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1. Introduction

3. Multi-Layer Winding Concept 4. Effects on Normal Operation

» Superconducting generators (partially superconducting) have large Multi-layer windings > Normal operation performance evaluated: torque production, induced losses in
magnetic air gaps and thus their short circuit torque can be as high > Multi-layer windings have 4 layers in one slot, originating from conventional the rotor.
as more than ten times the rated torgue. This is not acceptable In 2-layer (2L) windings. 2.4 | | | | Torque production
wind turbine applications. > The original 4-layer (4-L) winding has the 15t order MMF harmonic while the > Generally, the torque production of
» Fractional-slot concentrated windings (FSCWs) can be used Iinstead modified 4-layer winding does not, since the number of turns is manipulated. 22 | | FSCWs is lower than ISDWs in an
of integral-slot distributed windings (ISDW) for suppressing the short Stator shifting windings 3 HTS generator due to leakage flux.
circuit torque under 3 times the rated torque, due to large leakage > Stator shifting windings have two layers in one slot, also originating from s > The 4-layer windings slightly reduce
Inductances. conventional 2-layer windings. 27 A the torque production, since their
» However, FSCWs produce rich space harmonics. These space > The number of slots is doubled, keeping the characteristics of windings with E winding factors are a bit lower.
harmonics induce excessive AC losses in the HTS field winding and q=0.4. S 18 | » The  3-phase stator  shifting
unacceptably high eddy current losses in the conductive parts on the > Three phases windings have the 1st order MMF harmonic while six phases g produces almost the same torque.
rotor side. well eliminate this critical order. 16 > The 6-phase stator shifting slightly
» This paper proposes to apply multi-layer windings and stator > Six phases consist of two 3-phase windings with a current phase shift angle ohPese dhbase dhflod SSIeh Ssown increases the torque production.
shifting to reduce the space harmonics from the FSCW. of 30°. induced losses in the rotor
> quz'erse::]efgz (r)(?tgr],earrlcc)lrg%lr?Eiergitiltotrc])’r;l(j.et;)rrgue?/a?lzjoaizzt.lon’ induced Winding distribution under 5 poles (half symmetry): > :_he 4-layer mpqllfled wmc.hng .does not effectively reduce the losses.
| 2 layer base winding (2L Base. q = 0.4) » The stator shifting can significantly reduces both the eddy current loss and the
i?rgz(t:ig:t?;tselgt S Rich space A EI)(;(;?;I\I/—IeTAéC m Based on 10 pOleS, 12 slots f;g: 0ss. | . | | | |
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2. HTS Generator 2 x 3 phases
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wind turbine, with a rated torque of 11 MNm. Comparison of MMF harmonics spectra 3 | .
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» The generator is optimized for a minimum levelized cost of energy - gtse | 4L Mod .
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P P Comparison of flux density harmonics spectra in the HTS field winding 10 L ' S \ * s it .g "
Air gap diameter 6112 mm HTS field coil width 17.1 mm 1 | | | | | | I I I I r——— ' \- V tator shirting Increases the
. ——— g L Vi peak torque when all phases
No. of pole pairs 80 HTS field coil height 14 mm = 4L Base 2 L~ * * * * * * *
i 0.5 -4L Mod. 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 are Shorted
192 for 4L s | SS 3phase | Time (s)
No. of slots 384 for SS Engineering field current density 122 A/mm? % O IS 6phase 6 C I .
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No. of turns per pole |70 Armature current density (RMS) 2.6 A/mm? H c ord _ _ L _ _
armonic oreet » FSCWs are a candidate for HTS generators in terms of limiting short circuit
Multi-layer windings torque. Space harmonics from FSCWs can be suppressed by applying multi-
|l Stator iron core > The 4-layer modified winding eliminated the 1st order of MMF, but the 7t layer windings and stator shiiting windings. |
B }. order is still high. This results in a high 12" harmonics of flux density on the > Mulu-layer windings slightly reduce torque production, and the effects on
| ‘ HTS field winding Induced losses in the rotor are not significant.
| — Armature winding o o » Stator shifting windings do not reduce torque production, and the effects on
Stator shifting windings . . L .
Mechanical ' - Induced losses in the rotor are significant, especially the 6-phase one.

> The 3-phase winding reduces the 1 order of MMF slightly but effectively > All evaluated winding types keep sufficiently low short circuit torque.

air gap HTS field winding educes the 7t order
Cryostat Rotor iron core 8 o _ " o » Among the options studied, the stator shifting winding with 6 phases is the best
space » The 6-phase winding effectively reduces the 7" order of MMF and eliminates choice for applying FSCWs to HTS generators.

the 1St order.
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