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SUMMARY

The high-temperature superconducting (HTS) generator for wind turbine has
been generally built with the synchronous type. In structure of partially HTS
generator (HTSG), copper wire is used to manufacture three-phase armature
winding installed in stationary part and generates the alternating current (AC)
magnetic field which i1s circumferentially rotated around the rotor. Moreover, the
rare earth barium copper oxide (REBCO) coated conductors are the so—called
second generation HTS tapes, which are used at field winding in rotary part and
generates the direct current (DC) magnetic field.

An HTS field winding is operated inside static magnetic field because it is
always synchronized with AC magnetic field generated from armature winding
during the steady-state operation of synchronous generator. However, the HTS
field winding of synchronous generator can be occasionally operated under the
time-varying magnetic field due to the unsynchronized operation of armature
winding during electrical or mechanical load fluctuations. Especially, in application
for wind turbine, the driving situations in which the rotational frequency between
the armature and field windings is asynchronous, may occur because the wind
speed is drastically changed in real time. Thus, the HTS field winding becomes
unstable state due to being subjected to a time-varying magnetic field.

As the transient conditions mentioned above, conventional HTS magnet, which
i1s insulated with the electrically and thermally non—conductive materials between
turn to turn, has been suffered from the local quench, resulting in permanent
damage. The novel electrical insulation winding techniques, such as no-insulation
(NI) and metal insulation (MI) in which an insulation material is completely
removed between turns and the electrically and thermally conductive metals are
inserted between turns, respectively, were proposed to improve the stability of

HTS magnets by solving the critical drawback of conventional insulation winding

- viii -



technique.

However, the practical demonstration of NI or MI magnets for the field winding
of HTSG and their behaviors under unsynchronized magnetic field, have not yet
been conducted and studied on, respectively. Therefore, the transient operational
reliabilities of NI and MI magnets should be examined and investigated under
unsynchronized operation environments to confirm their technical feasibility on the
HTS field winding of the generator for wind turbine.

This study presents the results about analysis and experiment on the
electromagnetic characteristics of two kinds of REBCO magnet, such as NI
magnet and MI magnet co-wound with stainless steel (STS) tape, under rotating
magnetic field.

By using two-dimensional finite element analytical approach, the magnetic
behaviors of two test magnets, ie., perpendicular magnetic field effect, were
numerically analyzed and compared considering synchronous and asynchronous
operations of the HTSG. Then, a characteristic evaluation device to apply
asynchronous rotating magnetic field was designed and developed. The system is
divided into two parts. One is a cryostat part to test the two magnets at 77K in
liquid nitrogen batch, the other is three phase armature winding part to generate
the rotating magnetic field with controllable parameters. The electromagnetic
characteristics of two test magnets, such as critical current, n—value, terminal
voltage, and center magnetic field, are experimentally investigated according to
the changes in strengths and frequencies of the asynchronous rotating magnetic
field. Finally, experimentally comparative results of two test magnets were
discussed in terms of the HTS field winding of the superconducting generator for

wind turbine.
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Table 1. Various winding technology to improve stability for
2G HTS magnet

No-insulation Partial insulation | Metal-insulation | Smart insulation

Winding Winding Co-winding Co-winding
technique technique technique technique
using only with insulation | using metal using

Method | HTS wire at regular turn | tape [7], [8]. metal-insulator
without intervals [10]. transition
insulation [4], materials [9].
[5].

Charac- | When local Similar to Similar to the | The contact

teristics | -enching no-insulation no-insulation resistance




occurs Inside magnet, but magnet, but depends on
the HTS partially there are temperature.
magnet, the unable to differences in | When the
HTS magnet bypass current | bypass current | HT'S magnet
can be between turns. | between turns |is low
protected from depending on temperature, it
permanent materials, has insulation
damage by surface magnet
passing roughness, and | characteristics
current winding because of
between turns. tension of high contact
metal tape. resistance. On

the contrary,
when the HTS
magnet is high
temperature, it
has
no-insulation
magnet
characteristics
because of low
contact
resistance.
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Table 2. Specification of REBCO CC tape

Parameters Values
Manufacturer SuNAM  Co. Ltd
Conductor  model SCN04150
Conductor ~ Width (mm) 41+0.1
Conductor  thickness (um) 140+15
Critical current Max./Min (A) 264/260

Table 3. Specification of HT'S magnets

Parameter Value
arameters MI NI
Winding tension of HTS(STS) 10(10) 10(-)
(kgf)
Number of turns 6 6
Insulation Stainless Steel
Insulation thickness (um) 100
Conductor length (cm) 283.9 283.9
Inner radius @ curvature (mm) 30 30
Outer radius @ curvature (mm) 315 30.9
Length of straight portion (mm) 140 140
Criterion voltage (1V) 283.9 283.9
Table 4. Specification of stator

Parameters Values
Inner core diameter (mm) 181
Outer core diameter (mm) 267
Type of steel 50PN400
Length of stator core (mm) 150
Number of poles 4
Number of slots 48

Conductor per slot 50
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4 —— Normal condition at /.=100A
| —@— Asynchronous condition at 7, =100A, I, = 1A,
0.106 - —— Synchronous condition at /. =100A, I, = 1A
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Time (sec)

Fig. 6 Comparison of maximum perpendicular flux density of
NI magnet, charged at /t = 100 A, between the various field

conditions.

0.094 - —— Normal condition at /;=100A
0.092 _]—@— Asynchronous condition at 7,=100A, 1, = 1A
—A— Synchronous condition at I;=100A,1,= 1A
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Fig. 7 Comparison of maximum perpendicular flux density of
MI magnet, charged at /; = 100 A, between the various field
conditions.
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Monitoring & Control
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Fig. 10 Scheme of experiment setup

U1 T e

Fig. 11 Photograph of experiment setup
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Fig. 13 I-V experiment curve of MI magnet
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Fig. 14 Experiment results on sudden discharge test of NI magnet
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Fig. 15 Experiment results on sudden discharge test of MI magnet
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Fig. 17 Normalized central flux density versus elapsed time curve
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Table 5= H]E7] FAAAE 7tshA] && AEHloA S8 AAAF Az} &=

R APomnY EEW S/ neEE aoksel e Aol BAw

otk [13] [14]. & 54 A&elx S4d + g
o A Abdlrt 22 f@E 7P AL 9lew, STS HelZE AHEE 54 vt

] g AW AT Abds fAE w9l wel ke 2

Table 5. Parameters of two HTS magnets

Parameter NI MI
Critical current at 77K, self-field (A) 186.8 171
N-value 23.493 46.112
Time constant (sec) 12.126 0.019
Inductive voltage (uV) 21.8 126
Slope (A/s) 0.989 0.998
Inductance (uH) 22.0 126
Contact resistance (pQ) 1.81 663.15
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Fig. 19 Critical current color map for MI magnet
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Table 63 Table 7 Z}2z} F4A4A wiaulydl 554dA vidle] HlE7] 3] A
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Table 6914 FAA vizdle] nlE7] 3]dAA N 2F dAAF #HLe2 HE
71 32 162 mT, 60 Hzell A o 11.94%0°] a1, F-2<1 mprdle] w)
AzA N 28k n-value 4SS HlE7] HAA 162 mT, 60 HzolA
77.87%°] T},

Table 714 S&dA vadle] vls7] 3dAAC o AT Hared
Hl 5 7] 3 A4 162 mT9 60 Hzoll Al #Hdl 20.18%°] L, =
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Table 6. Degradation rate of critical current and n—value for NI magnet by

various asynchronous rotating magnetic field

Asynchronous |(Z/ L) - 11 (%) |(m/m) - 11 (%)
field (mT) 10 Hz 35 Hz 60 Hz 10 Hz 35 Hz 60 Hz
54 0.64 1.18 241 17.85 2721 42.11
10.8 0.59 3.64 5.09 48.5 68.08 66.8
16.2 0.54 6.26 11.94 65.52 77.40 71.87
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Table 7. Degradation rate of critical current and n-value for MI magnet

by wvarious asynchronous rotating magnetic field

Asynchronous |(Le1/1I0) — 11 (%) |(m/m) - 11 (%)
field (mT) 10 Hz 35 Hz 60 Hz 10 Hz 35 Hz 60 Hz
54 2.63 4.09 4.39 26.27 30.82 23.66
109 8.13 10.58 11.7 50.56 50.56 43.18
16.3 12.92 18.13 20.18 52.72 51.42 46.87
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Fig. 28 Current, central magnetic field, terminal voltage results of
NI magnet with /+ = 100 A applying the asynchronous rotating
magnetic field with 10 Hz
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Fig. 29 Current, central magnetic field, terminal voltage results of MI
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