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Conceptual Design of a 5 MW HTS Motor
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Abstract: The superconducting motor shows several
advantages such as smaller size and higher
efficiency against conventional motor especially
utilized in ship propulsion application. However, this
size reduction merit appears in large capacity more
than several MW. We are going to develop a 5 MW
class synchronous motor with rotating High-Temperature
Superconducting (HTS) coil, that is aimed to be
utilized for ship propulsion so it has very low-speed.
The ship propulsion motor must generate very high
electromagnetic torque instead of low-speed.
Therefore, the rotor (field) coils need very large
magnetic flux that results in large amount of
expensive HTS conductor for the field coil. In this
paper a 5 MW HTS motor for ship propulsion is
considered to be designed with construction cost
reduced via HTS field coil cost reduction because
HTS conductor cost is critical factor in the
construction cost of HTS motor. In order to reduce
the HTS conductor amount, iron-cored rotor types
are considered, so several cases with iron-core are
compared one another and with an air-core case.

Key Words: superconducting motor, smaller size,
higher efficiency, ship propulsion, HTS conductor
amount, iron-cored rotor.

1. INTRODUCTION

It is expected that the first commercial application
of HTS motor will be marine transportation.
Especially weight and size reduction in electrical
propulsion systems of navy and commercial vessels
increases design flexibility to bring critical benefits.
Electrical propulsion system has already penetrated
into cruise ship market due to advantages over
mechanical propulsion systems. Beside of other
merits the HTS based ship propulsion system is
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more attractive in electrical propulsion system
because of improved power density and operation
efficiency. In this paper a 5 MW class HTS
synchronous motor with a rotating HTS field coil is
considered for design aimed to application such as
navy vessels and submarines(1].

The cross-sectional structure of rotating HTS
field type synchronous motor is shown in Fig. 1,
where the machine shield plays a role in confining
magnetic field within a machine. The HTS field coil
generates direct current magnetic field but the
armature coils flow alternating current which brings
out rotating magnetic field to pull the HTS field coil
into the same rotating speed. The armature coils are
inserted into non—-magnetic support material such as
FRP (Fiberglass Reinforced Plastic).

Armature Winding Machine Shield
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Fig. 1. Cross-sectional structure of rotating field
type superconducting motor.

2. 5 MW ROTATING FIELD TYPE HTS
MOTOR DESIGN

2.1. Air-cored Type Design

The conventional motor has iron—cored structure
both at the field coil part and at the armature coil
part, so it has very small air-gap between the field
and the armature. However, the air-cored type HTS
motor has iron just at the machine shield shown in



Fig. 1 as a cylindrical structure stacked by silicon
steel sheets. Due to the structure without iron teeth
and slots, it is possible to establish mathematical
equations of magnetic field distribution and design
parameters in the superconducting motor and
generator. A design program algorithm composed of
the established equations is shown in Fig. 2 and the
program result brings out many design parameters
such as dimensions of each part and coil turn
numbers. This superconducting motor design program
is based on Laplace equation established in 2
dimensional cylindrical coordinate(2-3].
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Fig. 2. Design program flow-chart of the air-cored
type superconducting motor.
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Fig. 3. Perpendicular magnetic field versus critical
current curves of HTS wire for a 5 MW HTS
motor design.

A 5 MW air-cored type HTS motor is designed
with the design program described in Fig. 2. A
design program result is focused on consuming
expensive HTS wire as little as possible and getting
high efficiency over 96 %. By running the design
program several times, a proper program result was
selected as shown in Fig. 4 where all the results
are shown in case of 6 poles. More pole cases have
shown results having lager HTS coil length and
lower efficiency than 6 pole case. Table I shows the
specification from the selected result and Fig. 5
shows the cross-section view. About 67 km HTS
wire is needed in this air-cored type 5 MW class
HTS motor, which increases production cost
excessively and decreases cost competitiveness
against conventional motor.

Table 1. Design specification of Rotating field type 5
mw HTS Motor.

Rating Capacity SMW
Rating Speed 180 rpm
Pole Number 6
Armature Terminal 6600 V
Voltage
Power Factor 1.0
Frequency 9Hz
Synchronous Reactance 03pu
Field Coil Rating Current 150 A
Field Coil Turn Number 3570 turns/pole

HTS wire Specification

Bi-2223 (4.2 x 0.31 mm)
Ic=125A0rl135A
@ 77K, sf (AMSC Co.)

HTS wire Length 67 km
Armature Rating Current 464 A
Armature Turn Number 144 turns/phase
Armature Slot Number 72
Straight Axial Length 1110 mm
Machine Quter Diameter 1800 mm
Design Efficiency 96.22 %
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Fig. 4. A proper design program result selection
among the results satisfying the design program of
Fig. 2.

Machine Shield

Fig. 5. Cross-sectional view of 5 MW air-cored
type HTS motor, Case I (mm dimension).
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Fig. 6. Radial direction magnetic flux density
distribution along the armature coil middle
(continuous line) and inner radius (dashed line) in
the air core type.

Fig. 6 shows radial direction magnetic field (B,
distribution along the inner and the middle radius of
the armature coil of Fig. 5 via 2 dimensional Finite
Element Method (FEM) analysis when the field coil
is excited with rating current. This radial magnetic
field distribution decides excitation voltage waveform
that is expected to be so sinusoidal. The maximum
flux density is 3.3 T and the maximum flux density
crossing perpendicularly to HTS tape surface is 2.1
T at the field coil section.

2.2. lron Core Inserted Type Design
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Fig. 7. FEM models to analyze iron core insertion
effect.

Based on the air-core type design shown in Fig:
5, iron cores are inserted to reduce manufacturing
cost by decreasing expensive HTS wire amount. As
shown in the FEM models of Fig. 7, the HTS field
coil section becomes smaller and smaller from the
air-core type (Case I) to the iron—core type (Case
IV). FEM analysis is done 2 dimensionally with the
field excited with rating current, 150 A. The
inserted iron core is given with the same B-H
curve as the machine shield as shown in Fig.
8(4].
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Fig. 8 B-H curve used for machine shield and
inserted iron core.



The maximum flux (®max) linked with one phase
armature coil can be calculated by integration of
radial flux density (B,) along the armature coil
middle radius. From this analysis ®max is calculated
along the straight axial length () of field coil. In
case of air core type, B, distribution along the
armature coil is shown in Fig. 6 and ®nax is
calculated from the equation (1) as 0.6493 Wb along
the armature coil middle radius, Ram. and through
the axial straight length, I, which is 1110 mm. Line
to line excitation voltage (generated armature
voltage by field coil rotation) can be calculated from
equation (2), where o is angular frequency and Ny
is armature coil turn number per phase. This
voltage is very much important because it decides
amount of output power of a synchronous motor
and torque waveform.

The air core type, Case I, generates 6476 V line
to line excitation voltage and other cases are also
calculated as listed in table II for the same straight
axial length with Case I.

00
®,, =2R,, [ B, do
max arm koo (1)
Vexc = ‘\/ga)q)max N h
J2 p (2)

Fig. 9 shows radial magnetic field distributions
along the armature in Case II. The flux density is
lager than Case I so the straight axial length can
be reduced from 1110 mm to 814 mm in order to
get 100 % (6476 V) excitation voltage. Furthermore
HTS conductor length can be reduced from 66.6 km
to 31.9 km by iron core insertion.

Table II. Case by case Analysis Result.

Case I Case I Case 111 Case IV
Iron Core
Insertion X 0 ° o
Turns per 3570 2000 1500 1000
Pole
E:,i‘l‘g;n 6l4\z]6 8836 [V]  7995[V] 6374 [V]
04 23.5 9% 4%
(Lineto Ling) (100 %6) (136.4%)  (123.5%)  (98.4%)
Straight Axial
Lef‘og(‘)ho/f"’ 1110 814 899 1128
Excitation [mim] [mm] (mm] [mm]
Voltage
HTS
Conductor
Length for 66.6 319 263 20.4
100 % {km] {km] fkm] [km]
Excitation
Voltage
Maximum
Flux Density
perpendicular 5 5 5
to HTS Tape 2.10 [T} 243 [T} 2.73[T] 2.09[T]
surface
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Fig. 9. Radial direction magnetic flux density
distribution along the armature middle (continuous
line) and inner radius (dashed line) in Case II.

Fig. 10 shows radial magnetic field distributions
along the armature in Case III. The straight axial
length can be reduced to 899 mm to get 100 %
(6476 V) excitation voltage and HTS conductor
length can be reduced more to 26.3 km than Case II
by iron core insertion.
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Fig. 10. Radial direction magnetic flux density
distribution along the armature middle (continuous
line) and inner radius (dashed line) in Case III.

Fig. 11 shows radial magnetic field distributions
along the armature in Case IV. The straight axial
length is extended a little from 1110 mm in Case |
to 1128 mm to get 100 % (6476 V) excitation
voltage but HTS conductor length is reduced more
to 20.4 km by iron core insertion.
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Fig. 11. Radial direction magnetic flux density
distribution along the armature middle (continuous
line) and inner radius (dashed line) in Case 1V.
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From the above results the HTS conductor length
can be reduced via iron core while the axial length
does not vary too much. So it is expected that
machine efficiency does not vary too much either
from the first design, Case I, by air-core type due
to copper (joule) loss change at the armature coil by
the axial length variation. The Case II and III are
expected to get higher efficiency than Case I
because of smaller axial length of armature coils
and machine shield volume. Fig. 12 shows loss
analysis result of the air-core type design, Case I,
where the armature copper loss consists more than
2/3 of total loss.

EE&H Copper Loss

Il Eddy Current Loss
H iron Loss

[ IMechanical Loss
[__IStray Load Loss

0.254%

Fig. 12. Loss analysis result of the air-core type,
Case .

From the Case 1V of iron-cored design, the final
cross—section has been decided as shown in Fig. 13
where the machine shield outer diameter was
modulated to get proper magnetic field in the
machine shield and a 600 mm diameter bore was
located in the center to reduce iron-core weight and
arrange rotor shaft and cryogenic cooling means.
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Fig. 13. Final design model of iron-cored type from
Case IV.

Fig. 14 shows longitudinal cross-section view of
the air-cored design, Case 1. Fig. 15 shows
longitudinal cross-section view of the final
iron-cored design of Fig. 13. The final iron-cored
design shows 200 mm smaller diameter but 117 mm
lager axial length than the air-cored case. The
iron—cored design shows better results such as
smaller size, less weight and higher efficiency as
shown in Table III. Even though the iron-cored
design uses iron-core in the rotor, the total weight
is lower than the air-cored design because the
machine shield weight has been reduced more. As
the same way the machine efficiency is higher due
to the lower machine shield iron loss although the
copper and stray losses get higher.

Table III. Comparison between Air-cored and
Iron-cored Design.
. Air-cored Iron-cored
Design Parameters . .
Design Design
Volume [m?] 4.58 3.82
Machine Shield 16350 9896
Tron Core 0 5608
) Damper 662 709
Weight Field Coil 648 198
[ke] Armature Coil 320 337
Etc
(Cooling System & ( Al OOr(())(})( ) ( A90?(())X )
Support Structure) PPIOX. PPIOX.
Total Weight 27980 25748
Armature Copper
(oule) Loss 140.96 148.38
Machine Shield Iron
2
Losses Loss 36.28 24.29
[kw] Stray Load Loss 21.14 2226
Mechanical Loss 1.56 1.56
Eddy Current Loss 0.51 0.51
Total Loss 20045 197
Efficiency [%] 96.22 96.27
HTS Conductor Length [km] 66.6 204
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Fig. 14. Longitudinal cross-section view of a 5 MW
air-cored type design HTS motor, Case I (mm
dimension).
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Fig. 15. Longitudinal cross—-sectional view of a b
MW iron-cored type design HTS motor from Fig.
13 (mm dimension).

3. CONCLUSION

In this paper a 5 MW rotating field type HTS
synchronous motor had been designed firstly based
on air core type using a design program coded with
equations obtained from mathematical 2 dimensional
magnetic field analysis. In order to reduce expensive
HTS wire consumption, it has been designed by
inserting iron core within the field coil section. It is
figured out that the iron-core inserting design can
reduce required HTS wire length to about 1/3 of the
original air-core type design. By using 2 dimensional
FEM analysis, excitation voltages could be calculated
in several cases of iron~core insertion and compared
with the original air-cored case. Through the
analysis the iron—core cases have the same excitation
voltage with the air-core type even with smaller
axial length and show better results smaller size,
less weight and higher efficiency. Although the
design approach in this paper is based on 2
dimensional analysis, the design parameters such as
excitation voltage and coil inductances can be
calculated more precisely through 3 dimensional
analysis.
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