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1. Introduction

High temperature superconducting induction/synchronous
motor (HTS-ISM) characterized by both high torque density
and high efficiency is one of the keys to realize next-generation
environmental-friendly automobiles. This paper presents the
up-to-date outcomes of characteristic study and loss reduction
strategy of the HTS stator with 3-phase superconducting
windings to develop fully superconducting motors.

2. Characteristic study and loss reduction

The HTS-ISM is capable of providing a torque density
more than at least ten times as big as that of ordinary induction
motors [1]. Such high torque density implies the conventional
transmission gears (essential for the existing driving system of
automobiles) are no longer necessary. This results in not only
weight saving of automobile bodies, but also a remarkable
efficiency improvement. So far, the HTS rotor of the HTS-ISM
has been well studied. To enhance the torque density further
and improve efficiency, it is necessary to study the HTS stator.

The HTS stator was designed to be 265/160 mm in
outer/inner diameter, with a core length of 206 mm. Each
phase contains 8 coils wound with DI-BSCCO tapes (2.8 mm
wide and 0.36 mm thick). A control method for variable-speed
driving of the HTS-ISM was developed by controlling the HTS
stator to work in both small loss (AC loss) state and dissipative
flux-flow state, for long duration continuous driving and short
term starting/accelerating respectively.

The superconducting properties were studied by measuring
the 3-phase HTS windings, as shown in Fig. 1. The stator was
placed into a hollow cylinder tank with one adiabatic vacuum
layer, fulfilled with liquid nitrogen during measurement. Each
phase winding was measured individually by increasing DC
current. The small loss (AC loss) state is defined as the state
when electric field is smaller than 10 V/m and the flux-flow
state is from 10° V/m to 10 V/m. Experimental results are
presented in Fig. 2 left, with /.; equal to 21.5 A and /., 30.7 A.
The results prove that all three phases have almost the same
superconducting properties and they are very well balanced.

Then, in order to investigate the practical working status of
the HTS stator, the 3-phase winding were measured
simultaneously with an input of balanced 3-phase AC voltage.
Surprisingly, unbalanced 3-phase AC losses were observed as
shown in Fig. 2 right, under the input of 60 Hz and 100 Hz.
This is because of the nonlinear resistance of the HTS stator.
Though the 3-phase voltage input is balanced, nonlinear
resistance causes unbalanced current flowing through and
consequently unbalanced losses.

Some possible approaches to reduce AC loss are improving
winding method to reduce mirror effect and adopting high I,
HTS tapes to reduce load factor. By applying this strategy,
high torque up to 1600 Nm with high efficiency can be realized
with 150A I, and 100 A load in Fig. 3. For continuous driving,
AC loss can be reduced down to less than 200 W as Fig. 4.

3. Conclusion

Voltage control might not be suitable for the HTS-ISM,
because of unbalanced AC losses. One practical solution is to
apply current control. By applying the loss reduction strategy,
both high torque and high efficiency can be ensured.
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Fig. 2 Photograph of fabricated HTS rotor [2]
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Table 1 Main design results of HTS, PM and conventional type
generators (10 MW, 10 rpm, 3.3 kV, pf=1.0)

ITFETHY,

Generator type Convention PM HTS
Field material Cu Nd system Y system
Operating temperature [K] 330 330 68
Number of poles 96 200 (2.1) 96
Frequency [Hz] 8 16.7 (2.1) 8
Pole pitch [mm] 443 245 (0.55) 437
Rotor outer diameter [m] 13.5 15.6 (1.2) 13.3
Stator outer diameter D [m] 14.1 16.0 (1.15) 14.0
Stator length L [m] 0.66 0.71 (1.1) 0.32 (0.5)
Generator size LD” [m’] 131 182 (1.4) 63 (0.5)
Flux /pole [Wb] 0.174 0.052 0.117
Magnetic flux density
in air gap [T] 0.76 0.31(0.4) 1.05(1.4)
Magnetomotive force of
ﬁel%l winding [kA/pole] 163 19.2%(1.2) 322(2.0)
Field winding weight [ton] 13.3 5.8(0.44) 0.4 (0.03)
Generator weight [ton] 196 (2.0) 137 (0.7) 97 (0.5)
Iron loss [kW] 24 19 26
Armature copper loss [kW] 259 400 (1.5) 291 (1.1)
Field copper loss [kW] 179 0 1
Stray loss [kW] 18 56 (3.1) 19
Mechanical loss [kW] 20 23 19
Refrigerator power [kW] 0 0 44
Total electrical loss [kW] 500 497 399
Generator efficiency [%)] 95.2 953 (+0.1)  96.2 (+1.0)

* PM JES1E 30 mm 720> C PM R4 /11T 19.2 X 10%/30=640 [A/mm]
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