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Abstract—Superconducting field coils consist of race-track-
type double pancake (DP) coil modules fabricated using high-
temperature superconducting (HTS) wire with high current
density and zero resistance. The structural shape of race-track-
type DP coils strongly influences the intensity and the shape of
the magnetic flux density in the air-gap, which determines the
generator electrical output and the superconducting field coil per-
formance. Hence, the structural shape of a superconducting field
coil is very important in designing a large-scale superconducting
generator. We analyze the characteristics of a 10-MW-class HTS
generator using 3-D finite-element analysis software to investigate
the electromagnetic effects due to the structural-shape changes in
the superconducting field coil.

Index Terms—High temperature superconducting (HTS) syn-
chronous generator, induced voltage, magnetic flux density, race–
track-type double pancake (DP) field coil.

I. INTRODUCTION

MOST field pole superconducting coils in currently de-
veloped superconducting rotating machines have been

designed and fabricated in a race-track double pancake (DP)
coil form. Each coil is wound by high-temperature supercon-
ducting (HTS) wire manufactured in tape form with an oblong
shape and divided into several DP coil modules to reduce the
maximum magnetic flux density, which strongly influences the
superconducting field coil performance, and to facilitate field
coil maintenance.

Generally, the rotating machine performance is dependent on
the magnetic flux density and shape in air-gap or the armature
windings. Therefore, the structural-shape design of race-track-
type DP field coils is one of the major parameters in designing
superconducting rotating machines. It directly and indirectly
influences the generator performance by affecting the air-gap
linkage flux and magnetic flux density of the field coil, respec-
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tively. It also influences the reliability of the superconducting
field coil. The structural shape of a field coil for a rotor pole
determines the electrical air-gap shape, directly influencing
the generator performance and the magnetic field distribution
produced by the field coils [1], [2]. Specifically, the magni-
tude and harmonic contents of the linkage flux can be varied
depending on the air-gap shape. Further, the electromagnetic
and mechanical characteristics of the field coils are affected
by both the size and arrangement of single pancake (SP) coils,
which depend on the structural-shape change in the field coils.
Therefore, analysis of the characteristic changes in terms of the
generator and field coil performance is essential.

This study focuses on the structural-shape design and
characteristics analysis of the superconducting field coil of a
10-MW-class HTS synchronous generator already conceptually
designed using a 2D analytical design code and 3D finite-
element analysis (FEA) at Jeju National University, Korea
[7]. First, we designed superconducting field coils with
three structural-shape types in accordance with the shape
of superconducting field coils designed by researchers for
large-scale superconducting rotating machines used worldwide
[1]–[7]. Then, we analyzed the electromagnetic characteris-
tics of a 10-MW-class HTS synchronous generator using a
commercial 3D FEA to study the electromagnetic effects. We
specifically focused on the magnitude and harmonic contents of
the induced voltage and the armature linkage flux, in addition
to the electromagnetic force in the field coil, which depends
on the changes in the field coil structural shape. Finally, we
have conducted optimal analyses for generator output voltage
in terms of the structural-shape change of the field coil.

II. SHAPE DESIGN OF HTS RACE-TRACK FIELD COILS

The Introduction section presented that the armature mag-
netic flux density B0 is generated by the magnetic flux density
of the superconducting field coil and directly affects the linkage
flux shape and intensity. Thus, B0 is the key factor in deter-
mining the generator phase induced voltage E0 in the armature
windings which can be expressed as

E0 =
1√
2

2πN0

60
· ra ·B0 · l · n0 · q · P (1)

where N0 is the rated revolution, ra is the mean radius of the
armature winding, l is the effective length along the generator
axis, n0 is the number of armature conductor turns in each
slot, q is the slot number per phase and per pole, and P is the
pole number. B0 can be changed by the structural shape of the
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race-track DP field coil, which is a critical factor; thus, the field
coil structural shape must be considered in the design.

Two main factors influence the design of superconducting
field coils. The first factor is the function of the inner radius
(ri), thickness (tc), and height (hc) of the field coil. It is
mentioned that the generator performance depends on not
only the current density but also the superconducting field
coil dimensions. When ri is large, the linkage and harmonic
contents of the air-gap flux increases and decrease, respec-
tively. Further, the maximum perpendicular component of the
magnetic flux density (Bp), which acts on the field coils and
decreases operating current (Iop) is increased. As tc further
increases, the harmonic contents of the linkage flux decrease,
and the maximum magnetic flux density generated by the super-
conducting field coils (BMAX) increases. Thus, the armature
linkage flux increases, whereas the mechanical rigidity of the
superconducting field coil weakens [1], [2].

The other factor concerns the arrangement and the number of
DP coil modules. When each DP coil is spread widely over the
circumference of the rotor-bobbin block surface, the magnetic
flux density distribution in the air gap and armature windings
approaches a sinusoidal waveform, which increases the linkage
flux. The number of DP coil modules is related to the mechan-
ical robustness. The field coil structure is divided into various
DP coil modules to reduce the magnetic flux intensity that acts
on and influences the superconducting field coil performance;
hence, we can design thinner DP coil modules with lower
mechanical stress [8].

Because our study focuses only on the analysis of the charac-
teristics with respect to the shape of the field coil, we designed
and analyzed superconducting field coils with three different
structural shapes such as rectangular (Models 1–3), pyramidal
(Models 4 and 5), and spreadable (Model 6) shapes refer to
above two factors. The air-gap size of 71.5 mm, the cross-
sectional area of the field coils with specific ampere-turns,
and geometric space assigned for each pole were assumed to
be constant to obtain comparable analysis results of the elec-
tromagnetic effects due to the structural-shape changes under
identical design conditions.

In the rectangular type, we designed three rectangular-shaped
field coils with different dimensions to verify the variable
characteristics of the generator according to the variations in
ri, hc, and tc. Then, pyramidal- and spreadable-shaped field
coils were designed to analyze the generator characteristics by
considering the changes in the air-gap shape and the spreadable
arrangement of the DP coils. Fig. 1 shows the cross section
of each shape of the superconducting field coils, and Table I
lists the coil parameter details. When we designed the field
coils, we considered shape factor α and the effective area of
the conduction cooling from the bobbin block (ac), as shown
by the dark-red dotted line in Fig. 1. In addition, an operating
temperature of 35 K was considered for all analysis models.
Shape factor α, which determines whether the magnet is thin or
thick, is defined as the ratio of the field coil outer radius (ro) to
the field coil inner radius (ri). For comparison with each other,
it is normalized on the basis of 82.5 mm ri. As α increases,
the superconducting DP coils become thicker, indicating that
the mechanical stress increases (α = 1.2, 1.8, and 3.6 indicates

Fig. 1. Cross section of each structural shape for HTS field coils. (a) Rect-
angular shape of the HTS field coil (Models 1–3). (b) Pyramidal shape I of the
HTS field coil (Model 4). (c) Pyramidal shape II of the HTS field coil (Model 5).
(d) Spreadable shape of the HTS field coil (Model 6).

thin, medium, and thick magnets, respectively) [8]. In addi-
tion, as ac becomes larger, the conduction-cooling capability
becomes relatively good. The HTS wire length, which is used
to fabricate the field coil, is estimated and differs slightly among
the analyzed models because the field coil dimensions vary
according to the change in the structural shape. Model 3 has
the longest HTS wire owing to its longest ri.
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TABLE I
PARAMETERS OF THE HTS FIELD COIL WITH

DIFFERENT STRUCTURAL SHAPES

A. Rectangular Shape (Models 1–3)

The rectangular shape, where winding between the DP coils
is easy, offers flexibility in the field coil design. It allows various
designs of superconducting field coils because space utilization
is relatively better; thus, thinner DP coil with smaller α, i.e.,
higher mechanical stability, can be designed by adjusting the
number of SP coils using equal turns in the single pole. How-
ever, the cooling efficiency is lower than that of the other shapes
because the contact area between the DP coils and bobbin
block, which serves as thermal conduction cooling, is relatively
small. Model 2 has the largest ac because it contains two bobbin
blocks inside and outside the superconducting field coils.

B. Pyramidal Shape (Models 4 and 5)

To change the air-gap shape, SP coils with different tc values
are stacked in a pyramidal shape. Because α increases toward
the bottom SP coils, the bottom mechanical stability is lower
than that at the upper SP coils. For Model 5, the cooling
capability is enhanced by the surrounding SP coils at the bottom
through the outside bobbin block.

C. Spreadable Shape (Model 6)

The spreadable shape has smaller space utilization because
the SP coils are spread over the circumference of the bobbin
block surface of the rotor. If the geometric space assigned
to each pole is not restricted, designing thinner SP coils is
possible, which are mechanically excellent because the SP coil
arrangement is facilitated by a larger space.

III. CHARACTERISTIC ANALYSIS OF HTS GENERATOR

A. HTS Generator Characteristics

We conducted comparative analysis of each model and si-
multaneously considered two key parameters that are electro-
magnetically important factors in designing an HTS generator.
The first is the armature linkage flux, which determines the
magnitude of the induced voltage. The second is BMAX , which
negatively influences the mechanical rigidity and critical cur-
rent (Ic) of the superconducting field coils. These parameters
are very important in the generator stability and performance.
Therefore, field coils must be designed and optimized by con-

TABLE II
ELECTRICAL OUTPUT VOLTAGE CHARACTERISTICS

OF THE HTS GENERATOR

TABLE III
ELECTROMAGNETIC CHARACTERISTICS OF THE HTS GENERATOR

sidering their structural shapes, which can increase the armature
linkage flux and decrease BMAX .

The electrical output characteristics, including the line-to-
line induced voltage and voltage total harmonic distortion
(VTHD) characteristics, were analyzed by comparing Model 1
with Model 2 and Model 2 with Model 3 according to the
change in hc, ri, and tc. Thereafter, the electrical output and
electro-magnetic characteristics with the magnetic flux distri-
bution and electromagnetic force density of each model were
compared to confirm the effects not only of the air-gap shape
changes in Models 5–6, but also the spreading arrangement of
the DP coil in Model 6.

Tables II and III list the respective comparison results of the
electrical output and electromagnetic characteristics of the HTS
generator via 3D-transient FEA for steady-state operation of the
generator with fully charged operating current of 232 A and
rated rotating speed of 10 rpm. In addition, Figs. 2 and 3 show
the magnetic field profile from the field coil to the magnetic
shield in the radial direction at the center position of the gen-
erator and the 3D magnetic field distribution of a 10-MW HTS
generator for different field coil shapes, respectively. Significant
increment is present on the induced voltage compared with the
6226 VRMS of the based model in [7] because the air-gap size
was reduced from 84 to 71.5 mm and the structural shape of the
field coils are changed in this study. Moreover, the effect on the
reduction in the 2G HTS wire length is significant, indicating
savings in the fabrication cost of the field coil for an HTS
generator based on 6008-VRMS rated output voltage [7].

1) Comparison results of Models 1 and 2 (same ri): BMAX

and the maximum linkage flux of Model 2, which has a
higher hc and smaller tc and α, are respectively 7.56%
smaller and 10% larger than those of Model 1. The field
coil shape of Model 2 increases the linkage flux in the
armature windings because with equal geometric space
assigned to each pole, the distance between the neighbor-
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Fig. 2. Magnetic field profile in the radial direction for different coil shapes.

Fig. 3. 3D magnetic field distribution for different field coil shapes.
(a) Model 3. (b) Model 5. (c) Model 6.

ing field poles increases with decreasing ro, which varies
with hc. Thus, the magnetic flux density generated by
the field coils cannot pass through the nearby field coils,
and the radial component of the magnetic flux density
around the armature windings in the air gap increases [3].
Therefore, in the case of equal ri, designing field coils
with larger hc is advantageous to increase the linkage
flux. From the VTHD analysis, the harmonic component
in Model 1 with a 127.7-mm tc is lower than that in
Model 2. Accordingly, in terms of the VTHD reduction,
designing field coils with larger tc is better than that with
smaller tc [1].

2) Comparison results of Models 2 and 3 (same hc): BMAX

and the maximum linkage flux of Model 3 are re-
spectively 3.63% smaller and 25% larger than those of

Model 2. We conclude that as ri increases, BMAX of the
field coil decreases, whereas the armature linkage flux is
enhanced. However, as ri increases, Bp also considerably
increases. Hence, ri should be carefully selected by ob-
taining the optimal dimensions in the design details to re-
alize stability and performance improvement advantages
of the generator [3].

3) Comparison results between Model 2 and Models 4 and 5
(same ri): The rectangular shape of Model 2 is better than
the pyramidal shape of Models 4 and 5 from the armature
linkage flux perspective. Therefore, the structural shape
changes in the field coil have no effect on the air-gap
shape change in terms of improvements in the generator
power and the VTHD.

4) Comparison results between Models 4 and 5 and 6:
BMAX of Model 6, designed by spreading DP coil mod-
ules, is smaller than that of Models 4 and 5. However,
the linkage flux is larger than that of Models 4 and 5.
We conclude that the generator power increases via some
beneficial effects by the spreading DP coil modules
compared with the pyramidal shape of Models 4 and 5.
Further, the VTHD of Model 6 is the largest among
all models. Unfortunately, we are unable to confirm the
spreading effect in terms of harmonic content reduction
because Model 6 has unequal minimum ri compared with
the others, as listed in Table II.

The electromagnetic analysis results are as expected. Model 1
has the largest electromagnetic force density because it has
a maximum shape factor α of 2.54 compared with the other
models with average α of 2.03. Models 3 and 6 present the
lowest electromagnetic force density because the maximum α
value is distributed by dividing the various DP coil modules.
However, for Model 3, the peak electromagnetic force density
is generated across the field coils in not only the curve part but
also the straight part of the superconducting field coil.

B. Optimization of the HTS Generator Output Voltage

As mentioned earlier, we obtained a significant increment in
the induced voltage from the generator characteristic analysis
of each model. Hence, the induced voltage must be adjusted to
meet the HTS generator design specifications presented in [7].

Two fundamental factors are necessary to optimize the gen-
erator output power. The first is the magnetomotive force in
the air gap, which generates magnetic flux density B0 and
can be adjusted by controlling the field coil winding turns
and Iop. The field coil winding turns mean HTS wire length
and determination of economic factor of HTS generator. In
addition, Iop of superconducting field coil is associated with
system efficiency and stability.

The second is the amount of air-gap linkage flux that can
be adjusted by adjusting the armature conductor turns in each
slot n0, which affect the efficiency, voltage regulation, and
synchronous reactance. To reduce the fabrication costs of su-
perconducting field coils and to design a highly reliable HTS
generator with efficiency of above 97%, we performed an opti-
mal analysis of the generator output voltage by considering the
abovementioned three methods of controlling the winding turns
and Iop of the rotor field coil and adjustingn0, as indicated in (1).
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TABLE IV
ANALYSIS CONDITIONS TO OPTIMIZE HTS

GENERATOR INDUCED VOLTAGE

TABLE V
ANALYSIS RESULTS FOR OPTIMIZATION OF

GENERATOR INDUCED VOLTAGE

The analysis conditions and optimization results of the gener-
ator induced voltage are listed in Tables IV and V, respectively.
In the first method, the field coil structural shape was redesigned
and analyzed to re-estimate the winding turns of the field coil
to generate a 6226-VRMS induced voltage of the based model
presented in [7]. From the re-analyzed results, the VTHD for
each model were recalculated, as listed in Table V. From the
re-estimation and re-design, we found that HTS wire length
savings of from 15.2% (Model 4) to 45.7% (Model 3) can
be achieved compared with the values listed in Table I by
controlling the field coil winding turns.

In the second method, BMAX was proportionally decreased
by setting Iop. The proportional reduction in BMAX for
each analyzed model was computed in the range from 21.3%
(Model 1) to 42.7% (Model 3) based on the previous optimized
generator induced voltage. Further, Ic based on 40 K was re-
estimated to determine the stability margin of superconducting
field coil. Ic and operating current margin (Iop/Ic) are listed in
Tables IV. Therefore, we can conclude that the Iop values are
suitable for stable field coil operation.

Finally, the optimization results using the third method show
that the generator induced voltage of Models 1–6 ranged from
5955 to 6437 VRMS. The induced voltage for each model was
optimized by considering the voltage drop in each phase to
meet the rated output voltage, which was varied by the arma-
ture turns. Therefore, the generator efficiency in each model
improved by as much as 0.83%–1.68% compared to the 96.33%
efficiency of the based model. This improvement was due to
the copper loss reduction when the armature coil resistance was
reduced by adjusting n0 as shown in Table IV.

As a summary, although we applied only one method in op-
timal simulation to highlight the effects of the above-described
methods, we recommend that pertinent combination of the three
methods is essential to precisely adjust the generator output
voltage. The characteristics listed in Table V can be further
improved by optimal design of the flux damper thickness [9].

More parameter and characteristic variations of the HTS gen-
erator that are not considered in this study should be examined,
such as voltage regulation. In particular, by controlling the
field coil turns, we can expect that more characteristic changes
are possible due to the changes in the structural shape, i.e.,
the dimensions and arrangement of field coil can be changed
by reducing the coil winding turns. In addition, mechanical
and thermal analyses in terms of the structural shape must
be conducted, including mechanical and thermal stresses and
temperature distribution, for large-scale HTS generator rated
10 MW and above. Accordingly, adopting a definite field coil
shape in this research is premature. More detailed studies need
to be conducted.

IV. CONCLUSION

Analytical design and simulations of a 10-MW-class HTS
generator according to the structural-shape changes of the
superconducting field coil have been performed using 3D FEA.

From each comparative analysis result, we confirm the ef-
fects on the HTS generator and field coil performance through
function of ri, tc, and hc and determine the effects of the
air-gap shape change and the spreading DP coil arrangement.
All comparison analyses in this study must be understood to
focus only on determining the several effects of the changing
structural shape of the superconducting field coil, i.e., this is
definitely not the optimal design. Therefore, we recommend
fundamental guidelines for designing the structural shape of
superconducting field coils from the perspective of electromag-
netic performance.

From our optimal analysis results on the generator induced
voltage, we conclude that Model 3, which generates the largest
induced voltage and lowest magnetic flux density in the super-
conducting field coil, is suitable for economy, efficiency, and
reliability from the HTS generator system perspective.
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