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Design of a Multi—Stacked HTS Pancake Coil-System based on No-Insulation Winding
Technique: An Analysis Technology for Dynamics Design
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Table.1 Specification of Multi-Width REBCO Pancake Coil

Parameters Value
HTS wire width [mm] 2.5;3.0;3.5;4.0
HTS wire thickness [mm] 0.08
Inner diameter [mm] 40
Outer diameter [mm] 50
Overall height [mm] 50
Number of DP coils 7
Turn per DP coil 120
Critical current @77 K [A] 25
Charging time constant [s] 0.81
Inductance [mH] 18.9
Switch ~ Shunt
q/o—m—ulm
Lo iR ]
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Fig.1 Equivalent circuit model for multi-stacked HTS
pancake coil-system
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Fig.2 Multi-width pancake coil-system: (a) numerical model;
(b) axial magnetic field distribution in longitudinal section,
and radial magnetic field applied to the coil-winding, at
operation current of 20 A.
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Calculation of Self/Mutual Inductances for Asymmetrical Segments in the Coil-Winding
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Fig.3 The properties of the additional ac loss.
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Trial double pancake coils wound up with MgB, Rutherford cables
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Fig. 4 Photo of competed W&R double pancake coil.

Ep= Table 1 Coil parameters

AMWFFTIE . A E N IR B AR 0O S i AR R AL LI B W&R coil R&W coil
FEDB L Z T CTEmLTET, X, PREHEOILFEEIZ Coil I.D., O.D. & H (mm) 400, 606, 11.6 400, 606, 11.6
i, ANV EVECRE B IERIC > TRV ET, EHmL L Turn Number 2% 36 2% 55
SEXE Operation Current (A) 600 600
SE Tk MgB, type , Strand.D.(mm) 30-NM, 0.83  24-NM, 0.84
[1] T. Hamajima, et. al : IEEE Trans. Appl. Super. Vol.22, Cable twist pitch (mm) 51 82
no.3, June. 2012, Art.no. 5701704. Insulation S—glass braid Polyimide tape
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Fig.1 I-V properties of MgB, prototype pancake coil
under 0, 1.5, and 2.0 T at 25 K.
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Fig. 1 Calculation of the magnetic flux density on z axis in the
cases of [y=8 A, Is=-2.1Aand I, =104 A.
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Fig. 2 Schematic Illustration and the Key Parameters of the
Coil System.
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Fig. 3 Displacement of the Magnetic Particles. The L coils are
EXClted from0Ato 1A.
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Fig. 4 Magnetic Flux Density Measurements on Z Axis in the
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1. Introduction

Electric—drive Aeropropulsion (EA) is one of the key
technologies in design of future aircrafts because the electric
motor drive has high efficiency and the EA would reduce
operational cost and pollutant emission [1]. However, it would
have some problems like the cruising range and payload. To
solve these issues, the introduction of superconducting
rotating machines (motors and generators) have been
proposed [2] because it will allow the very stringent weight
and volume constraints imposed by the airborne application.
Superconductors can carry electric current at high current
density with quite low resistance thus enabling light machines.
According to previous researches, a superconducting motor is
supposed to achieve power density comparable to turbine
engines in excess of 10-20 kW/kg [3]. And, to reduce loss and
to improve the power density, which is more important for EA,
the optimization of the design is indispensable. In this paper,
a 3.6 MW superconducting motor design optimized by the
Finite-Element Analysis (FEM) and the Multi-Objective
Genetic  Algorithm (MOGA) for EA is presented. A
combination of FEM and an optimization algorithm is regarded
as direct optimization method with high accuracy. The MOGA
has been used in the optimization to acquire the design of a
motor with a good balance of power density, electrical loss and
torque ripple.

2. Specifications of motors

YBCO field windings in the rotor produce magnetic field in
copper armature windings in the stator. The motor has an air—
core (i.e., nonmagnetic) construction in the rotor and air gap
windings in the stator as shown in Fig. 1, which enables the
air gap field to be increased without the core loss and
saturation problems inherent in laminated steel cores.

SC field winding
Armature winding

Back yoke

Fig. 1 Structure of designed superconducting motor

Common specifications for different motor design cases are
shown in Table 1. A reference object for this design is Engine
GP7200. The most important properties of motors for EA are
the power density, loss and torque ripple that are considered
as cost function in optimization algorithm.
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Table [
Common specification for all cases
Parameters Value
Output power P (MW) 3.6
Line voltage U, (V) 1732
Line current I; (A) 1417
Frequency f (Hz) 360
Revolving speed N(rpm) 10800
Number of pole pairs p 2
Current density of field winding J, (A/m?) | 1.768 x 108

3. Result of optimization

In this paper, power density, the electrical loss and the
torque ripple are considered equally important, which is
realized using weighted sum approaches.

The field winding is wounded with YBCO tapes that endure
high current density, and the back yoke material is low iron—
loss steel sheet. Continuous allowable current density of
armature windings changes with the cooling condition so the
effect is considered as well.

Table 11
Result of initial cases and optimized cases
Result A1 | Result A2 | Result Bl | Result B2
P (MW) 3.47 3.65 3.52 3.65
D, (kW/kg) 7.37 13.10 8.94 15.00
T, (%) 0.34 0.39 0.30 0.65
Pjyss (KW) 26.57 11.62 29.37 13.84

D,,: Power density of motor

T,: Torque ripple

Pjyss: The electrical loss

Jo: Current density of armature winding

Result Al: Initial case of J, = 1.5 X 106(A/m?)

Result A2: Optimized case of J, = 1.5 x 10°(A/m?)

Result B1: Initial case of J, = 7.5 X 10°(A/m?)

Result B2: Optimized case of J, = 7.5 X 106(A/m?)

As Table II shows, after optimization, Result A2 and Result
B2 show the power densities increased to be comparable to
that of the turbine engine. The electrical loss decreases and
the torque ripple increases but stays low. It means that Result
A2 and Result B2 are considered the effective and optimal
design that can be applied to EA.
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Table 1. Motor Specifications

Motor capacity: 7, 2.0-, 4.0-, 6.0 MW
Number of poles: p 2, 4, 6
Rotation speed: N, 5000 rpm
Line Voltage: V 1.41 kV
Current: [, 0.82, 1.64, 2.45 kA
Operating temperature 20 K
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Fig. 1. Analytical model of fully superconducting motor
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Fig. 2. Output density of 6.0 MW class fully
superconducting motors as a function of electric load: A,.
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Table 1. Specification of HTS Cylindrical type Bulks.

. Diameter Thickness By Je
Bulk  Material (mm) (mm) (T (A/m?) n value
A Gd-Ba-Cu-O 344 104 1.164 6.84x 10 20
B Gd-Ba-Cu-O 335 1.1 0872 4.74x10 20
C  Gd-Ba-Cu-O 324 10.5  0.871 5.19 x10’ 20
Table 2. Specification of HTS Cubic type Bulks.
Buk Dw | puk B | gyx B | gy B
(€)) €)) €)) €))
Al 0.253 A2 0.243 | A3 0.251 | A4*  0.221
Bl 0.206 B2 0.206 | B3 0.185 B4  0.201
Cl 0.241 C2 0.237 C3 0.233 C4  0.236
AWA
ALY/ w—
[ b ¢

3omm/ A b
a1
10mm o
10mm
. >

< > a
TOmm

30mm
Fig.1 Basic arrangement pattern of magnetic bearings by cubic bulk.
3 row 3 row square arrangement pattern.

Trapped Magnetic Field(T)

10

10

0" 0'4
Fig. 2 Trapped magnetic flux density distribution when the optimum
arrangement pattern. 3D graph of the trapped magnetic flux density
distribution of the whole.

Y axis(mm) X axis(mm)
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1. S. Nariki at al.: IEEE Trans. Appl. Supercond., Vol.26,
Issue.3, 7200404, doi: 10.1109/TASC.2016.2537382.
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Fig.1

A A

o A

A: Levitation
B: Linear motion
C: Rotation

PM rails

lectro gnets™

Schematic illustration of the concept for 3-D HTS bulk
superconducting actuator system consisted with 2-D
arranged multiple electromagnets and PM rails for
traveling of HTS bulk mover between floor and wall.
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Fig.2 Schematic illustrations of (a) the 2-D arranged PM stator

Speed of the mover (m/s)

and (b) the carried conveyance experiment in order to
investigate the dynamic characteristics of the mover.
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Fig.3 The measured speed profiles as function of (a) time and

— 133 —

(b) position of the mover.
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Table 1 Main parameters of conductor and model coil.
Conductor
Strand diameter [mm] 0.82
Number of Nb;Sn strands 216
Number of Cu wires 108
Jacket outer size [mm>xmm] 27.9%27.9
Cabling diameter [mm] 21.0
Central spiral (id/od) [mm] 7/9
Void fraction [%] 34
Model Coil
Number of turns 40
Inner diameter [m] 1.3
Outer diameter [m] 2.0
Weight [t] 2
1 —rrg1 rrrfrrrr gty 1
] @ Istpath
. B 2nd path
l'. ----- Katheder
A ——0.5 * Katheder | 1
:c:;
2
"; 0.1
2
g
=
0.01 1 L 1

1 1
0 2000 4000 6000 8000 1107

Reynolds number, Re

Fig.2 Relation between the Reynolds number and friction
factor in the model coil.
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= 0.065 [ 4
0‘06 1 1 L
4600 4650 4700 4750 4800
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Fig.3 Relation between the Reynolds number and friction
factor of 1st cooling path at each coil current.
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1. T. Obana, et al.: Physica C, Vol. 518 (2015) p.96
2. H. Katheder: Cryogenics, Vol. 34 (1994) p.595
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Study on configuration of samples for 13 T - 700 mm conductor test facility
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1. S. Imagawa et al.: Plasma and Fusion Research, Vol. 10
(2015) 3405012.
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Fig. 1. Setup of two-turn sample in 13 T - 700 mm conductor test
facility.
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Nonlinear multiscale structural analysis of a superconducting coil and support structure for the

helical fusion reactor
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Outer vertical field coil

Liquid metal divertor

Inner vertical field coil
Fig.1 Fundamental design of the magnet system for
FFHR-d1 involving the challenging options.
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:(ai(e:gtack S5 Jacket Obtained homogenized
insulator\ CopreT property of Gas-cooled HTS
]

E, (GPa) 79.6
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§ E, (GPa) 156.1
G,, (GPa) 44.6
~ G, (GPa) 439
21.7 G,, (GPa) 44.0
228 Vi 0.394
2508 vy, 0.149
434 v 0.150

Xz
Fig.2 Cross section of the gas—cooled HTS and properties
used in the analysis.
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Fig.3 Von Mises stress distribution in the coils support
structure of FFHR-c1.
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Magnetic field property of semicircular MgB- su perconducting bulk magnets
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Fig.1 Undulator magnet array using MgB: superconducting

bulk magnets.
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Fig.2. Trapped magnetic field of a MgB: semicircle

superconducting bulk magnet.
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Evaluation of trapped field distribution in high-Tc superconducting bulk magnets
using MO sensor (2)

IR AsE, B OKAS, AR FE, A thA (BEKRE) s BIEF IERE, KR 12, B - (RKR);
FeIE R CrUR) S8 B (BREFR )

AKASAKA Tomoyuki, ONJI Taiki, ISHIHARA Atsushi, FUKUMOTO Yusuke (Railway Technical Research Institute);
SEKINO Masaki, OHSAKI Hiroyuki, KISHIO Kohji (The University of Tokyo); Kii Toshiteru (Kyoto University);
TOMITA Masaru (Railway Technical Research Institute)

E-mail: akasaka@rtri.or.jp

1. [ZC&HIZ

B L 7RMIIBRIE T Rl Trm W R E TS
ERB T D70 INLCIHR e AN EHLCED, Th
FTIT, BN IR R A A 35 RE R B EE L
ZR[1], MgB2 #BHEE LI RO 21 To TEIz,

Fox DT N—T Tl BASIV IR ELCORG A & R
Z | RSV R ORI ) — 1 7 & O R 7% S 34T 0D
P A AT o C& T, ABFIETIE, BEEFE (MO) ¥ —%
FANT, BEE SV RO RG34 2 FFAN L 72 D T
HTD,

2. RBAE

MgB: 7L Z{K1E, Mg & B DIRAHAZ VY, 30 mmg,
JEZ 10 mm ORI D IR, Ar RAK T T
850°C, 3 h OEMPEZITWER L 7=, RE RV 7 {R1X
REBaxCusOy, RE2BaCuOs, Pt DA R E R U< HALRIC
AL, 225 T cold-seeding I LA REERE 24TV ME
BTz, £ BN LS TRV 7R, 2 PR~ L A B
INLERL 7, SH7 L7380 1 mm EJ5IZ MO &Y
P—ZEE L, SR ICED 20~50 K £THEIL-1% ., #E
W~ 7 2 M AW TG 2 FNINL B el 5 e (ZFC)%&

1Tolz, ZD#%, b= IR E 2 Hl# L2 23D HFEL

MO 4§ DEAEBIE LT,

3. HEREER

Fig.1 [ZV> 27k RE REBEE L7 {ED 50 K, ZFC TH
LB MO 14% | Fig.2 (& MgB2 B EE L7 {RD 20K,
ZFC THEBELIZEED MO 447537, MO B TIX7 777 —%)
RIZTVBERDPMEAL TODEFTI LS, ERAMEAL T
PRI B S LTV D, Wb BREH RIS U
MO B %R CT&Tz, Fi, FINBEZ IS HI129060, &
TEEDOFHNE T DR OMZAL TSR DR T T,
4. &

M L7 REAERIL, MO Bt —% W CHifE R
TRt 1] Bk T SNV Y NN Tl - g o K RN
ENTE, TRV TH BRI IS U i #6545 A

— 138 —

DIERR T &z, M FIE, ARG RIS A TR B EE VK
DS PR AT S TS RISV bR 5T
TE T,

Fig.1 MO Image of trapped field distribution magnetized at 50
K under ZFC in a RE annular cylinder with 25 mm in inner

diameter, 40 mm in outer diameter and 10 mm in thickness.

Fig.2 MO Image of trapped field distribution magnetized at 20
K under ZFC in a MgB:2 semicircular cylinder with 30 mm in

diameter, and 10 mm in thickness.
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Fig.1 Magnetic field dependence of transport J. at 4.2 K for
un-doped and malic acid-doped MgB, wires fabricated by
swaging. The amounts of malic acid doping were chosen to be
1.0, 2.5, and 5.0 mol% of total MgB,.
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Fig.2 Transport J, at 42 K and 10 T as a function of the
sintering time at 600°C for un-doped and malic acid-doped
MgB, wires fabricated by swaging. The amounts of malic acid
doping were chosen to be 1.0, 2.5, and 5.0 mol% of total
Mng

10000 g ————— <« ECLCCTEERERES

Jo (A/cm?)

<& 600°C-16h
A 600°C-8h
0 600°C-4h
| 600°C-1h
1000 Il Il Il Il
0 1 2 3 4 5 6
Amount of malic acid doping (mol%)
Fig.3 Transport J. at 42 K and 10 T as a function of the
amount of malic acid doping for MgB, wires fabricated by
swaging. The swaged wires were sintered at 600°C for 1, 4, 8,
and 16 hours.
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Characteristics of room—temperature magnetic refrigerator using La alloy for magnetic material
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