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SUMMARY

This study introduces electromagnetic design processes of 10-MW-Class
High-temperature superconducting synchronous generator for wind Turbine.
Superconducting generator can produce 5 times stronger magnetic field than
permanent magnet at least, which enables large scale wind turbine to function
as a lighter, smaller and more highly efficient system. These processes are
targeted for higher efficiency and shorter high temperature superconductor
(HTS) wires to fabricate 10 MW class superconducting synchronous generator.

In this study, the design process was carried out through the following steps.

First of all, the basic design models of the superconducting wind generator
were achieved from the two-dimensional (2D) numerical analysis. This step
focuses on the design proposal that is possible to fabricate a lighter, smaller
and more highly efficient generator while using a less HTS wires.

Secondly, analysis model was designed by 3D CAD program for 3D
electromagnetic field analysis. This step focuses on the 3D design of
superconducting field coil with end shape and the calculation of the HTS wire
length, weight and volume of generator.

Last but not least, the two—dimensional design proposal was modified and
optimized for manufacturing the superconducting generator by using 3D FEA
(three-dimensional finite element analysis). This step focuses on the
optimization of the electrical output (induced electromotive force, losses,

efficiency, etc.) and superconducting field coil parameters.

_ix_
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Table 1. Specifications of superconducting wind generator

currently under development

AMSC CONVERTEAM GE
T S.C. Direct S.C. Direct S.C. Direct
ybe Drive Drive Drive
Rated output (MW) 10 8 10~15
Frequency (Hz) N/A 16 3
Terminal voltage (V) 690 6000 3300
Pole N/A 10 36
Speed (rpm) 10 12 10
Weight (tons) 140 100 143
Efficiency 9% % N/A 95-96 %
Using 2G HTS | Using 1G HTS Using LTS
Features ) . .
wire wire wire
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efficiency according to synchronous reactance
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Fig. 5 The variation of HTS wire length and machine

efficiency according to mechanical shield inner radius
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Table 2. Basic design model of 10 MW class HTS wind generator

Parameter Model | Model | Model | Model | Model
I II III v A%
Rated output (MW) 10 10 10 10 10
Frequency (Hz) 2 2 2 2 2
Terminal voltage (kV) 6 6 6 6 6
Field coil current (A) 207 207 207 207 207
HTS wire length (km) 1036 1158 1060 1308 1635
Efficiency (%) 96.71 96.78 96.61 96.75 97.69
Pole 24 24 24 24 24
Synchronous reactance 01 01 0.2 0.2 0.2
(p.w)
Armature current
. 3 3 3 3 2
density (A/mm?)
Weight (ton) 136 137 139 143 206
Volume (m®) 50.72 49.09 51.9 49.16 69.9

[14]. Table 214 94 AR E7]2qezs) /AL Y
EE P Aol 29 Ak A%e Ak 919 A% F 2w A
= 2%
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Table 3. Design parameter specifications of 10 MW class

HTS wind

generator

Design parameter specifications

Rated output (MW) 10
Frequency (Hz) 2
Rotating speed (rpm) 10
Terminal voltage (kV) 6
Rated torque (MN-m) 9.55
Efficiency (%) 96.72
Synchronous reactance (p.u) 0.1
Power factor 1
Weight (ton) 135.2
Volume (m?) 50.72
HTS Field coil Armature coil and stator
Wire 2G HTS Conductor Flat type copper
) ) . Double layer &
Field coil type Racetrack Winding type full pitch
. Stator slot
Winding type Double pancake number 144
Field coil Armature coil
current (A) 207 current (A) 962
. Stator coil
Total winding 229170 number 338
number
(per phase)
HTS wire Copper wire
length (km) 1036 length (km) 0672
Current density 193 Current density 3
(A/mm?) (A/mm?)
Operating .
temperature (K) 40 Insulating class F
Maximum Maximum
magnetic field 6.5 magnetic field 3.0
density (T) density (T)

_14_

] B8 96.72%%= =2l AMSCiit7}
] SeaTitan®] &&< 6% HT} thh =




7]e] 974S oF 5 mol 5 WIF Hol= of 24
el Apele] 7IAA eSS 7

Atelel AL 84 mm= AAEAT Al AHEE AEe] EAAE
o FAIE AR A3 3xkd A & FEFS oF 205 tonS = FRP 30| ¢] F71¢}
NAEES T7F S7F 29 s o Ao FAZMA Esial] wZel
S ol 22k AAIREe] 135 ton Btk St Skt o] A= 140 tond] FAE Z=
SeaTitan® v} FH3AT @A F§3tHo] ¥ &
MW G728 719 FA7F 220 tone]
o] FAZF °F 300 tono. =

Fop7t 7hs gk AARbelnt R BxT] FAS B B2 HTE AAse VAEE

of FAZE A3t HA @9k7] wiiol FFoll 7] Al el Thesitt

Y
ofy
£
32,
als
?
a

Q

S

=
Lo

&
—
(@)
il
Lo
o2
-
D)
1z
oft
2
2
N

AHIL FHAFE zh= go]~Ed FH R AZEY 240 HTS XAz AXE F

8
N gE A (Double-Pancake) ZY¥} 7} S5 A7|H oz dAdsts Add o=

Al H714 AASI 016 mme] 2= A= o] FojAH &dFuliF o] A8
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v Consumption of HTS wire per pole : 45km 2G HTS wire

v Winding turns per pole: 9602 turns

Insulating plate

Unit: mm

Fig. 6 Schematic view of HTS racetrack field coil for 10 MW

class HTS wind generator

Table 4. Specifications of HTS field coil for 10 MW class

HTS wind generator

Total wire Total wire .

Turns per . . . Total wire

length: straight | length: curve
each layer length (m)
part (m) part (m)

1SP 455 1797.250 235.855 2033.105
2SP 588 2322.600 350.979 2673.579
3SP 588 2322.600 350.979 2673.579
4SP 588 2322.600 350.979 2673.579
5SP 511 2018.450 328.150 2346.600
6SP 591 2334.450 407.374 2741.824
7SP 591 2334.450 407.374 2741.824
8SP 591 2334.450 407.374 2741.824
9SP 538 2125.100 425.941 2551.041
10SP 618 2441.100 474.445 2915.545
11SP 618 2441.100 474.445 2915.545
12SP 725 2863.750 602.235 3465.985
13SP 645 2547.750 566.176 3113.926
14SP 688 2717.600 621.212 3338.812
15SP 607 2397.650 576.680 2974.330
16SP 607 2397.650 576.680 2974.330
1 Pole 9549 37718.550 7156.880 44875.430

_‘lé_




(2) A71A 2L A

ofo

= 338&lol A}

2 A7 962

g

s

& 320 mm?olw H7|A

PR

Z

.
a

bl

d|

S

A (ms) 7|Fo2 A7|=F A

REIEMEEDE

ki3

) TH A 320 mm?e}

Z

s
a

bupel

5]

2240 mm?o] ™

®

Hlx 3

AN (Y

Nou
K

NOT|

(H21xh

G L)

)
14

256

2

=
DR G
A HIG B

BAREE ke

B

Fig. 7 (a) Armature winding method and (b) Cross sectional view of armature coil

S|
a

524 3

24 122 AE AAREZYL

A

2 A o]

XA

Itk 24 A

_‘|7_



A7) o e

F (B/ab)Eu 2 2714 (B/o)el H

A
o

JJo

A vyl wel

]

w27 A g A

—
file)

iz
ofy

ol =

IN71= 2471 = 7] W)

5|

o de& A

0]
=

H

Aol Hoj A&

=t [5] [15] [16].

o 4 (1),
I Aol

KeX
]
3]

Wse A o
3)ell <

=13
=

Al 0]
1w

Ao} ZHA A7) GaaA

A
==

GEREEE S EER

(1)

1
I
=

(2)

(3)

The enisotropic Jo-B characteristics

+ 1) Perpendicalar - Critical current & Compressive stress

]
L3

\
L}

35

(L0M22) @)
= &
! !
i\ Vg
PN j il
! // % 2
i A.v/ V_ d~ % | It |
L1 T\ = e |
L 3 \ \ £ It
= TN Ec/ o
e R i A G A \ eR Of @i
S o/ /M4 e\ EEIsE ¢ ||
S - ) / i

TR
(P Ny
b3
“\.
v

+ Magnetic field Be 37

"*., (perpendicular)

o

\
|
|
|

Compressive force

/
1

(I

|

Magnetic fiel
(parallel}
Bifab

2) Parallel — Radial & Hoop stress

2G HTS wire

Fig. 8 The anisotropic of high temperature superconducting wire

_‘|8_



o

Fig 9% DeAE A=) AARa wshs 54, 59 4714 BES teh
Fig. 10 2714 43wo] ) A%} ehbs 240 Aa) 3350 34ap)
A A, 4 A7 BEE VEIt, 20% AR 2o AR UE JE b 2

Al ASAIZI=E AdA dellM el e A1 A, o Ad® A 2 g Bel F

] A A

=7 164 SP 1Y

(a) B parallel [T] (b)
8. 3668e+000
7.8895e+000

. 7.2530e+000

6. 6166e+000

5. 9802e+000

5.3438e+000

4. 707%e+000

4. 8709 +000

B perpen. [T] 3. 4345e+000

s 22322:% 2.7981e+000 Max. val
) 2.1617e+000
. 4. 5057e+008 1.5253e+000 s

3.8566e+000 8.8885e-001

3.2075e+000 2.5243e-001

2.5584e+000 -3.8398e-001

1.9093e+000 -1.08204e+000

1.2602¢+000 -1.6568e+000

6.1115e-201 -2.2932e+000
-3.7943e-002
-6.8704%e-001
-1.3361e+000
-1.9852e+000
-2.6343e+000
-3.2834e+000
-3.9325e+000
-4.5816e+000
-5.2307e+008

Fig. 9 The magnetic flux density distribution at the central section of the straight
part of HTS field coil (a) perpendicular direction and (b) parallel direction
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Fig. 10 The magnetic flux density distribution at the curve part of HTS

field coil (a) composite value, (b) radial direction and (c) parallel direction
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Table 5. Maximum magnetic flux density of the perpendicular and parallel

directions in each layer of HTS field coil

Straight part Curve part

Layer Mag B[] | Bf//c[T} | B//ab[1] | B//c[T] | B//ab[7]
1SP 8.54 5.57 6.8 4.8 8.83
2SP 9.32 5.15 7.42 4.83 9.79
3SP 9.61 4.34 7.85 3.73 10.2
SP 9.8 4.03 7.99 3.34 10.3
5SP 9.74 3.62 7.89 2.83 10.2
6SP 10.1 3.63 8.2 2.98 10.5
7SP 10.12 3.02 8.36 2.36 10.67
8SP 10.08 2.6 8.35 2.47 10.6
9SP 9.74 2.44 8.11 2.47 10.2
10SP 9.72 2.66 8.13 2.62 10.2
11SP 9.66 3.19 8.09 3.07 10.0
12SP 9.32 3.8 7.85 3.69 9.7
13SP 8.56 4.17 7.24 3.97 8.73
14SP 8.26 4.61 7.0 4.31 8.47
15SP 7.48 495 6.2 45 7.28
16SP 7.15 5.64 5.95 5.04 6.86

e 169 SPEYe] 72 A7 1e HAast & ¢ U 724 AL o)F Aokeith
[5] [15]. =3t ARF Zdel] 283= Lorentz force® A8l 98 AP T QA
oA Z¥2F FHdl 836 TeF 106 T= Akt =k
Table 59ll4 -22d%= Axpmde] 7 SPaUoA whsh= Al 2 3he 42l 313tk
A= 7= sAFH Y] T2 Qlste] ARlM = =2 d¥lo-ds ZRd
ol =2 A7l 2= AR 2Hgstar ofo whE MApr|He] i AAA

Aok =3k "Holx FHe] 1xAE AAE AMEEE dlo]~EY e 2dE AR}

2 ke Bga 7 ke A4 ek 3

-

U] RN A7 o] HFEHBR HAre g ARtz de] AR ET 45
%= AAfel] 2H8-3}l= Lorentz force density Fi= U

I A Hor FAd ¢ om AAHS VIeoem A7 Wk wet 2epxivh

F(ra,dia,l.(:mn,p.) = B(//“b« //e) x J (4)

_20_



compressive force’} &

5—]] T =A =

R IR [ =

22 welzth Ao 106 To F
SAEE Ar)Ee Wl wee

a0
oo
v
‘O,

|2 519 S0l
T

Rom A AxmY Fa

2 &35t €t [16]. Table 69141 7} SPaLY 9l

Volume force density
Nm?*]
2.0016e+009
1.9120e+009
1.7925e+4009
1.6730e+009
1.5535e+009
1. 4340e+009
1.3145e+009
1.1950e+009
1.0755e+009
9. 5600 +008
8. 3650e+008
7.1700e+008
5.9750e+008
4. 7800e+008
3.5850e+008
2.3900e+008
1.1950e+008
¥ 0.0000e+000

Fig. 11 Distribution of electromagnetic force at the curve section of racetrack field coil

Table 6. Lorentz force values affected in each layer of racetrack field coil

Fx [kN] Fy[kN] Fz[kN] MagF [kN]

1SP 1673.03 -220.12 0.0017 1687.4
2SP 1976.79 260.392 0.125 1993.9
3SP 1577.88 207.73 -0.016 1591.5

SP 1290.03 169.92 0.0084 1301.2
5SP 940.456 123.866 -0.038 948.58
6SP 960.665 126.3 -0.063 968.93
7SP 601.578 791 0.226 606.76
8SP 346.291 457.82 0.064 349.3
9SP 54.707 73.28 -0.032 55.196
10SP -74.049 -973.3 0.253 74.687
11SP -497.791 -652.32 -0.069 502.05
12SP =799.942 -105.145 -0.532 806.82
13SP -1169.67 -154.046 -0.141 1179.8
14SP -1678.9 -220.985 0.1 1693.4
15SP -1997.55 -154.046 -0.141 2014.8
16SP -2509.87 -330.635 0.24 2531.6
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Fig. 12 The magnetic flux density distribution of 10 MW class HTS wind
generator at the no-load state operation (a): Full analysis model, (b): Armature coil
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Fig. 13 The induced voltage waveform at the
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Q)= 278t dFE S AN A3 A2 0.027%, B2 0.026%, C4-= 0.025%

= ARtEdT o] A= FHEAT] AT AAl Vs TIEed BAEY e /A

FuzafgEo]l 5%E oA FEE AAHYLHVIZRE widA SN FAE=
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3 #8]7)FE F 3¢l IEEE Std.141041¢9) 1z 5891
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Table 7. Harmonics of each phase according to harmonics order

o sl F b Phase A Phase B Phase C
FEF AT (Hz) (rms-V) (rms-V) (rms-V)
7| &3 2 2896.674 2897.245 2886.645
21 %9} 4 8.04154 473268 4.813321
31 %5 6 30.84284 76.10491 73.8382
4311 Z 5} 8 2.407954 2.072038 2.130269
51 %y} 10 2.482446 3.605016 6.11341
61 %9} 12 1.535135 1.053865 1.215997
731 % 5} 14 1.681119 1.939188 5.832024
(2) 2H4= 39 qH7] 3 =9 54 34

V,=E—-17,=F—(R,+jX,)I 9)
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HEFHOZ 6000 VO Wdy] @xpets v flsiA Tl fmrde B
I el A o] AdAetE aEste] ARF LRRFE 207 AolA 232 AR F7F Al
Aom ol H7AF AXFE 33BEAA 3B R F7F AFth Sk s HE
Tt Fak 5A M s Ay 2AE AR ZdelA HAeE A A1 %
< 1138 Tola #7124 ;Y] o] F7hz Qlsle] A o] 01278 Q= 7} agla
A717F Ao FAZE ©F 2136 kg 57F shith Fig. 18 32k AAIE Fsto] 22k A
ARMS Bk AAAIG CASE M| 32k A1 F25 vepdh a4 A3 21%e O
719] A7) FEel| #jstE A7 mAelA 9] B o] Huigte] oF 1.8 T2 A= Arh

-
)

Table 8. Design parameters of each case

Armature coil Winding number Field coil

number (per phase) (per slot) current
CASE 1 338 7 207
CASE 1I 384 8 207
CASE I 384 8 232
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Fig. 18 The magnetic flux density distribution at

the load state operation for CASE III
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20 Comparison of terminal voltage wave (load analysis)

Table 9. Electrical characteristics results of load characteristics analysis

Induced | Voltage | Terminal | Rated | Ouput .
voltage drop voltage |current | power
[V] [V] [V] [A] [MW] | [%]
A phase | 2927 67 2360 79 2.274
CASE | B phase | 2912 86 2826 785 2.218
1 | Cphase | 2910 | 80 2830 786 2.224 | 273
3-phase - - - - 6.716
ouput
A phase | 3224 108 3116 851.3 | 2.653
CASE | B phase | 3207 103 3104 8619 | 2675
g | Cphase | 3196 | 104 3092 8564 | 2648 | 338
3-phase - - - - 7.976
ouput
A phase | 3611 146 3465 9655 | 3.346
CASE | B phase | 3596 130 3466 962.6 | 3.336
m |C phase | 3578 | 102 3476 962.8 | 3.346 | 365
3-phase - - - - 10.02
ouput
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Table 10. Losses comparison of 2D and 3D electromagnetic design

2D design 3D design

Loss Proportion Loss Proportion

(kW) (%) (kW) (%)
Copper loss P,

310 91.4 356 93
(Armature coil)

Iron loss P,
5.754 1.7 2.512 0.7

(Mechanical shield)

Mechanical loss P, 0.314 0.1 0.291 0.1

Stay-load loss P,

) 0 1.563 0.5 1.7788 0.5
(Mechanical shield)
Eddy current loss P,
] ’ 21.431 6.3 21.413 5.6
(Armature coil)
Edd t1 P
y current Joss fa A N/A 0.486 0.1
(Flux damper)
Total losses 339.318 100 382.490 100
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Table 11. The optimized design specifications of 10 MW class

HTS synchronous generator for wind power generation

Design parameter specifications

Rated output (MW) 10.02
Frequency (Hz) 2
Rotating speed (rpm) 10
Terminal voltage (kV) 6008
Rated torque (MN-m) 9.55
Efficiency (%) 96.326
Synchronous reactance (p.u) 0.1
Power factor 1
Weight (ton) 135
Volume (m?®) 40.74

HTS Field coil

Armature coil and stator

Wire 2G HTS Conductor Flat type copper
) ) .. Double layer &
Field coil type Racetrack Winding type full pitch
o Stator slot
Winding type Double pancake number 144
Field coil Armature coil
current (A) 232 current (A) 962
. Stator coil
Total winding 229170 number 384
number
(per phase)
HTS wire Copper wire
length (km) 1,077 length (km) 6.482
Current density Current density
(A/mm?) 137.9 (A/mm?) 3
Operating
temperature 35 Insulating class F
(K)
Maximum Maximum
magnetic field 11.38 magnetic field 2.5
density (T) density (T)
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