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Electromagnetic design of wind turbine generators using circular superconducting field coils
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Fig.1 (a) Rotor coil design of a 10—pole generator, (b) 2 poles
of the rotor and one set of stator coils (half model).
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Fig.2 Generator characteristic dependence on pole numbers.
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Tablel :Design summary of air core 10 MW generator

Max. magnetic field density 10 T

168 A/mm?

A: 97 mm X 194 mm
B: 85 mm X 170 mm
1000 km

Field coil current density
Field coil cross section

Required SC wire length
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Fundamental Electrical Design Study of SMW Salient—pole YBCO Synchronous Generators
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Table 1 Main design results of 5SMW YBCO generators
(3.3 kV, 972 A, 15 rpm)

Generator A B C
Stator outer diameter [m] 5.20 5.20 5.20
Stator length [m] 0.99 0.99 0.99
Flux /pole [Wb] 0.32 0.32 0.32
Magnetic flux density 1.11 1.11 1.11
in air gap [T]
Synchronous reactance [pu] 0.52 0.54 0.51
Magnetomotive force of 46.5 45.1 47.1
field winding [kA/#fi]
Size of HTS wires [mm?] 02X5 02X5 0.22X42
Critical current density of HTS
coils at 0.6 T vertical experienced 57 196 39
magnetic field [A/mm?]
Current of HTS coils [A] 57 196 36
Number of HTS coils [turns] 816 230 1210
Total length of HTS wires [km] 87 24 137
Generator weight [ton] 67 60 71
Efficiency [%] 95.8 95.7 95.7
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Fig.1 Electric loss of YBCO coils on 77 K operation
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Fig.2 Determination of operating current for 77 K YBCO coils
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1. Introduction

We examine the possibility of modeling superconducting
(SC) synchronous machines using the phase—domain (PD)
model in association with the machine parameters obtained
from a Finite Element Analysis (FEA). This approach permits
to easily and efficiently predict the transient and steady—state
behavior of the machine integrated with the rest of the power
network, while taking into account harmonic effects due to
magnetic circuit geometry with the same accuracy as the one
that could be obtained with a computationally expensive FEA.

2. Mathematical model

The PD model is commonly expressed in terms of the
machines physical phase variables. In motor convention, the
voltage equation is expressed as,

Vabes —R Z'abcs + p )\abcs 0

Vydr Lqdr /\qdr A

and the flux linkages as,

)\abcs — L(Qr) ?f.abcs @
’\qdw' Ladr |
where p = d/dt and 0r is the rotor position. Note that the
stator and rotor self and mutual inductance matrix L depends
on the rotor position. The electromagnetic torque Te is
expressed in the machine variables as,

T — E Labes 0 L(9 ) Labes ®)
© 2 7:qdr 89;« " iqdr_

The mechanical subsystem is assumed to be represented as,
pl, = w, @
P

wy = —(Te — Trn 6)
pw 2J( e y

where P is the number of poles, J is the moment of inertia, Tm

is the mechanical torque, and wr is the rotor speed.

Usually the PD model is then transformed into the gd model
where the machine inductance matrix L is constant due to
Parks transformation. Nevertheless, the ¢d model is
established based on the assumption that both the working
flux distribution and the winding flux linkages are sinusoidal
[1]. But because SC machines are generally air-cored, this
assumption is not always reasonable and can bring important
errors. The PD model is more complex but it permits to avoid
it. We underline that working directly in the physical phase
domain model simplifies the interfacing of the machine model
with the power system network as it is not necessary to go
through parameter transformations as in the case of the gd
model.

3. Simulation

An air—cored HTS 10 MW class wind turbine generator with
double layer distributed three—phase armature windings
connected to a triphasic load [2] is simulated using the PD
model implemented in a Simulink environment. The rotor
position dependant inductance matrix and its derivative are
obtained from FEA, stored in lookup—tables and retrieved in
terms of the rotor position. Results of simulation of the
machine startup are shown on Fig.2.
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Fig.2. Simulation of the machine startup.

4. Conclusion

It has been underlined that simulation tools should be
adapted to meet design criteria of SC machines. In view of this,
a phase—domain model for SC synchronous machines has been
proposed. To show the effectiveness of the method, it has
been applied to an air—cored HTS 10 MW generator with
distributed windings.
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Fundamental study on cogging torque reduction and generation characteristics improvement of
permanent magnet generator having HTS armature windings
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Fig. 1 Analysis model.
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Rotating characteristics of MgB, superconducting motor immersed in liquid helium

ANZ i, #E)1 —5L LN s At sU1E CredboRas) s FAE B (H SZRYERT)
KUGA Hirotsugu, KAJIKAWA Kazuhiro (Kyushu Univ.); NAKAMURA Taketsune (Kyoto Univ.); WAKUDA Tsuyoshi (Hitachi)
E-mail: kuga@sc.kyushu-u.ac.jp

1. [ZC®HIZ

Fi 4 D 301 — RSO IR B2 P R A 38 5 2 Je i Ll
D 1 HELT, KREFHAEEDOFTREMES R FTS N TERY[1],
Fx ORFFET N—T7"Clx, MIRKFEBET DD DR
7 % BREN 9% 5 VR TR A /[T — Z (HTS-ISM) & #2522
LCVWB[2], B—XDERITIT MgB, #b 28T L, iR
JEM 36 KDT=0 | {RIKKFEDORAIE F il TH520 KIZH
WCHEEINEEZHERFTX5,

INFET, FREEEE—ZORB AT AT KIC
BB SN TEY ., EB L ORI IC D323 T CE7=[3],
ZOBEE T XA RNTEERT TR T T2V AT
LEAEFTHICHTZ0, R AT L TN RICE S LT
Faxl, ZORMNIE EIF 2 HIFL WD, A lal, R 7 BR
BB EET—XOFMEITICH TN IR~V T 22K
WHTTOE—XAMRBREELLI-DOT, ZONKFIZD
WCHE T 5,

2. BEEE—HBROATLOME

AR F51T 2 iR A A/ M e — 21X, BEAF D
ZH 4 BOFEE T — 2 HEEIZRB VT, B—2/3—Z MgB, %
MEBHALZLDTHD, 20 MgB, #A41%. Cu/Nb/MgB, ?
ZBEERCHY RIRKFIRIEQR0 K) F TR THRE
2 HEA R BRSO M 1 K Trn—43—1 K
ERERRL CND, [ E BB ISR TRERR L CHY, KR
EFTORBEDT-DIZ, XTIV OWEELIT> TN D, 2
DOEBEEE—XIL, Fig.l (RT3 E—Xmldsdh v~k
DMRE T OFLEEL | BEEET DI ~UD L O NbTi ik
Freibic, BBEYTAA ALY NI HND, T—HFD
BRENICIZILH O PWM A2 _R—=ZE LRIV IATA L —%
JEANEAVASS S Nb =S o= S (N VIR S AL EEN
TR B MHEEE BL OV I 72 E DT A—2EHIE
T 5, T—H~OAMFIINIIL, Fig2 (R T L7 =TFK
FATr=—T L —FEHOTEY, ST OHIEEE LD
HE CRMEZRINTAZENTED,

AEBRT . IR LRIERH T T R FHEE—4
PN O[] 7E -8k U Fe OV 2 2SR B L2 R [ S s iR
PEER LTI TAA ALY MRDOT—F ERDDEE~IT 2
IR, B—XEHHIERED 4 K 28 LI R EE CTRIGE
Ba1T9, PWM A2 /3—HX V/ f=200 V /60 Hz — & Tiil
(i IS SUNEY 12 e et S=RL e S LR b Sy ikt E e i
Licth, 7 r=—7 L —F IV ARAMETT O, RS
BIOT ROMIEBIRIT2EEHIC, #/3T A—2 DR EX
1To7,

IR~V WRTEG N T O — 2 AR L TiL,
BEIC R CORER K ORIl 3 T Tlh, ZOfERD
WESITOD4], A EIE, UK TOBEEE— 235
AT ADSLE BT e i A B TRMEININAIT 2 54
I AN LT LT LDHEE OBET AR Rl A sl a7
STz, BBAE R OFERIZ DWW T, FEEY B IC#sE 5,

HitE

AW FE 1L, B RV X — - pE 2 T R A BR R R A
(NEDO)D R 20 4B pE EFA A 4e B i 2 GRE R 75
08B38006a)D—Eg L L THEiL7=H D THD,

Fig.1 High Temperature Superconducting Induction/
Synchronous Motor (HTS-ISM) with MgB, Wires.

Fig.2 Prony Brake for Load Test.
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Experimental study on overload capacity of HTS induction/synchronous machine
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2 Photograph of fully superconducting HTS induction
/synchronous Motor (HTS-ISM).
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Fig. 3. Experimental results at 77 K.
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Fig. 1 Schematic diagram of voltage (V) vs. current (/) curves
in HTS squirrel-cage windings.
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Fig. 3. Analysis results (R, is obtained from (a)+(b) in Fig. 1).
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Fig. 2 Photograph of experimental system.
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Fig. 3 Analysis and experimental results at 77 K.
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