 36(25), 36(26), 36(37), 36(38), 36(49), 36(50), 36(61), 36(62) of the slot numbers 1,
2, 13, 14, 25, 26, 37, 38,49, 50, 61, 62. That is, the U-phase winding is made up by connecting the 12 unit windings
40(1), 40(2), 40(13), 40(14), 40(25), 40(26), 40(37), 40(38), 40(49), 40(50), 40(61), 40(62) in series.

[Configuration Example of Superconducting Field pole]

[0044] Fig. 5 is a view showing a configuration example of the superconducting field poles 28 according to Embodiment
1 of the present invention.
[0045] First, a configuration example before an outer magnetic field-deflecting member 60 and an inner magnetic field-
deflecting member 50 are provided in each of the superconducting field poles 28 shown in Fig. 5 will be described with
reference to Fig. 14 again.
[0046] The superconducting field pole 28 shown in Fig. 14 has a structure of laminating a plurality of racetrack type
coils 29, each of which is made of a pair of linear portions 30a, 30b opposed to each other, and a pair of arc portions
30c, 30d opposed to each other and joining both ends of the linear portions 30a, 30b in planar view (when seen from
an extending direction of a central axis of the coils). Specifically, the superconducting field pole 28 shown in Fig. 14 is
a non-cored superconducting coil body formed by laminating four racetrack type coils 29a to 29d. The racetrack type
coils 29a to 29d of the respective layers each have an air-cored structure obtained by spirally (like mosquito repelling
incense) winding a tape-like (belt-like) superconducting wire material 31 like a pancake around an oval winding frame
not shown so as to form a racetrack shape, and then removing the winding frame. The number of laminations of the
racetrack type coils 29 in the superconducting coil body is not limited to four.
[0047] Furthermore, a cross section of each of the racetrack type coils 29a to 29d shown in Fig. 14 has a double-
layered structure accompanying the double pancake winding. That is, the double-layered superconducting wire material
31 is formed in a lamination direction of the racetrack type coils 29 so that a longitudinal direction (a parallel direction)
of a cross section of the superconducting wire material 31 is the lamination direction of the racetrack type coils 29, and
a short direction (vertical direction) of the cross section of the superconducting wire material 31 is a radial direction of
the racetrack type coils 29, and the cross section has a shape in which the relevant double-layered superconducting
wire material 31 is arrayed from a radially inner side to a radially outer side of the racetrack type coils 29. The racetrack
type coil 29 may have a single-layered structure by single pancake winding besides the double-layered structure by the
double pancake winding.
[0048] Next, the configuration example of the superconducting field pole 28 shown in Fig. 5 will be described.
[0049] The superconducting field poles 28 shown in Fig. 5 are arranged in the circumferential direction so as to
correspond to the plurality of phases of the armature winding 40 in the rotor 16 of the superconducting electrical rotating
machine, and are arranged so that a central axis of the racetrack type coils is directed to a radial direction of the rotor
16. As examples of the superconducting field poles 28 arranged in this manner, a superconducting field pole 28a, a
superconducting field pole 28b, and a superconducting field pole 28c are shown in Fig. 5. The superconducting field
pole 28a is arranged so that a central axis da of the racetrack type coils 29a to 29d constituting a superconducting coil
body 27 thereof is directed to a radial direction ra with the central axis 14 of the rotor 16 as a starting point. Similarly,
the superconducting field pole 28b is arranged so that a central axis db of the racetrack type coils 29a to 29d constituting
the superconducting coil body 27 thereof is directed to a radial direction rb with the central axis 14 of the rotor 16 as a
starting point. Similarly, the superconducting field pole 28c is arranged so that a central axis dc of the racetrack type
coils 29a to 29d constituting the superconducting coil body 27 thereof is directed to a radial direction rc with the central
axis 14 of the rotor 16 as a starting point.
[0050] Moreover, in each of the superconducting field poles 28 shown in Fig. 5, the ferromagnetic outer magnetic field-
deflecting member 60 is arranged on the end face of the superconducting coil body 27 at the radially outer side of the
rotor 16, the superconducting coil body 27 having the racetrack type coils 29a to 29d of the four layers laminated, and
the ferromagnetic inner magnetic field-deflecting member 50 is arranged on the end face of the relevant superconducting
coil body 27 at the radially inner side of the rotor 16. That is, the ferromagnetic magnetic field-deflecting members 60,
50 are arranged on the end face of the superconducting coil body 27 at the radially inner side of the rotor 16, and on
the end face of the superconducting coil body 27 at the radially outer side of the rotor 16, respectively to sandwich the
superconducting coil body 27 by the relevant magnetic field-deflecting members in the axial direction. This enables the
shapes of the magnetic field-deflecting members 60, 50 to be arbitrarily changed in order to embody reduction of the
vertical magnetic field of the superconducting wire member 31 (the first measure), intensification of the magnetic field
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of the superconducting field pole 28 (the second measure), and deflection of the magnetic field distribution of the
superconducting field pole 28 to a direction where the magnetic field easily cross the armature winding 40 (a third
measure). As a secondary effect, as compared with a case where the magnetic field-deflecting member is arranged in
each of the layers of the superconducting coil body 27, expansion in a diameter of the rotor 16 can also be suppressed.
[0051] Here, the "ferromagnetism" means a property of strongly magnetizing an external magnetic field. Accordingly,
the outer magnetic field-deflecting member 60 and the inner magnetic field-deflecting member 50 exhibit the ferromag-
netism, by which a deflection action of the magnetic flux crossing the superconducting coil body 27 effectively functions.
In view of the deflection action, preferably, the outer magnetic field-deflecting member 60 and the inner magnetic-field
deflecting member 50 may be more ferromagnetic than the superconducting coil body 27. As a material of the ferro-
magnetic magnetic field-deflecting members 60, 50, for example, ferrite, a pressed powder core, permendur powder,
carbon steel, ordinary structural rolled steel (SS400 or the like), nickel steel, silicon steel, a nano-crystal soft magnetic
material manufactured by crystallizing an amorphous alloy obtained by compositely adding copper (Cu) and niobium
(Nb) to an Fe-Si-B compound, and so on.
[0052] Moreover, a volume of the inner magnetic field-deflecting member 50 is made larger than a volume of the outer
magnetic field-deflecting member 60. That is, in view of the influence by the magnetic field distribution of the supercon-
ducting field pole adjacent in the circumferential direction of the rotor (hereinafter, referred to as the adjacent pole), the
volume of the inner magnetic field-deflecting member 50, which is closer to the adjacent pole (the influence is stronger),
is made larger than the volume of the outer magnetic field-deflecting member 60, which is farther from the adjacent pole
(the influence is weaker). For describing effects of Embodiment 1, in Fig. 9, an inner magnetic field-deflecting member
51 having the same volume as the outer magnetic field-deflecting member 60 is illustrated. Embodiment 5 shown in Fig.
9 will be cited for describing effects of the following embodiments besides the present embodiment.
[0053] The above-described configuration of the inner magnetic field-deflecting member 50 and the outer magnetic-
field deflecting member 60 can reduce the influence by the magnetic field distribution of the adjacent pole, as compared
with Embodiment 5 shown in Fig. 9. Moreover, as a result, the vertical magnetic field of the superconducting wire material
31 in an inner circumferential portion close to the adjacent pole of the superconducting coil body 27 can be reduced.
Moreover, as compared with Embodiment 5 shown in Fig. 9, since the ferromagnetic bodies are in the vicinity of the
superconducting coil body 27, a generated magnetic flux becomes larger, so that intensity of a magnetic flux directed
from the end face of the superconducting coil body 27 at the radially inner side of the rotor 16 to the end face at the
radially outer side thereof, in turn, intensity of a magnetic flux directed from the superconducting coil body 27 of the rotor
16 to the armature winding 40 of the stator 18 can be made larger. Moreover, as compared with Embodiment 5 shown
in Fig. 9, the vertical magnetic field of the superconducting wire material 31 in the outer circumferential portion close to
the adjacent pole of the superconducting coil body 27 can be reduced, and the magnetic flux can be deflected so as to
be directed from the superconducting field pole 28 to the armature winding 40 in the outer circumferential portion. For
these reasons, as compared with Embodiment 5 shown in Fig. 9, the wire material vertical magnetic field that the
superconducting coil 27 undergoes is reduced, by which the critical current is enhanced, and the interlinkage magnetic
flux that crosses both the superconducting field pole 28 of the rotor 16 and the armature winding 40 of the stator 18 is
increased, so that output of the superconducting electrical rotating machine 10 can be enhanced.
[0054] While in Fig. 5, the configuration is shown in which both the inner magnetic field-deflecting member 50 and the
outer magnetic field-deflecting member 60 have a shape in which no hole is opened in a central portion when seen from
an extending direction of a central axis of the superconducting coil body 27, this is one example, and in the present
embodiment, the hole may be opened or may not be opened. This is similar to Embodiments 2 to 6 described later. An
embodiment in which the relevant hole is not opened is described in Embodiment 7, and an embodiment in which the
relevant hole is opened is described in Embodiment 8.

(Embodiment 2)

[0055] Fig. 6 is a view showing a configuration example of a superconducting field pole 28 according to Embodiment
2 of the present invention.
[0056] In the superconducting field pole 28 shown in Fig. 6, an outer magnetic field-deflecting member 61 is arranged
throughout an entire end face of a superconducting coil body 27 at a radially outer side of a rotor 16, the superconducting
coil body 27 being formed by laminating a plurality of racetrack type coils 29. In addition, the outer magnetic field-
deflecting member 61 is formed into a plate shape in which a central portion is thicker than an outer circumferential
portion. As the "plate shape in which the central portion is thicker than the outer circumferential portion", for example, a
conical shape, a truncated conical shape, a hemispherical shape, and a shape in which a small-diameter cylindrical
body is provided continuously and coaxially on one end face of a large-diameter cylindrical body can be cited. The
truncated conical shape includes a case of a racetrack shape in planar view and a trapezoidal shape in side view.
Moreover, the present invention is not limited to the condition that the central portion is thicker and the outer circumferential
portion is thinner throughout an entire circumference of the end face of the superconducting coil laminated body 27 at



EP 2 897 266 B1

10

5

10

15

20

25

30

35

40

45

50

55

the radially outer side of the rotor 16, but the central portion may be thicker and the outer circumferential portion may
be thinner in at least a partial range of the circumference of the end face.
[0057] While the inner magnetic field-deflecting member 51 shown in Fig. 6 is formed into a plate shape thinner than
the inner magnetic field-deflecting member 50 in Embodiment 1, the present invention is not limited thereto.
[0058] According to the above-described shape of the outer magnetic field-deflecting member 61, as compared with
Embodiment 5 shown in Fig. 9, the magnetic flux can be deflected so that the magnetic field from the superconducting
field pole 28 to the armature winding 40 easily passes the central portion of the outer magnetic field-deflecting member
61. As a result, a vertical magnetic field of a superconducting wire material 31 constituting racetrack type coils 29a to
29d of respective layers of the superconducting coil body 27 can be reduced, and magnetic field distribution of the
superconducting coil body 27 can be deflected to a direction where the magnetic field easily cross the armature winding
40. In other words, a leakage magnetic flux can be used as a valid magnetic flux.
[0059] Particularly, the outer magnetic field-deflecting member 61 may be formed into a shape in which the central
portion has a predetermined thickness, and the thickness becomes smaller from the central portion to the outer circum-
ferential portion. As this shape, for example, a tapered shape (truncated conical shape) can be cited. According to the
above-described shape of the outer magnetic field-deflecting member 61, the foregoing plate shape in which the central
portion is thicker than the outer circumferential portion can be easily manufactured.

(Embodiment 3)

[0060] Fig. 7 is a view showing a configuration example of a superconducting field pole 28 according to Embodiment
3 of the present invention.
[0061] Embodiment 3 results from combining Embodiment 1 and Embodiment 2. That is, a volume of an inner magnetic
field-deflecting member 50, which is closer to an adjacent pole, is made larger than a volume of an outer magnetic field-
deflecting member 61, which is farther from the adjacent pole. Furthermore, the outer magnetic field-deflecting member
61 is arranged throughout an entire end face of a superconducting coil body 27 at a radially outer side of a rotor 16, and
is formed into a plate shape in which a central portion is thicker than an outer circumferential portion.
[0062] According to the above-described shape, as compared with Embodiment 5 shown in Fig. 9, a vertical magnetic
field of a superconducting wire material 31 constituting racetrack type coils 29a to 29d of respective layers of the
superconducting coil body 27 is reduced, by which a critical current can be enhanced, and an interlinkage magnetic flux
that crosses both the superconducting field pole 28 of the rotor 16 and an armature winding 40 of a stator 18 is further
increased, so that output of a superconducting electrical rotating machine 10 can be further enhanced. As described in
Embodiment 2, the outer magnetic field-deflecting member 61 may be formed into the shape in which the central portion
has a predetermined thickness, and the thickness becomes smaller from the central portion to the outer circumferential
portion, or may be formed so that an outer circumferential portion of the portion having the predetermined thickness of
the outer magnetic field-deflecting member 61 is located in the vicinity of an inner circumferential portion of the racetrack
type coil 29 when seen from an extending direction of each central axis (da, db, dc) of the racetrack type coils 29.
[0063] Hereinafter, referring to Fig. 12, a conditional expression that prescribes respective dimensions of the super-
conducting field pole 28 according to Embodiment 3, and the volumes of the outer and inner magnetic field-deflecting
members of the same will be described. Fig. 12 is a schematic view that defines the respective dimensions of the
superconducting field pole according to Embodiment 3, and the volumes of the outer and inner magnetic field-deflecting
members of the same.
[0064] In Fig. 12, using the 1/6 models of the six-pole superconducting motor, an inner diameter (a diameter of an air-
cored portion) of the superconducting coil laminated body 27 is represented by "a", an outer diameter (a length of a
short side) of the superconducting coil laminated body 27 is represented by "b", a length of the superconducting coil
laminated body 27 in the radial direction of the rotor 16 is represented by "c", a length of the inner magnetic field-deflecting
member 50 in the radial direction is represented by "e", a length (a distance between an upper bottom width and a lower
bottom width) of the outer magnetic field-deflecting member 61 in the radial direction is represented by "g", and the upper
bottom width of the outer magnetic field-deflecting member 61 is represented by "f". Furthermore, in Fig. 12, the volume
of the outer magnetic field-deflecting member 61 is represented by V1, and the volume of the inner magnetic field-
deflecting member 50 is represented by V2.
[0065] Here, a conditional expression of the upper bottom width f is represented by the following expression (1), and
a volume ratio between the outer and inner magnetic field-deflecting members is represented by the following expression
(2).
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(Embodiment 4)

[0066] Fig. 8 is a view showing a configuration example of a superconducting field pole 28 according to Embodiment
4 of the present invention.
[0067] In Embodiment 4, the shape of the inner magnetic field-deflecting member 50 in Embodiment 3 shown in Fig.
7 is changed to a shape of an inner magnetic field-deflecting member 52 that is arranged throughout an entire end face
of a superconducting coil laminated body 27, the end face being at a radially inner side of a rotor 16 and the supercon-
ducting coil laminated body 27 being formed by laminating the plurality of racetrack type coils 29, and that is formed into
a plate shape in which a central portion is thicker than an outer circumferential portion, similarly to the outer magnetic
field-deflecting member 61. As the "plate shape in which the central portion is thicker than the outer circumferential
portion", for example, a conical shape, a truncated conical shape, a hemispherical shape, and a shape in which a small-
diameter cylindrical body is provided continuously and coaxially on one end face of a large-diameter cylindrical body
can be cited.
[0068] Moreover, as to a relationship of volumes between the outer magnetic field-deflecting member 61 and the inner
magnetic field-deflecting member 52, similar to Embodiment 3 shown in Fig. 7, the volume of the inner magnetic field-
deflecting member 52, which is closer to an adjacent pole, is made larger than the volume of the outer magnetic field-
deflecting member 61, which is farther from the adjacent pole. That is, in view of influence of magnetic field distribution
by a superconducting field pole adjacent in a circumferential direction of the rotor (hereinafter, referred to as an adjacent
pole), the volume of the inner magnetic field-deflecting member 52, which is closer to the adjacent pole (the influence
is stronger), is made larger than the volume of the outer magnetic field-deflecting member 61, which is farther from the
adjacent pole (the influence is weaker).
[0069] According to the above-described shape, as compared with Embodiment 5 shown in Fig. 9, a vertical magnetic
field of a superconducting wire material 31 constituting racetrack type coils 29a to 29d of respective layers of the
superconducting coil body 27 is reduced, by which a critical current is enhanced, and a magnetic flux directed from the
superconducting field pole 28 to the armature winding 40 can be deflected so that the relevant magnetic flux easily
passes central portions of the inner magnetic field-deflecting member 52 and the outer magnetic field-deflecting member
61. This can further increase an interlinkage magnetic flux that crosses both the superconducting field pole 28 of the
rotor 16 and the armature winding 40 of the stator 18, and output of a superconducting electrical rotating machine 10
can be further enhanced. Similar to the outer magnetic field-deflecting member 61 of Embodiment 3, the inner magnetic
field-deflecting member 52 may be formed into a shape in which the central portion has a predetermined thickness, and
the thickness becomes smaller from the central portion to the outer circumferential portion.

(Example 5)

[0070] Fig. 9 is a view showing a configuration example of a superconducting field pole 28 according to an example
(Example 5). Fig. 10 is a view showing a configuration of a superconducting field pole according to a comparative
embodiment.
[0071] In Example 5, the inner magnetic field-deflecting member 50 in Embodiment 3 shown in Fig. 5 is replaced by
an inner magnetic field-deflecting member 51 having the same volume as that of an outer magnetic field-deflecting
member 60. On the other hand, the superconducting field pole according to the comparative embodiment includes no
magnetic field-deflecting member.
[0072] Even in the configuration of the inner magnetic field-deflecting member 51 and the outer magnetic field-deflecting
member 60 as in Example 5, as compared with the case where no magnetic field-deflecting member is provided, as
described with reference to Fig. 10, in a radial gap type superconducting electrical rotating machine, the ferromagnetic
outer and inner magnetic field-deflecting members attract a magnetic flux directed to the superconducting coil body,
which can reduce a vertical magnetic field of a wire material and enhance a critical current. Moreover, the ferromagnetic
bodies are in the vicinity of the superconducting coil body, which can make the generated magnetic flux large, and can
increase an interlinkage magnetic flux that crosses both the superconducting field poles of a rotor and an armature
winding of a stator, thereby enhancing output.

(Embodiment 6)

[0073] As to a superconducting field pole 28 according to Embodiment 6 of the present invention, in the superconducting
field pole 28 according to any one of Embodiments 1 to 4 and Example 5, the inner magnetic field-deflecting members
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50, 51 and the outer magnetic field-deflecting member 61 are made of a nano-crystal soft magnetic material manufactured
by crystallizing an amorphous alloy obtained by compositely adding copper (Cu) and niobium (Nb) to an Fe-Si-B com-
pound. Configurations other than this are the same as those of the superconducting field pole 28 according to any one
of Embodiments 1 to 4 and Example 5. The above-described configuration can make the inner magnetic field-deflecting
members 50, 51 and the outer magnetic field-deflecting member 61 lightweight. For example, as compared with a case
where a material of the inner magnetic field-deflecting members 50, 51 and the outer magnetic field-pole deflecting
member 61 is SS400, an effect of reducing a calorific value is at the same level, while a weight can be reduced by about
74%.

(Embodiment 7)

[0074] As to a superconducting field pole according to Embodiment 7 of the present invention, in the superconducting
field pole according to any one of Embodiments 1 to 4 and 6 and Example 5, both the outer magnetic field-deflecting
members 60, 61 and the inner magnetic field-deflecting members 50, 51, and 52 have a shape in which no hole is
opened in a central portion when seen from an extending direction of a superconducting coil body.
[0075] As described above, as compared with a case where at least one of the outer magnetic field-deflecting member
and the inner magnetic field-deflecting member has a shape in which a hole is opened in the central portion when seen
from the extending direction of the central axis of the superconducting coil body, a magnetic flux directed from the
superconducting field pole to an armature winding can be deflected so that the flux easily passes the central portions
of the inner magnetic field-deflecting member and the outer magnetic field-deflecting member. This can further increase
an interlinkage magnetic flux that crosses both the superconducting field poles of a rotor and the armature winding of a
stator, and further enhance output of a superconducting electrical rotating machine.

(Embodiment 8)

[0076] As to a superconducting field pole according to Embodiment 8 of the present invention, in the superconducting
field pole according to any one of Embodiments 1 to 4, 6 and Example 5, at least one of the outer magnetic field-deflecting
members 60, 61 and the inner magnetic field-deflecting members 50, 51, and 52 has a shape in which a hole is opened
in a central portion when seen from an extending direction of a central axis of a superconducting coil body. Fig. 11
illustrates a configuration of a shape in which in Embodiment 1, both the outer magnetic field-deflecting member 60 and
the inner magnetic field-deflecting member 50 have a shape in which a hole is opened in the central portion.
[0077] According to the above-described configuration, as compared with the case where both the outer magnetic
field-deflecting member and the inner magnetic field-deflecting member have a shape in which no hole is opened in the
central portion when seen from the extending direction of the central axis of the superconducting coil body, the outer
magnetic field-deflecting member or the inner magnetic field-deflecting member having the hole opened attracts a
magnetic flux directed to the superconducting coil body, which can more reduce a maximum portion of a vertical magnetic
field of a wire material constituting the superconducting field pole, and in turn, more enhance a critical current.

(Simulation Analysis)

[0078] Fig. 13 is a view showing a result from performing analysis using analysis models (1/6 models of a six-pole
motor having magnetic field-deflecting members) corresponding to the comparative embodiment, and Embodiments 1,
3 and 4, and Example 5. As items of the analysis models in Fig. 13, an analysis model O indicates the comparative
embodiment shown in Fig. 10, to which the inner magnetic field-deflecting member and the outer magnetic field-deflecting
member are not attached, an analysis model A indicates Example 5 shown in Fig. 9, an analysis model B indicates
Embodiment 1 shown in Fig. 5, an analysis model C indicates Embodiment 3 shown in Fig. 7, and an analysis model D
indicates Embodiment 4 shown in Fig. 8. Moreover, as items of effects shown in Fig. 13, with an analysis result (a
maximum magnetic field of a wire material: 2.298 T, motor output: 3.04 MW) of the analysis model O used as a reference,
a maximum magnetic field of the wire material is indicated by a value of a decreasing rate, and motor output is indicated
by a value of an increasing rate. According to the items of the effects shown in Fig. 13, it is found that the decreasing
rate of the maximum magnetic field of the wire material of the analysis model D is the largest, and that the increasing
rate of the motor output of the analysis model C is the largest.

Industrial Applicability

[0079] The present invention is useful for a radial gap type superconducting electrical rotating machine in which a
rotor is made superconducting and a stator is made normal-conducting, and a stator winding arranged in the stator is
made air-cored.
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Reference Signs List

[0080]

10 superconducting electrical rotating machine
12 housing
14 central axis
16 rotor
18 stator
20 rotor shaft
22 rotor core
24 casing
27 superconducting coil body
28, 28a, 28b, 28c superconducting field pole
29, 29a, 29b, 29c, 29d racetrack type coil
30a, 30b linear portion
30c, 30d arc portion
31 superconducting wire material
32 back yoke
34 teeth
36 slot
40 armature winding
50, 51, 52 inner magnetic field-deflecting member
60,61 outer magnetic field-deflecting member

Claims

1. A superconducting electrical rotating machine (10) including a rotor (16) comprising a plurality of superconducting
field poles (28, 28a, 28b, 28c) arranged in a circumferential direction so as to correspond to a plurality of phases of
a stator armature winding (40) of the superconducting electrical rotating machine (10), the rotor being disposed
coaxially with the stator in an internal space of the cylindrical stator in which the armature winding of the plurality of
phases is arranged in the circumferential direction, each of the superconducting field poles comprising:

a superconducting coil body (27) formed by spirally winding a superconducting wire material (31);
wherein
each of the superconducting field poles further comprising:

a respective outer magnetic field-deflecting member (60; 61) more ferromagnetic than the superconducting
coil body, the outer magnetic field-deflecting member being arranged on or in the vicinity of an end face of
the superconducting coil body at a radially outer side of the rotor; and
a respective inner magnetic field-deflecting member (50; 51; 52) more ferromagnetic than the supercon-
ducting coil body, the inner magnetic field-deflecting member being arranged on or in the vicinity of an end
face of the superconducting coil body at a radially inner side of the rotor, wherein in each of the supercon-
ducting field poles, a volume of the inner magnetic field-deflecting member (50; 51; 52) is larger than a
volume of the outer magnetic field-deflecting member (60; 61).

2. The superconducting electrical rotating machine (10) according to claim 1, wherein in each of the superconducting
field poles, the outer magnetic field-deflecting member (60; 61) is arranged throughout the entire end face of the
superconducting coil body at the radially outer side of the rotor (16), and is formed into a plate shape in which a
central portion is thicker than an outer circumferential portion.

3. The superconducting electrical rotating machine (10) according to claim 2, wherein in each of the superconducting
field poles, the outer magnetic field-deflecting member (60; 61) is formed so that the central portion has a prede-
termined thickness, and the thickness becomes smaller from the central portion to the outer circumferential portion.

4. The superconducting electrical rotating machine (10) according to any one of claims 1 to 3, wherein in each of the
superconducting field poles, the inner magnetic field-deflecting member (50; 51; 52) is arranged throughout the
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entire end face of the superconducting coil body (27) at the radially inner side of the rotor (16), and is formed into
a plate shape in which a central portion is thicker than an outer circumferential portion.

5. The superconducting electrical rotating machine (10) according to claim 4, wherein in each of the superconducting
field poles, the inner magnetic field-deflecting member (50; 51; 52) is formed so that the central portion has a
predetermined thickness, and the thickness becomes smaller from the central portion to the outer circumferential
portion.

6. The superconducting electrical rotating machine (10) according to any one of claims 1 to 5, wherein in each of the
superconducting field poles, the inner magnetic field-deflecting member (50; 51; 52) and the outer magnetic field-
deflecting member (60; 61) are made of a nano-crystal soft magnetic material manufactured by crystallizing an
amorphous alloy obtained by compositely adding copper (Cu) and niobium (Nb) to an Fe-Si-B compound.

7. The superconducting electrical rotating machine (10) according to any one of claims 1 to 6, wherein in each of the
superconducting field poles, both the outer magnetic field-deflecting member (60; 61) and the inner magnetic field-
deflecting member (50; 51; 52) have a shape in which no hole is opened in a central portion when seen from an
extending direction of a central axis (da, db, dc) of the superconducting coil body (27).

8. The superconducting electrical rotating machine (10) according to any one of claims 1 to 6, wherein in each of the
superconducting field poles, at least one of the outer magnetic field-deflecting member (60; 61) and the inner
magnetic field-deflecting member (50; 51; 52) has a shape in which a hole is opened in a central portion when seen
from an extending direction of a central axis (da, db, dc) of the superconducting coil body (27).

Patentansprüche

1. Supraleitende elektrische Rotationsmaschine (10) einschließlich einem Rotor (16), der eine Vielzahl von supralei-
tenden Feldpolen (28, 28a, 28b, 28c) umfasst, die in einer Umfangsrichtung so angeordnet sind, dass sie einer
Vielzahl von Phasen einer Stator-Ankerwicklung (40) der supraleitenden elektrischen Rotationsmaschine (10) ent-
sprechen, wobei der Rotor koaxial mit dem Stator in einem Innenraum des zylindrischen Stators eingerichtet ist, in
dem die Ankerwicklung der Vielzahl von Phasen in der Umfangsrichtung angeordnet ist, wobei jeder der supralei-
tenden Feldpole umfasst:

einen supraleitenden Spulenkörper (27), der durch spiralförmiges Wickeln eines supraleitenden Drahtmaterials
(31) geformt wird;
wobei jeder der supraleitenden Feldpole weiter umfasst:

ein jeweiliges äußeres Magnetfeld-Ablenkelement (60; 61), das ferromagnetischer als der supraleitende
Spulenkörper ist, wobei das äußere Magnetfeld-Ablenkelement an oder in der Nähe einer Stirnfläche des
supraleitenden Spulenkörpers an einer radial äußeren Seite des Rotors angeordnet ist; und
ein jeweiliges inneres Magnetfeld-Ablenkelement (50; 51; 52), das ferromagnetischer als der supraleitende
Spulenkörper ist, wobei das innere Magnetfeld-Ablenkelement an oder in der Nähe einer Stirnfläche des
supraleitenden Spulenkörpers an einer radial inneren Seite des Rotors angeordnet ist, wobei in jedem der
supraleitenden Feldpole ein Volumen des inneren Magnetfeld-Ablenkelements (50; 51; 52) größer als ein
Volumen des äußeren Magnetfeld-Ablenkelements (60; 61) ist.

2. Supraleitende elektrische Rotationsmaschine (10) nach Anspruch 1, wobei in jedem der supraleitenden Feldpole
das äußere Magnetfeld-Ablenkelement (60; 61) über die gesamte Stirnfläche des supraleitenden Spulenkörpers an
der radial äußeren Seite des Rotors (16) angeordnet und zu einer Plattenform geformt ist, bei der ein Mittelabschnitt
dicker als ein äußerer Umfangsabschnitt ist.

3. Supraleitende elektrische Rotationsmaschine (10) nach Anspruch 2, wobei in jedem der supraleitenden Feldpole
das äußere Magnetfeld-Ablenkelement (60; 61) so geformt ist, dass der Mittelabschnitt eine vorbestimmte Dicke
aufweist und die Dicke vom Mittelabschnitt zum äußeren Umfangsabschnitt kleiner wird.

4. Supraleitende elektrische Rotationsmaschine (10) nach einem der Ansprüche 1 bis 3, wobei in jedem der supralei-
tenden Feldpole das innere Magnetfeld-Ablenkelement (50; 51; 52) über die gesamte Stirnfläche des supraleitenden
Spulenkörpers (27) an der radial inneren Seite des Rotors (16) angeordnet ist und zu einer Plattenform geformt ist,
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bei der ein Mittelabschnitt dicker als ein äußerer Umfangsabschnitt ist.

5. Supraleitende elektrische Rotationsmaschine (10) nach Anspruch 4, wobei in jedem der supraleitenden Feldpole
das innere Magnetfeld-Ablenkelement (50; 51; 52) so geformt ist, dass der Mittelabschnitt eine vorbestimmte Dicke
aufweist und die Dicke vom Mittelabschnitt zum äußeren Umfangsabschnitt kleiner wird.

6. Supraleitende elektrische Rotationsmaschine (10) nach einem der Ansprüche 1 bis 5, wobei in jedem der supralei-
tenden Feldpole das innere Magnetfeld-Ablenkelement (50; 51; 52) und das äußere Magnetfeld-Ablenkelement (60;
61) aus einem nanokristallinen weichmagnetischen Material gefertigt sind, das durch Kristallisation einer amorphen
Legierung hergestellt wird, die durch zusammengesetzte Zugabe von Kupfer (Cu) und Niob (Nb) zu einer Fe-Si-B-
Verbindung erhalten wird.

7. Supraleitende elektrische Rotationsmaschine (10) nach einem der Ansprüche 1 bis 6, wobei in jedem der supralei-
tenden Feldpole sowohl das äußere Magnetfeld-Ablenkelement (60; 61) als auch das innere Magnetfeld-Ablenke-
lement (50; 51; 52) eine Form aufweisen, bei der sich kein Loch in einem Mittelabschnitt öffnet, wenn von einer
Erstreckungsrichtung einer Mittelachse (da, db, dc) des supraleitenden Spulenkörpers (27) aus betrachtet.

8. Supraleitende elektrische Rotationsmaschine (10) nach einem der Ansprüche 1 bis 6, wobei in jedem der supralei-
tenden Feldpole mindestens eines von dem äußeren Magnetfeld-Ablenkelement (60; 61) und dem inneren Mag-
netfeld-Ablenkelement (50; 51; 52) eine Form aufweist, bei der sich ein Loch in einem Mittelabschnitt öffnet, wenn
von einer Erstreckungsrichtung einer zentralen Achse (da, db, dc) des supraleitenden Spulenkörpers (27) aus
betrachtet.

Revendications

1. Machine rotative électrique supraconductrice (10) incluant un rotor (16) comprenant une pluralité de pôles inducteurs
supraconducteurs (28, 28a, 28b, 28c) agencés dans une direction circonférentielle de manière à correspondre à
une pluralité de phases d’un enroulement d’armature de stator (40) de la machine rotative électrique supraconductrice
(10), le rotor étant disposé coaxialement par rapport au stator dans un espace interne du stator cylindrique dans
lequel l’enroulement d’armature de la pluralité de phases est agencé dans la direction circonférentielle, chacun des
pôles inducteurs supraconducteurs comprenant :

un corps de bobine supraconducteur (27) formé en enroulant en spirale un matériau de fil supraconducteur (31) ;
dans laquelle chacun des pôles inducteurs supraconducteurs comprenant en outre :

un élément de déviation de champ magnétique extérieur respectif (60 ; 61) plus ferromagnétique que le
corps de bobine supraconducteur, l’élément de déviation de champ magnétique extérieur étant agencé sur
ou à proximité d’une face d’extrémité du corps de bobine supraconducteur au niveau d’un côté radialement
extérieur du rotor ; et
un élément de déviation de champ magnétique intérieur respectif (50 ; 51 ; 52) plus ferromagnétique que
le corps de bobine supraconducteur, l’élément de déviation de champ magnétique intérieur étant agencé
sur ou à proximité d’une face d’extrémité du corps de bobine supraconducteur au niveau d’un côté radia-
lement intérieur du rotor, dans laquelle dans chacun des pôles inducteurs supraconducteurs, un volume
de l’élément de déviation de champ magnétique intérieur (50 ; 51 ; 52) est supérieur à un volume de
l’élément de déviation de champ magnétique extérieur (60 ; 61).

2. Machine rotative électrique supraconductrice (10) selon la revendication 1, dans laquelle dans chacun des pôles
inducteurs supraconducteurs, l’élément de déviation de champ magnétique extérieur (60 ; 61) est agencé à travers
toute la face d’extrémité du corps de bobine supraconducteur au niveau du côté radialement extérieur du rotor (16),
et est formé dans une forme de plaque dans laquelle une partie centrale est plus épaisse qu’une partie circonfé-
rentielle extérieure.

3. Machine rotative électrique supraconductrice (10) selon la revendication 2, dans laquelle dans chacun des pôles
inducteurs supraconducteurs, l’élément de déviation de champ magnétique extérieur (60 ; 61) est formé de sorte
que la partie centrale présente une épaisseur prédéterminée, et l’épaisseur devient plus petite depuis la partie
centrale jusqu’à la partie circonférentielle extérieure.
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4. Machine rotative électrique supraconductrice (10) selon l’une quelconque des revendications 1 à 3, dans laquelle
dans chacun des pôles inducteurs supraconducteurs, l’élément de déviation de champ magnétique intérieur (50 ;
51 ; 52) est agencé à travers toute la face d’extrémité du corps de bobine supraconducteur (27) au niveau du côté
radialement intérieur du rotor (16), et est formé dans une forme de plaque dans laquelle une partie centrale est plus
épaisse qu’une partie circonférentielle extérieure.

5. Machine rotative électrique supraconductrice (10) selon la revendication 4, dans laquelle dans chacun des pôles
inducteurs supraconducteurs, l’élément de déviation de champ magnétique intérieur (50 ; 51 ; 52) est formé de
sorte que la partie centrale présente une épaisseur prédéterminée, et l’épaisseur devient plus petite depuis la partie
centrale jusqu’à la partie circonférentielle extérieure.

6. Machine rotative électrique supraconductrice (10) selon l’une quelconque des revendications 1 à 5, dans laquelle
dans chacun des pôles inducteurs supraconducteurs, l’élément de déviation de champ magnétique intérieur (50 ;
51 ; 52) et l’élément de déviation de champ magnétique extérieur (60 ; 61) sont faits d’un matériau magnétique doux
nanocristallin fabriqué en cristallisant un alliage amorphe obtenu en ajoutant de manière composite du cuivre (Cu)
et du niobium (Nb) à un composé Fe-Si-B.

7. Machine rotative électrique supraconductrice (10) selon l’une quelconque des revendications 1 à 6, dans laquelle
dans chacun des pôles inducteurs supraconducteurs, l’élément de déviation de champ magnétique extérieur (60 ;
61) et l’élément de déviation de champ magnétique intérieur (50 ; 51 ; 52) ont tous deux une forme dans laquelle
aucun trou n’est ouvert dans une partie centrale dans une vue depuis une direction d’extension d’un axe central
(da, db, dc) du corps de bobine supraconducteur (27).

8. Machine rotative électrique supraconductrice (10) selon l’une quelconque des revendications 1 à 6, dans laquelle
dans chacun des pôles inducteurs supraconducteurs, au moins un de l’élément de déviation de champ magnétique
extérieur (60 ; 61) et de l’élément de déviation de champ magnétique intérieur (50 ; 51 ; 52) présente une forme
dans laquelle aucun trou n’est ouvert dans une partie centrale dans une vue depuis une direction d’extension d’un
axe central (da, db, dc) du corps de bobine supraconducteur (27).
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