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Description 

 

Title of Invention: THREE-PHASE COIL STRUCTURE AND LINEAR MOTOR 

Technical Field 

 [0001] 5 

 The present invention relates to a three-phase coil structure and a linear 

motor. 

Background Art 

 [0002] 

 In recent years, linear motors using flat air-core coils have been widely 10 

spread.  For example, Patent Literature 1 discloses a linear motor that has two types 

of large and small air-core coils related to each phase and suppresses a thickness of a 

three-phase coil structure by bending an end of an air-core coil related to one phase 

and overlapping the end of the air-core coil with an air-core coil related to another 

phase. 15 

Citation List 

 Patent Literature: 

 [0003] 

 Patent Literature 1: Japanese Patent No. 5508362 

Summary 20 

 Technical Problems 

 [0004] 

 In Patent Literature 1, to prevent differences in impedance and thrust from 

occurring between an air-core coil related to one phase and an air-core coil related to 

another phase, two types of large and small air-core coils are provided to have the 25 
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same number of turns for all phases.  In this way, the linear motor of Patent 

Literature 1 fails to obtain favorable efficiency performance for a configuration area 

of an air-core coil due to a decrease in thrust resulting from a decrease in linkage 

length (mutual inductance), etc. 

 [0005] 5 

 The invention has been made in view of such circumstances, and an object of 

the invention is to provide a three-phase coil structure and a linear motor capable of 

obtaining favorable performance while being made compact. 

 Solution to Problems 

 [0006] 10 

 A three-phase coil structure according to the invention is a three-phase coil 

structure having a two-phase coil set including a plurality of rectangular air-core 

coils arranged side by side to be adjacent to each other in the same plane, the three-

phase coil structure including a one-phase coil set including two air-core coils having 

different sizes and bending angles bent to both ends and disposed to straddle adjacent 15 

long sides of the two-phase coil set, in which a number of turns of each of the air-

core coils of the one-phase coil set is larger than a number of turns of each of the air-

core coils of the two-phase coil set. 

 [0007] 

 In the invention, while making the three-phase coil structure compact by 20 

appropriately combining and disposing the two air-core coils of the one-phase coil 

set having different sizes and bending angles at both ends, it is possible to prevent 

reduction of performance such as a decrease in thrust due to a decrease in linkage 

length (mutual inductance) by increasing the number of turns of the air-core coil of 

the one-phase coil set than the number of turns of the air-core coil of the two-phase 25 
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coil set. 

 [0008] 

 In the three-phase coil structure according to the invention, the one-phase coil 

set includes a large air-core coil having a length dimension equivalent to a length 

dimension of the air-core coils of the two-phase coil set, and a small air-core coil 5 

having a length dimension smaller than a length dimension of the large air-core coil, 

and the number of turns of at least one of the large air-core coil and the small air-core 

coil is larger than the number of turns of each of the air-core coils of the two-phase 

coil set. 

 [0009] 10 

 In the invention, since the length dimension of the small air-core coil is 

smaller than that of the air-core coil of the two-phase coil set, it is possible to prevent 

reduction of performance such as a decrease in thrust due to a decrease in linkage 

length by increasing the number of turns of at least one of the large air-core coil and 

the small air-core coil than the number of turns of the air-core coil of the two-phase 15 

coil set while making the three-phase coil structure compact. 

 [0010] 

 In the three-phase coil structure according to the invention, the large air-core 

coil and the small air-core coil are disposed on the same axis, and both ends of each 

of the large air-core coil and the small air-core coil are bent in crank shapes to one 20 

side in an axial direction, and both ends of the large air-core coil overlap with ends of 

the air-core coil of the two-phase coil set, respectively. 

 [0011] 

 In the invention, since the both ends of the large air-core coil are bent in the 

crank shapes and overlap with the ends of the air-core coil of the two-phase coil set, 25 
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respectively, the three-phase coil structure may be made compact. 

 [0012] 

 In the three-phase coil structure according to the invention, the both ends of 

the large air-core coil are bent at 30 to 44.5, and the both ends of the small air-core 

coil are bent at 10 to 31. 5 

 [0013] 

 In the invention, by setting the bending angle of the both ends of the large air-

core coil at 30 to 44.5 and setting the bending angle of the both ends of the small 

air-core coil at 10 to 31, it is possible to prevent a defect such as a crack from 

occurring in the air-core coil during bending processing when the bending angle is 10 

excessively large, and to prevent a decrease in thrust in advance due to a decrease in 

linkage length of the small air-core coil when the bending angle is excessively small. 

 [0014] 

 In the three-phase coil structure according to the invention, the small air-core 

coil is disposed on the one side in the axial direction with respect to the large air-core 15 

coil, and one surface of the small air-core coil is in contact with one surface of the 

large air-core coil, and an interval between the one surface of the large air-core coil 

and a reverse surface of an opposing-surface facing the two-phase coil set of the ends 

of the large air-core coil is greater than or equal to an interval between the one 

surface of the small air-core coil and a reverse surface of an opposing-surface facing 20 

the large air-core coil of the ends of the small air-core coil. 

 [0015] 

 In the invention, one surface of the small air-core coil comes into contract 

with one surface of the large air-core coil, and an interval between the one surface of 

the large air-core coil and a reverse surface of an opposing-surface facing the two-25 
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phase coil set of the ends of the large air-core coil is greater than or equal to an 

interval between the one surface of the small air-core coil and a reverse surface of an 

opposing-surface facing the large air-core coil of the ends of the small air-core coil.  

Therefore, the three-phase coil structure can be made compact without the small air-

core coil protruding more than the large air-core coil to the one side in the axial 5 

direction. 

 [0016] 

 In the three-phase coil structure according to the invention, two two-phase 

coil sets are stacked in one direction, the one-phase coil set is provided on each of 

both sides of the two stacked two-phase coil sets in the one direction, and the two 10 

one-phase coil sets are disposed on the same axis and both ends of each of the two 

one-phase coil sets are bent in mutually opposite directions. 

 [0017] 

 In the invention, the one-phase coil set is provided on each of both sides of 

the two two-phase coil sets stacked in the one direction, and bending direction of 15 

both ends of the two one-phase coil sets is mutually opposite direction.  The three-

phase coil structure can be made compact without the small air-core coil protruding 

more than the large air-core coil in the one direction in each one-phase coil set. 

 [0018] 

 A linear motor according to the invention includes any one of the three-phase 20 

coil structures described above, and magnets disposed on both sides of the three-

phase coil structure to face each other in the axial direction of the one-phase coil set. 

 [0019] 

 In the invention, as described above, since the three-phase coil structure 

which is compact and can prevent reduction of performance such as a decrease in 25 
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thrust due to a decrease in linkage length is used, the linear motor can be made 

compact, and excellent performance can be obtained. 

 Advantageous Effects of Invention 

 [0020] 

 According to the invention, it is possible to provide a three-phase coil 5 

structure and a linear motor capable of obtaining favorable performance while being 

made compact. 

Brief Description of Drawings 

 [0021] 

 FIG. 1 is a perspective view illustrating an appearance of a linear motor 10 

according to an embodiment of the invention. 

 FIG. 2 is a schematic cross-sectional view taken along line II-II of FIG. 1. 

 FIG. 3 is a perspective view illustrating a movable element of the linear motor 

of the present embodiment. 

 FIG. 4 is a front view illustrating a three-phase coil structure of the linear 15 

motor of the present embodiment. 

 FIG. 5 is an arrow view taken along line V-V of FIG. 4. 

 FIG. 6 is a cross-sectional view taken along line VI-VI of FIG. 4. 

 FIG. 7 is a perspective view illustrating a two-phase coil set of the linear 

motor of the present embodiment. 20 

 FIG. 8 is a perspective view illustrating a one-phase coil set of the linear 

motor of the present embodiment. 

 FIG. 9 is an arrow view taken along line IX-IX of FIG. 8. 

 FIG. 10 is an explanatory diagram for describing a bending angle of a large 

air-core coil. 25 
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 FIG. 11 is a graph comparing thrust and coil impedance of the linear motor of 

the present embodiment with those of the conventional art. 

 FIG. 12 is a graph comparing the amount of heat generated by the linear 

motor of the present embodiment with that of the conventional art. 

 FIG. 13 is a graph comparing the amount of heat per unit area generated by 5 

the linear motor of the present embodiment with that of the conventional art. 

Description of Embodiments 

 [0022] 

 Hereinafter, a three-phase coil structure and a linear motor according to 

embodiments of the invention will be described in detail based on the drawings. 10 

 [0023] 

 FIG. 1 is a perspective view illustrating an appearance of a linear motor 100 

according to an embodiment of the invention.  The linear motor 100 is, for example, 

a movable coil type linear motor, and includes a stator 10 and a movable element 20.  

The movable element 20 is connected to a power supply (not illustrated). 15 

 [0024] 

 The stator 10 includes a pair of yokes 11 each having a rectangular flat plate 

shape, and an intervening portion 12 interposed between the pair of yokes 11 to 

connect both ends of the yokes 11.  The intervening portion 12 is disposed on short 

sides of the yokes 11.  The yokes 11 are disposed to face each other at a 20 

predetermined distance by the intervening portion 12, and the movable element 20 is 

interposed between the pair of yokes 11.  The movable element 20 is movable in a 

facing direction of both long sides of the yokes 11 (in a direction of an arrow of FIG. 

1).  That is, the arrow of FIG. 1 indicates a moving direction of the movable 

element 20. 25 
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 [0025] 

 Each of the yokes 11 has a rectangular flat plate shape and is made, for 

example, a magnetic material such as iron.  The intervening portion 12 is made of a 

non-magnetic material such as resin or a magnetic material such as iron.  For 

example, the intervening portion 12 is screwed to the yokes 11. 5 

 [0026] 

 FIG. 2 is a schematic cross-sectional view taken along line II-II of FIG. 1.  

In FIG. 2, for convenience, display of the movable element 20 is omitted. 

 A magnet unit 13 is attached to an inner surface of each yoke 11.  The 

magnet unit 13 is disposed between the yoke 11 and the movable element 20.  In 10 

other words, the movable element 20 is interposed between a pair of magnet units 13. 

 [0027] 

 The magnet unit 13 includes a plurality of permanent magnets 131.  Each 

permanent magnet 131 has a square bar shape extending in a length direction of the 

yoke 11, and the plurality of permanent magnets 131 are arranged in parallel at equal 15 

intervals in the moving direction of the movable element 20. 

 [0028] 

 A pair of magnet units 13 forms an alternating magnetic field.  Specifically, 

each permanent magnet 131 has a magnetic pole directed in a facing direction of the 

pair of magnet units 13, magnetic poles of permanent magnets 131 of the pair of 20 

magnet units 13 are reversed in the facing direction, and magnetic poles of 

permanent magnets 131 adjacent to each other are also reversed. 

 [0029] 

 FIG. 3 is a perspective view illustrating the movable element 20 of the linear 

motor 100 of the present embodiment. 25 
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 The movable element 20 includes the three-phase coil structure 30 having a 

plurality of stacked air-core coils, and a clamping member 40 that clamps the three-

phase coil structure 30.  The clamping member 40 clamps the three-phase coil 

structure 30 from both sides in an axial direction of the air-core coils of the three-

phase coil structure 30. 5 

 [0030] 

 The clamping member 40 has a rectangular flat plate shape and includes a 

pair of abutting portions 41 disposed to face to each other and a gusset 42 that 

connects the pair of abutting portions 41.  That is, adjacent short sides of the pair of 

abutting portions 41 are connected by the gusset 42.  The gusset 42 has an 10 

elongated rectangular plate shape having approximately the same length as a width 

dimension of the abutting portions 41.  The pair of abutting portions 41 and the 

gusset 42 are integrally formed and are made of, for example, carbon fiber reinforced 

plastic (CFRP). 

 [0031] 15 

 Furthermore, a gap holding portion 43 is provided between the pair of 

abutting portions 41, extending from approximately the middle in a length direction 

of the abutting portions 41 to the other short side.  The gap holding portion 43 has a 

rectangular plate shape having approximately the same thickness as a width 

dimension of the gusset 42, is attached to the abutting portion 41 using screws or 20 

adhesive, and maintains a gap between the abutting portions 41.  The gap holding 

portion 43 is made of, for example, glass fiber reinforced plastic (GFRP). 

 [0032] 

 With the above configuration, in the clamping member 40, a gap is formed 

between the abutting portions 41 and between the gusset 42 and the gap holding 25 
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portion 43, and the three-phase coil structure 30 is interposed in the gap.  The gusset 

42 prevents the three-phase coil structure 30 from coming off, and an insulating sheet 

(not illustrated) made of, for example, GFRP may be interposed between the abutting 

portion 41 and the three-phase coil structure 30. 

 [0033] 5 

 FIG. 4 is a front view illustrating the three-phase coil structure 30 of the 

linear motor 100 of the present embodiment, FIG. 5 is an arrow view taken along line 

V-V of FIG. 4, and FIG. 6 is a cross-sectional view taken along line VI-VI of FIG. 4. 

 [0034] 

 The three-phase coil structure 30 includes a one-phase coil set 31 for a V-10 

phase and a two-phase coil set 32 for a U-phase and a W-phase.  That is, the three-

phase coil structure 30 has one one-phase coil set 31 and two two-phase coil sets 32.  

Both the one-phase coil set 31 and the two-phase coil sets 32 include substantially 

rectangular air-core coils.  Note that in FIG. 5, for convenience, lead wires of the 

one-phase coil set 31 and the two-phase coil sets 32 are not illustrated. 15 

 [0035] 

 Each of the two-phase coil sets 32 includes two air-core coils disposed on the 

same axis and having the same length and width dimensions.  The two two-phase 

coil sets 32 are provided so that axial directions thereof are parallel.  That is, the 

two two-phase coil sets 32 are arranged side by side so as to be adjacent to each other 20 

in the same plane, and a long side of an air-core coil of one of the two-phase coil sets 

32 is in contact with a long side of an air-core coil of the other one of the two two-

phase coil sets 32.  Further, another two-phase coil set 32 is further stacked on each 

of the two-phase coil sets 32 in the axial direction (see FIG. 5).  The two two-phase 

coil sets 32 have the same shape, and only one of the two-phase coil sets 32 will be 25 
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described below. 

 [0036] 

 The one-phase coil set 31 is disposed to straddle long sides of the two two-

phase coil sets 32, and includes two air-core coils having different sizes.  

Hereinafter, the smaller air-core coil will be referred to as a small air-core coil 31A, 5 

and the larger air-core coil will be referred to as a large air-core coil 31B.  The small 

air-core coil 31A has a smaller length dimension and the same width dimension when 

compared to the large air-core coil 31B.  The small air-core coil 31A and the large 

air-core coil 31B are disposed on the same axis.  An axial direction of the one-phase 

coil set 31 is parallel to an axial direction of each of the two-phase coil sets 32, and 10 

the one-phase coil set 31 is disposed on each of both sides of the two two-phase coil 

sets 32 in the axial direction (see FIG. 5). 

 [0037] 

 Each two-phase coil set 32 has a hollow rectangular shape in front view, and 

includes two long sides 321 and 322 and two short sides 323 and 324.  In the two-15 

phase coil set 32, the two long sides 321 and 322 have the same width dimension, 

and are spaced apart by a distance corresponding to the sum of the width dimensions 

of the long sides 321 and 322.  Further, a long side 321 of one of the two-phase coil 

sets 32 is adjacent to a long side 321 of the other one of the two-phase coil sets 32. 

 [0038] 20 

 Similarly to the two-phase coil sets 32, the one-phase coil set 31 has a hollow 

rectangular shape in front view.  The small air-core coil 31A is disposed on one side 

in the axial direction with respect to the large air-core coil 31B.  The small air-core 

coil 31A includes two long sides 311A and 312A and two short sides 313A and 

314A.  Moreover, the large air-core coil 31B includes two long sides 311B and 25 
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312B and two short sides 313B and 314B (ends). 

 [0039] 

 In the small air-core coil 31A, the two long sides 311A and 312A have the 

same width dimension, and are spaced apart by a distance corresponding to the sum 

of the width dimensions of the long sides 311A and 312A.  Further, in the large air-5 

core coil 31B, the two long sides 311B and 312B have the same width dimension, 

and are spaced apart by a distance corresponding to the sum of the width dimensions 

of the long sides 311B and 312B.  That is, in the axial direction, the long sides 311A 

and 312A of the small air-core coil 31A are in contact with the long sides 311B and 

312B of the large air-core coil 31B, respectively (see FIG. 6).  Hereinafter, surfaces 10 

of the long sides 311A and 312A of the small air-core coil 31A in contact with the 

long sides 311B and 312B of the large air-core coil 31B are referred to as a contact 

surface 310A (one surface), and surfaces of the long sides 311B and 312B of the 

large air-core coil 31B in contact with the long sides 311A and 312A of the small air-

core coil 31A are referred to as a contact surface 310B (one surface). 15 

 [0040] 

 The one-phase coil set 31 and the two two-phase coil sets 32 are disposed so 

that length directions thereof are parallel to each other, and the one-phase coil set 31 

partially overlaps with the two two-phase coil sets 32. 

 [0041] 20 

 That is, as described above, the one-phase coil set 31 is disposed to straddle 

the long sides 321 of the two adjacent two-phase coil sets 32.  Specifically, the two 

long sides 321 of the two two-phase coil sets 32 are interposed between the long 

sides 311A and 312A of the small air-core coil 31A and between the long sides 311B 

and 312B of the large air-core coil 31B. 25 
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 [0042] 

 In addition, one-side surfaces 319B (opposing surfaces) of the short sides 

313B and 314B of the large air-core coil 31B are in contact with the short sides 323 

and 324 of the two-phase coil sets 32, and one-side surfaces 319A (opposing 

surfaces) of the short sides 313A and 314A of the small air-core coil 31A face the 5 

long sides 311B and 312B of the large air-core coil 31B and the long sides 321 of the 

two-phase coil sets 32 (see FIGS. 4 and 6). 

 [0043] 

 FIG. 7 is a perspective view illustrating the two-phase coil set 32 of the linear 

motor 100 of the present embodiment.  As described above, the two-phase coil set 10 

32 is flat and includes two rectangular air-core coils 300 disposed on the same axis.  

That is, in the two-phase coil set 32, the long sides 321 and 322 and the short sides 

323 and 324 are provided in the same plane. 

 [0044] 

 Furthermore, the two-phase coil set 32 is formed by stacking the two air-core 15 

coils 300 in the axial direction so that winding directions thereof are the same. 

 For example, each air-core coil 300 is formed by winding a rectangular 

conductor wire having a strip shape of 1.1  0.54 mm 15 times in a direction 

perpendicular to the axial direction.  The rectangular wires are wound to overlap 

each other in the thickness direction (of the rectangular wires).  That is, the air-core 20 

coil 300 has a single layer in the axial direction and has a plurality of layers in a 

direction orthogonal to the axial direction, and both end surfaces in the axial 

direction are substantially flat.  The rectangular wire is wound with an adhesive 

made of thermosetting resin such as epoxy resin applied to an outer peripheral 

surface thereof.  The adhesive cures at room temperature or by heating.  As a 25 
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result, the shape of the air-core coil 300 is maintained, and in the two-phase coil set 

32, the air-core coils 300 stacked in the axial direction are fixed to each other.  In 

FIGS. 3, 4, and 7, for convenience, the end surfaces (multilayer coil) of the air-core 

coil 300 in the axial direction are schematically illustrated. 

 [0045] 5 

 Note that the air-core coil 300 has a lead wire 325B at the beginning of 

winding and a lead wire 326B at the end of winding.  The two-phase coil set 32 is 

formed by so-called alpha winding. 

 [0046] 

 FIG. 8 is a perspective view illustrating the one-phase coil set 31 of the linear 10 

motor 100 of the present embodiment, and FIG. 9 is an arrow view taken along line 

IX-IX of FIG. 8.  FIGS. 9A and 9B are enlarged views enlarging and illustrating 

circled portions of the small air-core coil 31A and the large air-core coil 31B.  For 

convenience, the small air-core coil 31A and the large air-core coil 31B are 

separately illustrated in FIG. 8, and illustration of the lead wires is omitted in FIG. 9. 15 

 [0047] 

 As mentioned above, the one-phase coil set 31 includes the small air-core coil 

31A and the large air-core coil 31B disposed on the same axis, and the small air-core 

coil 31A has a smaller length dimension and the same width dimension when 

compared to the large air-core coil 31B.  Thicknesses of the small air-core coil 31A 20 

and the large air-core coil 31B are equal to a thickness of the air-core coil 300 of the 

two-phase coil set 32. 

 [0048] 

 In addition, the small air-core coil 31A includes two long sides 311A and 

312A and two short sides 313A and 314A.  Further, the large air-core coil 31B 25 
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includes two long sides 311B and 312B and two short sides 313B and 314B (ends). 

 [0049] 

 The large air-core coil 31B is bent in a crank shape by performing press 

processing on both ends of the long sides 311B and 312B.  In this way, in the large 

air-core coil 31B, bent portions 318B are formed at both ends of the two long sides 5 

311B and 312B.  After press processing, a length of the large air-core coil 31B in a 

length direction is the same as that of the air-core coil 300 of the two-phase coil set 

32. 

 [0050] 

 Further, in the large air-core coil 31B, an interval between surfaces of the long 10 

sides 311B and 312B on the opposite side to the contact surface 310B contacting 

with the small air-core coil 31A and the one-side surfaces 319B of the short sides 

313B and 314B is twice a thickness t of the large air-core coil 31B or the small air-

core coil 31A (see FIG. 9B). 

 [0051] 15 

 FIG. 10 is an explanatory diagram for describing a bending angle of the large 

air-core coil 31B.  In FIG. 10, one-point chain lines indicate molding round bars 

that form the bent portions 318B at both ends of the long sides 311B and 312B of the 

large air-core coil 31B. 

 [0052] 20 

 According to the manufacturing record, when a condition of R (a minimum 

turning radius) > 3t is satisfied, cracks are prevented from being generated in the 

rectangular wire.  FIG. 10 illustrates the case of R = 3t, and a distance between 

centers of two molding round bars is 7t.  One molding bar is fixed, the other 

molding bar is rotated by  around a center of the one molding bar, and the ends of 25 
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the long sides 311B and 312B of the large air-core coil 31B are bent to obtain a step 

of 2t. 

 [0053] 

 In FIG. 10, two large and small triangles drawn by solid lines are similar to 

each other, and a ratio thereof is 1 : 4.  Further, when the distance between the 5 

centers of the molding round bars is 7t, the step of the large air-core coil 31B is 2t, 

and a length of a hypotenuse of a small triangle is x, then the following relationship 

holds true. 

 sin = t/x 

 Here, since a similarity ratio of the large and small triangles is 1 : 4, the 10 

distance between the centers (7t) is 5x(x + 4x), and x is defined as follows. 

 x = (7/5)t 

 Therefore, sin = 5/7, and  is 45.5.  Since a normal line and a tangent line 

are perpendicular to each other, a bending angle of the bent portion 318B of the large 

air-core coil 31B is 44.5 (90 - 45.5). 15 

 [0054] 

 In view of the above calculation results, it is sufficient that the bent portion 

318B is bent toward the one side in the axial direction at a bending angle of 30 to 

44.5 (see FIG. 9).  That is, each bent portion 318B is formed obliquely within a 

range of 30 to 44.5 with respect to a direction perpendicular to the axial direction 20 

of the large air-core coil 31B.  When the bending angle of the bent portion 318B is 

less than a lower limit of the range, the thrust is reduced. 

 [0055] 

 When the bending angle of the bent portion 318B exceeds 44.5, there is 

concern that a defect such as a crack may occur in the large air-core coil 31B during 25 
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press processing, and there is concern that an interval between the short sides 313B 

and 314B of the large air-core coil 31B and the short sides 323 and 324 of the two-

phase coil set 32 may increase, so that the thickness of the three-phase coil structure 

30 becomes thick.  Further, when the bending angle of the bent portion 318B is less 

than 30, there is concern that a proportion of the bent portion 318B in each of the 5 

long sides 311B and 312B may become large, and a flat portion may become narrow, 

so that the thrust decreases. 

 [0056] 

 The small air-core coil 31A is bent in a crank shape by performing press 

processing on both ends of the long sides 311A and 312A.  In this way, in the small 10 

air-core coil 31A, bent portions 318A are formed on both ends of the two long sides 

311A and 312A.  In the small air-core coil 31A, an interval from the contact surface 

310A of the long sides 311A and 312A to the one-side surfaces 319A of the short 

sides 313A and 314A is the same as the thickness t of the small air-core coil 31A or 

the large air-core coil 31B (see FIG. 9A). 15 

 [0057] 

 Based on the above calculation, the bent portion 318A is preferably bent 

toward the one side in the axial direction at a bending angle of 10 to 31 (see FIG. 

9).  That is, each bent portion 318A is formed obliquely within a range of 10 to 31 

with respect to a direction perpendicular to the axial direction of the small air-core 20 

coil 31A.  In other words, the bent portion 318A forms an angle of 10 to 31 with 

the contact surface 310B of the large air-core coil 31B.  When the bending angle of 

the bent portion 318A is less than a lower limit of the range, the thrust is reduced. 

 [0058] 

 When the bending angle of the bent portion 318A exceeds 31, a defect such 25 
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as a crack may occur in the small air-core coil 31A during press processing.  

Further, when the bending angle of the bent portion 318A is less than 10, there is 

concern that a proportion of the bent portion 318A in each of the long sides 311A and 

312A may become large, and a flat portion may become narrow, so that the thrust 

decreases. 5 

 [0059] 

 Similar to the air-core coil 300 of the two-phase coil set 32, the small air-core 

coil 31A and the large air-core coil 31B are each formed by winding a rectangular 

conductor wire a plurality of times in the direction orthogonal to the axial direction.  

The rectangular wires are wound so as to overlap each other in the thickness 10 

direction (of the rectangular wires).  That is, each of the small air-core coil 31A and 

the large air-core coil 31B has a single layer in the axial direction and has a plurality 

of layers in the direction orthogonal to the axial direction, and both end surfaces in 

the axial direction are substantially flat.  In FIGS. 3 to 8, for convenience, the end 

surfaces (multilayer coils) of the small air-core coil 31A and the large air-core coil 15 

31B in the axial direction are schematically illustrated. 

 [0060] 

 Moreover, the small air-core coil 31A has a lead wire 315A at the beginning 

of winding and a lead wire 316A at the end of winding.  The large air-core coil 31B 

has a lead wire 315B at the beginning of winding and a lead wire 316B at the end of 20 

winding.  Note that the length dimensions of the small air-core coil 31A and the 

large air-core coil 31B are determined by bending angles of the small air-core coil 

31A and the large air-core coil 31B. 

 [0061] 

 As described above, in the large air-core coil 31B, both ends of the long sides 25 
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311B and 312B are bent in crank shapes, the short sides 313B and 314B come into 

contact with the short sides 323 and 324 of the two-phase coil set 32, and the long 

sides 311B and 312B come into contact with the long sides 311A and 312A of the 

small air-core coil 31A (see FIG. 6).  Moreover, the two-phase coil set 32 includes 

two air-core coils 300 having a thickness of t, and the short sides 313B and 314B of 5 

the large air-core coil 31B have an interval of 2t from a surface on the opposite side 

to the contact surface 310B of the long sides 311B the 312B (see FIG. 9B), so that 

the large air-core coil 31B and the two-phase coil set 32 have a thickness of 3t in the 

axial direction (see FIG. 6). 

 [0062] 10 

 Furthermore, since the short sides 313B and 314B of the large air-core coil 

31B have an interval of 2t from the surface on the opposite side to the contact surface 

310B of the long sides 311B the 312B, an interval L2 between other-side surfaces 

317B (reverse surfaces) on the opposite side to the one-side surfaces 319B of the 

short sides 313B and 314B and the contact surface 310B is 2t.  In addition, in the 15 

small air-core coil 31A, the short sides 313A and 314A have an interval of t from the 

contact surface 310A of the long sides 311A and 312A as described above, and thus 

an interval L1 between other-side surfaces 317A (reverse surfaces) on the opposite 

side to the one-side surfaces 319A of the short sides 313A and 314A and the contact 

surface 310A is also 2t.  Further, the long sides 311A and 312A of the small air-core 20 

coil 31A are in contact with the long sides 311B and 312B of the large air-core coil 

31B, respectively. 

 [0063] 

 As described above, the interval L1 between the other-side surfaces 317A and 

the contact surface 310A is equal to the interval L2 between the other-side surfaces 25 
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317B and the contact surface 310B, the small air-core coil 31A does not protrude 

more than the large air-core coil 31B to the one side in the axial direction (see FIG. 

6).  In this instance, a surface of the small air-core coil 31A on the opposite side to 

the contact surface 310A of the long sides 311A and 312A is flush with the long side 

321 of the two-phase coil set 32.  Furthermore, the thickness may be suppressed to 5 

3t despite the fact that the two air-core coils 300 of the two-phase coil set 32 are 

stacked in the axial direction in addition to the small air-core coil 31A and the large 

air-core coil 31B (see FIG. 6). 

 [0064] 

 The case where the interval L1 between the other-side surfaces 317A and the 10 

contact surface 310A is equal to the interval L2 between the other-side surfaces 317B 

and the contact surface 310B has been described above as an example.  However, 

the invention is not limited thereto.  It is sufficient that the interval L2 is greater 

than or equal to the interval L1. 

 [0065] 15 

 As described above, the two two-phase coil sets 32 are stacked in the axial 

direction, and the one-phase coil set 31 is also provided on the other side of the two-

phase coil sets 32 in the axial direction.  The one-phase coil set 31 provided on the 

other side in the axial direction includes the small air-core coil 31A and the large air-

core coil 31B, the small air-core coil 31A is disposed on the other side in the axial 20 

direction with respect to the large air-core coil 31B, and both ends of the small air-

core coil 31A and the large air-core coil 31B are bent in a crank shape to the other 

side in the axial direction (see FIGS. 5 and 6).  Further, the one-phase coil set 31 

provided on the other side in the axial direction has the same shape as that of the one-

phase coil set 31 described above, and detailed description will be omitted. 25 
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 [0066] 

 That is, in the three-phase coil structure 30 of the present embodiment, a pair 

of adjacent two-phase coil sets 32 is stacked in the axial direction, the one-phase coil 

set 31 is provided on each of both sides of the stacked two-phase coil sets 32 in the 

axial direction, and both ends of one one-phase coil set 31 (the small air-core coil 5 

31A and the large air-core coil 31B) are bent to the opposite side from both ends of 

the other one-phase coil set 31. 

 [0067] 

 As described above, since one one-phase coil set 31 and a pair of two-phase 

coil sets 32 have a thickness of 3t in the axial direction, the entire three-phase coil 10 

structure 30 in which two one-phase coil sets 31 and a pair of two-phase coil sets 32 

are stacked in two layers has a thickness of 6t in the axial direction.  Since the one-

phase coil set 31 includes the small air-core coil 31A and the large air-core coil 31B, 

and the two-phase coil sets 32 includes two air-core coils 300, despite the fact that 

eight air-core coils are stacked, the thickness of the entire three-phase coil structure 15 

30 is suppressed to 6t, and the three-phase coil structure 30 is made compact. 

 [0068] 

 In the linear motor 100 having such a configuration, when the three-phase 

coil structure 30 is energized, thrust is generated in a direction (hereinafter, moving 

direction) crossing an alternating magnetic field formed between a pair of magnet 20 

units 13 based on the Fleming's left-hand law to push the three-phase coil structure 

30 in the moving direction.  In this way, the movable element 20 moves (see an 

arrow of FIG. 1). 

 [0069] 

 Meanwhile, in the three-phase coil structure 30, since the small air-core coil 25 
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31A has a smaller length dimension than that of the large air-core coil 31B, a linkage 

length decreases.  There is concern that such reduction in linkage length may cause 

a decrease in coil impedance and a decrease in thrust. 

 [0070] 

 On the other hand, the linear motor 100 of the present embodiment addresses 5 

a problem of a decrease in coil impedance and a decrease in thrust by increasing the 

number of turns of the one-phase coil set 31.  That is, in the linear motor 100 of the 

present embodiment, the number of turns of the one-phase coil set 31 is larger than 

that of the two-phase coil set 32. 

 [0071] 10 

 Specifically, since the one-phase coil set 31 has the small air-core coil 31A 

and the large air-core coil 31B, the number of turns of the small air-core coil 31A and 

the number of turns of the large air-core coil 31B may be larger than the number of 

turns of each air-core coil 300 of the two-phase coil set 32, and both the number of 

turns of the small air-core coil 31A and the number of turns of the large air-core coil 15 

31B may be larger than the number of turns of the air-core coil 300.  In the small 

air-core coil 31A and the large air-core coil 31B, considering the effect on coil 

impedance, an inner diameter is made the same as that of the air-core coil 300, so 

that the number of turns on an outer periphery side far from the axis is increased. 

 [0072] 20 

 For example, when the number of turns of each air-core coil 300 of the two-

phase coil set 32 is 15, the number of turns of the small air-core coil 31A or the large 

air-core coil 31B is 16 to 17.  More specifically, it is desirable that the number of 

turns of the small air-core coil 31A is 16, and the number of turns of the large air-

core coil 31B is 17. 25 
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 Moreover, the invention is not limited thereto.  When considering the change 

in coil impedance, it is also effective to set the number of turns of each of the small 

air-core coil 31A and the large air-core coil 31B to 16. 

 [0073] 

 As described above, in the linear motor 100 of the present embodiment, the 5 

number of turns of the one-phase coil set 31 is larger than the number of turns of the 

two-phase coil set 32, and thus it is possible to compensate for the decrease in coil 

impedance and the decrease in thrust. 

 [0074] 

 FIG. 11 is a graph comparing thrust and coil impedance of the linear motor 10 

100 of the present embodiment with those of the conventional art, and FIG. 12 is a 

graph comparing copper loss of the linear motor 100 of the present embodiment with 

that of the conventional art. 

 [0075] 

 In FIG. 11, a horizontal axis indicates a total length [mm] of the three-phase 15 

coil structure 30 (same as a total length of the two-phase coil sets 32 and the large 

air-core coil 31B, and referred to as a total coil length), a left vertical axis indicates a 

thrust constant [N/Arms], and a right vertical axis indicates phase resistance 

(impedance) []. 

 In addition, in FIG. 11, an upper straight line (circle) indicates the thrust 20 

constant of the linear motor 100, and a lower straight line (circle) indicates the phase 

resistance of the linear motor 100.  Furthermore, in FIG. 11, an upper triangle 

indicates the thrust constant of the conventional art, and a lower triangle indicates the 

phase resistance of the conventional art. 

 [0076] 25 
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 Further, in FIG. 12, a horizontal axis indicates the total length [mm] of the 

three-phase coil structure 30 (same as the total length of the two-phase coil sets 32 

and the large air-core coil 31B, and referred to as the total coil length), and a vertical 

axis indicates the amount of generated heat [W].  Note that, in FIGS. 11 and 12, a 

linear motor according to Patent Literature 1 (Japanese Patent No. 5508362) is given 5 

as an example of the conventional art. 

 [0077] 

 As illustrated in FIG. 11, in the linear motor 100 of the present embodiment, 

an increase in the total coil length is proportional to an increase in the thrust constant 

and an increase in the phase resistance.  A thrust constant value and a phase 10 

resistance value achieved when the total coil length was 180 mm in the case of the 

conventional art were achieved when the total coil length was 165 mm in the case of 

the linear motor 100 of the present embodiment.  Furthermore, in the linear motor 

100 of the present embodiment, when the total coil length is 180 mm as in the 

conventional art, the thrust constant value and the phase resistance value greatly 15 

exceed the thrust constant value and the phase resistance value of the conventional 

art. 

 [0078] 

 Further, in the linear motor 100 of the present embodiment, as the total coil 

length increases, the amount of heat generated (so-called copper loss) due to the 20 

resistance of the conductor (rectangular wire) decreases.  The amount of heat 

generated when the total coil length is 180 mm in the case of the conventional art 

corresponds to the amount of heat generated when the total coil length is 165 mm in 

the case of the linear motor 100 of the present embodiment.  Furthermore, in the 

linear motor 100 of the present embodiment, when the total coil length is 180 mm as 25 
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in the conventional art, the amount of heat generated is much lower than that of the 

conventional art. 

 [0079] 

 As can be seen from FIGS. 11 and 12, in the linear motor 100 of the present 

embodiment, while the three-phase coil structure 30 is made more compact with the 5 

above-described configuration, reduction in coil impedance and reduction in thrust 

associated therewith are compensated, and performance is further improved. 

 [0080] 

 Furthermore, in the linear motor 100 of the present embodiment, heat 

dissipation can be improved by the above-described configuration.  For example, 10 

when heat dissipation is defined as the amount of heat generated per unit area [W/S], 

it can be considered that the smaller the amount of heat generated, the smaller the 

temperature rise of the coil, and therefore the better the heat dissipation. 

 [0081] 

 FIG. 13 is a graph comparing the amount of heat per unit area generated by 15 

the linear motor 100 of the present embodiment with that of the conventional art.  In 

FIG. 13, a horizontal axis indicates the total length [mm] of the three-phase coil 

structure 30 (same as the total length of the two-phase coil sets 32 and the large air-

core coil 31B, and referred to as the total coil length), and a vertical axis indicates the 

amount of heat generated per unit area [W/S].  Note that, in FIG. 13, the linear 20 

motor according to Patent Literature 1 (Japanese Patent No. 5508362) is given as an 

example of the conventional art. 

 [0082] 

 In the linear motor 100 of the present embodiment, as the total coil length 

increases, the amount of heat generated per unit area decreases.  The amount of heat 25 
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generated per unit area when the total coil length is 180 mm in the case of the 

conventional art is equivalent to the amount of heat generated per unit area when the 

total coil length is 173 mm in the case of the linear motor 100 of the present 

embodiment.  Furthermore, in the linear motor 100 of the present embodiment, 

when the total coil length is 180 mm as in the conventional art, the amount of heat 5 

generated per unit area is much lower than the amount of heat generated per unit area 

of the conventional art.  In the linear motor 100 of the present embodiment, while 

the three-phase coil structure 30 is made more compact, heat dissipation is improved. 

 [0083] 

 The disclosed embodiments should be considered to be illustrative and not 10 

restrictive in all respects.  The scope of the invention is indicated by the claims 

rather than the above description, and it is intended that all changes within the 

meaning and scope equivalent to the claims are included. 

Reference Signs List 

 [0084] 15 

 13   magnet unit 

 30   three-phase coil structure 

 31   one-phase coil set 

 31A   small air-core coil 

 31B   large air-core coil 20 

 32   two-phase coil set 

 100   linear motor 

 300   air-core coil 

 310A   contact surface (one surface) 

 310B   contact surface (one surface) 25 
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 311A, 312A, 311B, 312B, 321, 322   long side 

 313A, 314A, 313B, 314B, 323, 324   short side 

 317A   other-side surface (reverse surface) 

 317B   other-side surface (reverse surface) 

 319A   one-side surface (opposing-surface) 5 

 319B   one-side surface (opposing-surface) 
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Claims 

 Claim 1 

 A three-phase coil structure having a two-phase coil set including a plurality 

of rectangular air-core coils arranged side by side in the same plane so as to be 

adjacent to each other, the three-phase coil structure comprising: 

 a one-phase coil set including two air-core coils having different sizes and 

bending angles bent at both ends and disposed to straddle adjacent long sides of the 

two-phase coil set, 

 wherein a number of turns of the air-core coils of the one-phase coil set is 

larger than a number of turns of the air-core coils of the two-phase coil set. 

 

 Claim 2 

 The three-phase coil structure according to claim 1, wherein: 

 the one-phase coil set includes a large air-core coil having a length dimension 

equivalent to a length dimension of the air-core coils of the two-phase coil set, and a 

small air-core coil having a length dimension smaller than a length dimension of the 

large air-core coil, and 

 the number of turns of at least one of the large air-core coil and the small air-

core coil is larger than the number of turns of each of the air-core coils of the two-

phase coil set. 

 

 Claim 3 

 The three-phase coil structure according to claim 2, wherein: 

 the large air-core coil and the small air-core coil are disposed on the same 

axis, and both ends of each of the large air-core coil and the small air-core coil are 
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bent in a crank shape to one side in an axial direction, and 

 both ends of the large air-core coil overlap with ends of the air-core coil of the 

two-phase coil set, respectively. 

 

 Claim 4 

 The three-phase coil structure according to claim 3, wherein: 

 the both ends of the large air-core coil are bent at 30 to 44.5, and 

 the both ends of the small air-core coil are bent at 10 to 31. 

 

 Claim 5 

 The three-phase coil structure according to claim 4, wherein: 

 the small air-core coil is disposed on the one side in the axial direction with 

respect to the large air-core coil, and one surface of the small air-core coil is in 

contact with one surface of the large air-core coil, and 

 an interval between the one surface of the large air-core coil and a reverse 

surface of an opposing-surface facing the two-phase coil set of the ends of the large 

air-core coil is greater than or equal to an interval between the one surface of the 

small air-core coil and a reverse surface of an opposing-surface facing the large air-

core coil of the ends of the small air-core coil. 

 

 Claim 6 

 The three-phase coil structure according to any one of claims 3 to 5, wherein: 

 two two-phase coil sets are stacked in one direction, 

the one-phase coil set is provided on each of both sides of the two stacked 

two-phase coil sets in the one direction, and 
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the two one-phase coil sets are disposed on the same axis and both ends of 

each of the two one-phase coil sets are bent in mutually opposite directions. 

 

 Claim 7 

 A linear motor comprising: 

 the three-phase coil structure according to any one of claims 1 to 6; and 

 magnets disposed on both sides of the three-phase coil structure so as to face 

each other in the axial direction of the one-phase coil set.


