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Abstract—We  develop a novel high temperature
superconducting (HTS) induction motor with saddle-shaped HTS
armature windings, which adopts the structure with a coreless
stator and a conventional squirrel-cage rotor, that is aimed to
lightweight and higher speed. In this paper, the saddle-shaped
HTS armature windings is composed of three layers of coils, of
which each layer is arranged in six along circumferential direction.
Moreover, the detailed production method of the coil is illustrated.
According to the electromagnetic field theory, the electromagnetic
characteristic of the newly designed HTS coreless induction motor
are investigated including the flux density distribution and the
torque ripple under the condition of no-load and rated load. Then
based on the initial geometry model, the arrangement structure of
the HTS coils is optimized and analyzed. By optimizing the
rotation angle of the HTS coil layer along the circumferential
direction, it is found that the magnetic field perpendicular to the
tape surface in the optimized shape coils significantly decreases
compared with that in the initial shape coils. In addition, it is also
noticed that not only the torque ripple becomes smaller, but also
the distortion of the air-gap magnetic flux density is improved.
Finally, a satisfactory coils arrangement structure model is
obtained, which is intended to be utilized for HTS coreless motor.

Index Terms—HTS, Coreless induction motor, saddle-shaped
coils, torque ripple.

I. INTRODUCTION

UE to the advantages of light weight, high specific

power and high efficiency, the high temperature

superconducting coreless motor has become a hot research

topic in recent years. Research shows that the magnetic field of

HTS motor generated by HTS material can be higher compared

with that of the conventional motor, so that the iron core can be
considerably reduced, even eliminated [1-3].

The majority of HTS coreless motor adopts a form of the
fully superconducting structure without iron core in stator and
rotor, in which the armature winding is composed of
superconducting coils and the rotor adopts superconducting
coils or superconducting bulks[4]-[11]. In these literatures,
although the removal of stator and rotor core with the use of
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fully HTS materials are more conducive to the development of
superconducting motor, the HTS tape subjected to bending
stress or tensile stress will lead to its critical current decline. In
particular, fully superconducting motors will consume a lot of
superconducting materials and increase the complexity of the
rotor cooling system. Most importantly, the rotor is limited to a
high-speed operation owing to the rotor dynamic seal problem
[12]. Therefore, in order to avoid the influence of
superconducting materials and improve the mechanical strength
of the rotor, we have designed the HTS coreless induction
motor(CIM), in which rotor part adopts conventional design
and the static stator core is removed. This design is conducive
to the development of high-power high-speed HTS coreless
motor.

Il. ELECTROMAGNETIC THEORY DESIGN OF HTS CIM

According to the theory of motor design, the output power of
the motor is related to its contour size and electromagnetic
parameters as follows[13]:
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where, D is the armature diameter, | is the armature valid length,
Ks is the ratio of induction voltage at rated condition, P is the
output power, a’p is the polar arc coefficient, Kywm is air-gap field
waveform coefficient, Kgp is the winding coefficient, A is the
electric load, B; is the air-gap magnetic density maximum, 7 is
the efficiency, cose is the power factor, n is the motor speed.

The electric load A can be computed as:
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where, m is the phase number, I, is the current effective value
of armature winding, Wn is the series turns per phase of
armature winding.

By (1) and (2), an approximate expression of the output

power of a motor can be obtained:
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As can be seen from (3) , the greater the armature current of
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the motor and the higher the rotor speed, the easier it is to obtain
a larger output power under the smaller volume. So in order to
further reduce the volume of superconducting motor, improve
the power density, and obtain higher speed, only
superconducting motors with HTS armature are the inevitable
direction of future high-speed superconducting motor.

I1l. BAsIC DESIGN AND ANALYSIS MODEL

A. Armature winding design and structure

The design of armature winding is the key technology of
HTS coreless motor. The critical current of HTS coil is mainly
influenced by the magnetic field perpendicular to the tape
surface and the bending radius of tape. The motor winding
adopts the Japanese Fujikura GAdBCO tape. GdBCO tape
performance parameters are shown in Table I. Based on the data
provided by the Fujikura superconductor company, the critical
current curves of GABCO at 77K in parallel and perpendicular
fields respectively are obtained, as shown in Fig. 1.

TABLEI
SPECIFICATION PARAMETERS OF GDBCO
Width of a GABCO layer [mm] 4
Thickness of a GABCO layer [mm] 0.3
Ic at 77K, self-field [A] 300
Maximum rated tensile stress [Mpa] 150
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Fig. 1. Critical current change curve of GdBCO tape in background field
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Fig. 2. Schematic diagram of one end of saddle-shaped coil

The study shows that the critical current of GdBCO tape
decreases by less than 3% when the GABCO torsion angle is not
more than 36.48 deg/cm. But when the torsion angle increases
to 60.8 deg/cm, the critical current decreases by 30%. The rated
current of the motor designed is 195A with two parallel
branches, so the critical current surplus of superconducting tape
is very large. In the design process of the saddle coil, the torsion

angle of the end is strictly controlled, and it is the manufacturing
difficult point.

Fig. 3. 3D model of armature coil

When the saddle-shaped coil is wound, it is necessary to
design the reference line for coil on the semi-circular plate, and
set the angle between the tape and the semi-circular plate. The
results show that in order to minimize the bending of the
superconducting tape at the end, the high quality saddle-shaped
coil wound is required to control the angle S between the inner
ring tape in the coil and the semi-circular plate, which is
generally 45< The schematic design of one end of the saddle-
shaped coil is shown in Fig. 2, wherein a, b are the length of
semi major axis and minor axis of the ellipse respectively. Fig.
3 shows the 3D structure of the saddle-shaped coil.

B. Electromagnetic FEM Analysis of Basic Model

Fig. 4. Basic structure model of HTS CIM

A basic structure model of HTS CIM is shown in Fig. 4. The
motor is mainly composed of saddle-shaped HTS armature
coils, a squirrel cage rotor and ferromagnetic shield. It can be
observed that the motor adopts the air-core structure in stator
and centralized winding arrangement. Each phase windings
consist of three-layer saddle-shaped HTS coils. Each layer
arranges six coils in the circumferential direction, and the whole
stator part is cooled by liquid nitrogen to 77K.

Different from the conventional coreless machine which uses
permanent magnet rotor or HTS rotor to offer high speed, the
HTS CIM can provide much higher ampere-turns for the
armature windings to significantly increase the machine power
density. Table Il is the primary design parameters of the motor.

TABLE I
PRELIMINARY DESIGN PARAMETERS OF HTS CIM
Rated output power [kW] 18
Rated current [A] 195
Rated frequency [Hz] 100

Synchronous speed [r/min] 6000
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Number of poles 2

Number of parallel branches 2

Rotor outer diameter [mm] 80
Rotor inner diameter [mm] 30
Number of rotor slots 11
Saddle-shaped coil turns 50
Coil inner diameter [mm] 12
Coil outer diameter [mm] 27
Electromagnetic air gap [mm] 7

Back iron thickness [mm] 10
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Fig. 5. Flux density distribution of three-layer HTS coils on basic model

To verify the validity of the HTS CIM, the performances are
analyzed based on the 2D finite-element model in Fig.4. When
the HTS coils enter the current of 195A, the flux density
distribution in the tangential and normal directions of the three-
layer superconducting coils is predicted, and is given in Fig.5.
The tangential and normal directions are the vertical and
horizontal directions of the superconducting coils subjected to
the magnetic field. Fig. 5 shows the results the maximum flux
density at vertical direction is 0.621T, and that is 0.597T at the
horizontal direction. The flux density operating perpendicular
to the face of GABCO tape dictates the current of HTS caoils.
According to Fig.1, the critical current is not exceeded at 77 K
and the HTS coils can be operated continually. However, the
performance of superconducting materials is still not fully
developed, but also need to further optimize the structure of the
coils.

The torque ripple rate of the motor in stable operation is

defined as the following formula:
k= (Tmax _Tmin) / Tav (4)

where, Tmax is the maximum torque, Tmin is the minimum torque,

Ta is the average torque.
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According to Fig. 6 (a), when the motor reaches a steady state
with no-load, the maximum torque is 4.06 Nm, the minimum
torque is 0.58 Nm, the average torque is 2.36 Nm, and the motor
torque ripple rate is 147.5%. The torque curve of the motor is
shown in Fig. 6 (b) when the motor is applied to 30 Nm. As can
be seen from the figure, when the motor reaches a steady state,
the maximum torque is 34.44 Nm, the minimum torque is 29.69
Nm, the average torque is 32.34Nm, and the motor torque ripple

rate is 14.9%.
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Fig. 7. Optimized windings arrangement structure model

IV. OPTIMIZATION DESIGN AND FINALIZED MODEL

Although the removal of the stator core eliminates the
influence of cogging torque, it has also led to the increase of the
main magnetic circuit reluctance and leakage flux, which
weakens the air-gap magnetic field. In order to reduce the
magnetic resistance and leakage flux and increase the air-gap
magnetic field, the arrangement of the HTS coils is changed to
fill the vacancy left behind the removal of iron core. To do this,
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the three-layer superconducting coils are rotated around the z-
axis. The first layer of the coils remains motionless, and in the
same direction of rotation, the rotation angle of the second layer
coils is half of the rotation angle of the third layer coils. The
final rotation structure is shown in Fig. 7.
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Fig. 8 Flux density distribution of the optimized three-layer HTS coils

In order to optimize the structure of the HTS windings, the
flux density perpendicular to the tape surface is chosen as the
objective function, which is the function of rotation angle, 6
(i=1, 2, 3, ...). The constraint condition is that Twrq keeps
constant, where Tiorq IS the rated torque of HTS CIM. B, and Bq
are the flux density in the horizontal and the vertical directions
of the HTS caoils.

The optimization design problem of HTS windings can be
drawn as follows:

Minimize

B,=1(8), i=12,.. @
subject to

Tiorg = CONStant 8)

After the calculation and comparison, the performance of the
motor is best when the second layer rotates 6; to 18<and the
third layer rotates to 36<

Fig. 8 is the distribution of flux density in the vertical
direction and horizontal direction of the optimized
superconducting three-layer coils. It can be seen from the graph
that the vertical magnetic field and horizontal field are greatly
reduced when the superconducting coils rotate a certain angle.
The maximum vertical flux density is 0.321T and the maximum
horizontal flux density is 0.439T, which is decreased by 48.3%
and 26.5% respectively than the basic coils structure.

Fig. 9 shows the optimized transient torque curve of the HTS
CIM with no-load, in which the torques ripple decrease
drastically. The maximum torque of the optimized structure is
2.87Nm in the stable operation and the minimum torque is

1.65Nm. The torque ripple rate of the optimized structure is
only 51.4%, which is decreased by approximately 65.2%
compared with the basic structure.
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Fig.10 shows air-gap flux density distributions for the basic
model and the optimized model. Both of them are approximate
to the saddle waveforms. The optimized model shows slightly
higher waveform amplitude as compared with the basic one.
Moreover, there exists remarkable phase shifting between two
waveforms because of the change of HTS coils arrangement
structure. The flux density is increased from 0.15T to 0.55T at
the lowest point of the saddle-shaped waveform, and to some
extent, the distortion of the air-gap magnetic field caused due
to the absence of iron core is improved.

V. CONCLUSION

In this paper, a novel HTS CIM was studied based on the
minimization of the torque ripple and the perpendicular
magnetic field component to the tape surface. The results shows
that the performance of HTS materials is still not fully
developed, but also needs further optimization. Based on the
initial structure, the arrangement optimization design of the
superconducting windings was carried out. The three-layer
superconducting coils are rotated around the z-axis. After the
calculation and comparison, the performance of the motor is
best when the second layer rotates 18 “and the third layer rotates
36< According to the major electromagnetic characteristics of
basic and optimized models, it verifies the effectiveness of the
optimized structure.
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