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Abstract—We present the comparative design results of a
1.5-MW-class high-temperature superconducting synchronous
machine (HTSSM) by considering various commercial 2G coated
conductors (CCs). We focus on the estimation of economic fac-
tors to manufacture a more cost-effective HTSSM. A key design
issue in HTSSM development is the adoption of superconducting
wire among various types of recent commercial 2G CC tapes
with different dimensions, critical current performance, and cost–
performance ratio that affect the HTSSM performance, thermal
losses, and CC tape-length usage. Therefore, we first perform the
electromagnetic and thermal design of a 1.5-MW-class HTSSM
considering three types of 2G CC tapes. Then, we present the
comparative analysis results related to economic factors.

Index Terms—Cooling expense, cost–performance (C-P) ratio,
HTS synchronous machine, 2G coated conductors.

I. INTRODUCTION

H IGH-TEMPERATURE superconducting synchronous
machines (HTSSMs) are currently attracting attention

in the marine-propulsion market as a good alternative to con-
ventional machines in the next generation of electrical marine-
propulsion system. They have many advantages, specifically
when applied to a ship propulsion system, namely, compact
volume and lighter weight, higher efficiency both at rated and
low loads, low noise and vibration, and higher transient stability
[1], which can overcome the limitations of conventional tech-
nology. However, despite these advantages, the high manufac-
turing cost of HTSSM remains the biggest obstacle in terms of
economic, mechanical, thermal, and stability factors in the
commercialization of HTS rotating machines. Among these
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factors, fabrication expenses of the rotor field coil employing
costly superconducting wires and cooling expenses to cool the
rotor occupy the largest proportion in the manufacturing cost
component. Therefore, the economic feasibility of HTSSM
depends not only on a low cost-performance (C-P) ratio
but also on the HTS wire length, in addition to the initial
investment in cryogenic cryocooler and cryogen cost [2]–[5].

This paper focuses on a comparative design that considers the
economic factor of various commercial 2G coated-conductor
(CC) tapes for a 1.5-MW-class HTSSM for various electric ma-
rine propulsion systems, such as the contra-rotating propeller
(CRP) and podded propulsion systems. First, the electromag-
netic and thermal designs were performed by considering three
types of 2G CC tapes to analyze the HTSSM performance and
thermal losses. Then, we estimated the CC tape cost to fabricate
the HTS field coil and the cooling expenses for the cooling
system. Finally, comparative analyses are presented to adopt
the acceptable commercial 2G CC tapes that can minimize the
manufacturing cost.

II. ELECTROMAGNETIC DESIGN AND ANALYSIS

A. Consideration of Commercial 2G CCs

Three types of commercialized REBCO CC tapes have been
produced by SuperPower Inc. (SPI), which are already consid-
ered in electromagnetic designs of a 1.5 MW-class HTSSM.
They are classified as surround copper stabilizer (SCS) 4050,
6050, and 12050-advanced pinning (AP) models. Various sig-
nificant specifications of these tapes are listed in Table I.

We used specific values in this design, highlighted in bold
in Table I [6]. The windings that used these three tape types
selected in this research have the same thickness of 0.23 mm,
including the electrical insulating layer, and widths of 4, 6, and
12 mm (Fig. 1). The machine-operating environment was as-
sumed to be at 30 K cooling temperature and 2 T magnetic
field perpendicularly applied to the tape (Bp) to establish the
critical current (Ic) values. The Ic values were determined
from [7], which showed the lift-factor properties of SCS-AP
models of SPI under various external fields and temperatures.
The lift-factor value, defined as the ratio of Ic at a given
operating temperature and applied magnetic field to Ic at 77 K,
at zero-field conditions (i.e., without an externally applied field)
is approximately three under the operating environment [8],
meaning that the Ic performance of the SCS models at 30 K and
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TABLE I
MAJOR SPECIFICATIONS FOR COMMERCIAL 2G CC TAPES FROM SPI

Fig. 1. Basic structure of the 2G CC tape with electrical insulating layer.

Fig. 2. Conceptual schematic of a 1.5-MW-class HTSSM.

2 T is almost three times of that at 77 K in zero-field condition.
Ic for each cases was finally estimated to be from 300 to 900 A
using the lift-factor characteristics in [7].

B. Electromagnetic Structure Design

Fig. 2 shows a conceptual design of a 1.5 MW-class HTSSM,
and Table II lists the design parameters of the three models for
3D finite-element method (FEM) simulations. The three ma-
chines were designed to generate 1.416 MW power with phase
back electromotive force (EMF) of 1873 Vrms and 252 Arms

phase current under rated operation. Moreover, to prevent loss
of synchronism against load fluctuation in propulsion applica-
tion, we designed the HTSSM to have a small output power
margin and generate 1.5 MW maximum power by increasing
the field current supplied from an inverter drive system from

TABLE II
DESIGN PARAMETER SPECIFICATIONS OF A 1.5-MW-CLASS HTSSM

252 to 267 Arms. In all models, an electromagnetic air-gap size
of 63 mm was fixed to obtain the machine output power and
to estimate the required CC tape length under identical design
conditions.

To stably operate the HTS field coil, we set the maximum
operating current (Iop) values to a margin of approximately
70% of Ic to consider Ic degradation occurring after windings
of the racetrack-type coil and electromagnetic disturbances in
steady and transient operations [9]. This margin is defined by
the Iop to Ic ratio (Iop/Ic). The closer this ratio approaches
100% in the HTS field-coil operating condition, the more
possible quench can be increased.

C. 3D FEM Analysis

From [10], to minimize the required CC tape length that
generates the magneto-motive force (MMF) at specific ampere-
turns for a 1.5 MW output power rating and easily build the
field-coil structure, we chose a rectangular-type HTS field-coil
shape. Moreover, setting the inner radius of the field coil (ri) is
important in the coil-shape optimization relative to the output
power and HTS field-coil performance [10]–[12]. We conclude
that as ri increases, the machine back EMF is enhanced,
and Bp increases while field coil Ic decreases due to the incre-
ment in Bp. Therefore, the optimal dimensions of ri can reduce
the CC tape requirement. If the field-coil outer radius (ro) is
limited by the availability of geometric space in each pole,
ri is determined by the number of single pancake coils (SPCs).
Therefore, to estimate suitable ri dimensions considering the
back EMF and Ic performance, we performed 3D-transient
FEM simulations for steady-state operation considering a cer-
tain range in the number of SPCs.

Table III lists the HTS field-coil parameters of the proposed
HTSSM designs. The SPC numbers for the two cases in each
model were considered as suitable to estimate optimal ri.
Table III also lists the structural dimensions of the respective
HTS field coil corresponding to the SPC numbers.

Table IV lists the 3D FEM analysis results for back EMF
optimization in each model to estimate the CC tape length re-
quired to generate phase back EMF of 1873 Vrms. These analy-
ses were conducted according to the coil structural parameters
in Table III. Among all models, those with larger ri can well
couple the flux at the air-core armature windings compared with
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TABLE III
HTS FIELD COIL DESIGN PARAMETERS

TO OPTIMIZE THE THREE HTSSMS

TABLE IV
THREE-DIMENSIONAL FEM ANALYSIS RESULTS

TO OPTIMIZE THE THREE HTSSM DESIGNS

the other models with smaller ri. Therefore, these models can
generate the target back EMF with small MMF, i.e., these mod-
els can reduce the total turns of the field coil to generate equal
back EMF performance, ultimately leading to reduced CC
tape requirements. The Ic values of the models with larger ri

are reduced by an increment in Bp, resulting in an increment
in the Iop margin. For example, the total MMF in Model 3
with 2SPC was calculated to be 249480 AT (630 A × 396
turns), which was lower than 274680 AT (630 A × 436 turns)
in Model 3 with 1SPC under the same phase back EMF of
1873 Vrms. Therefore, we realized CC tape-length savings of
approximately 232 m. In contrast, Ic in Model 3 with 2SPC
was approximately 9% lower than that in Model 3 with 1SPC.
Thus, the Iop margin with 2SPC increased by as much as 7.5%
compared with that with 1SPC. However, we expect that these
Iop margin increments to be mitigated by the increase in Ic
when the HTS field coils operate from 24.5 to 27 K using liquid
neon (LNe) cryogen. Hence, it can match the 70% Iop margin,
which is the initial design parameter presented in Section II-B.

Ultimately, from the comparison of the MMF values to
achieve the same back EMF listed in Table IV, we decided that
Model 3 with 2SPC, wound using the SCS 12050-AP type 2G
CC tape, is appropriate in minimizing the winding turns and CC

Fig. 3. Configuration of a cryogenic cooling system with conceptual schematic
view of the dual HTSSM.

tape length. In addition, we concluded that designing the HTS
field coil of the respective models using 4SPC, 3SPC, and 2SPC
is preferable because they can minimize the required CC tape
length. Further, they are thermally and mechanically designed
because thinner SPCs with smaller α can be quickly and stably
cooled and undergo lower mechanical stress [10].

III. THERMAL DESIGN AND TOTAL-LOSS ESTIMATION

The cooling expense for building an external cooling system
is the second dominant component in the manufacturing cost,
followed by fabrication expenses of the rotor field coil [3].
Therefore, we must determine the required capacity and num-
ber of Gifford-McMahon (G-M) cryocooler and the amount
of required liquid cryogen by total cooling power estimation.
Fig. 3 shows the configuration of a cryogenic cooling system
for an HTS CRP system, which consists of a combined dual
1.5 MW-class HTSSM. A thermosyphon conduction cooling
with forced circulation and LNe were selected for field-coil
cooling and cryogen for rotor cooling, respectively. LNe has
been successfully applied in 1 and 5 MW-class HTSSMs manu-
factured by the collaboration between Korea Electrotechnology
Research Institute and DOOSAN Heavy Industry in Korea
[13]–[15].

The HTS field coils are cooled by LNe at 24.5 K, which
flows in a circulation pipe inside the bobbin block. After the
coil cooling, the heated LNe returns to the heat exchanger
directly attached to a single-stage G-M cryocooler through the
cooling pipe. Then, the heated LNe is cooled again. This time,
the cryogen pump system can smoothly circulate the LNe. In
particular, the single liquid phase of Ne is applied from 24.5 K
at feed line of the cryogen pump to 27 K at return line of
cryogen pump, which is called as single thermosyphon cooling
method, as presented in [16].
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TABLE V
COOLING LOAD ESTIMATION OF A 1.5-MW-CLASS HTSSM ROTOR

In this paper, to estimate the cooling expense, we evaluated
the total cooling load of a 1.5 MW-class HTSSM rotor by
calculating the six significant thermal losses, as shown in Fig. 3,
which also shows the location of each loss in the rotor. The
first is the conduction loss via the current leads (Pc) and fiber
reinforced plastic torque tube (Ptc). The second is the radiation
loss from the rotor outmost surface (Pr). The final loss is
the HTS field-coil losses that include the mechanical lap joint
Joule-heating (Pl), flux-flow loss (Pf ), and intrinsic n-value
losses (Pi) [16]–[18].

The estimations of each thermal loss for the cooling system
were performed with the three models using the various 2G
CC tapes listed in Table V. Further, each thermal loss in the
HTSSM rotor was affected by the design parameters listed in
Table V. The total cooling loads of Models 1-3 were analyti-
cally estimated from 22.23 to 39.68 W, respectively, at a 24.5-K
operating temperature. Notably, thermal loss of Model 3 is the
highest one compared to other models due to the major Joule-
heating loss generated by high operating current of 630 A in
the copper current lead. For reference, [16] presented in detail
specific research on the thermal-loss estimation procedure.

Finally, we conclude that a high-capacity single-stage G-M
cryocooler is sufficient to cool down the total thermal loss of
a range 22.23–39.68 W based on Table V. To construct a CRP
system with a combined dual 1.5 MW class HTSSM, a G-M
cryocooler with a cooling capacity two times higher than the
total estimated loss is required. The Sumitomo CH-110 model
is a highly potential candidate for Models 1 and 2. This model
has a certified cooling capacity of 34.5 W at 24.5 K. Model 3
requires a larger capacity compared with Models 1 and 2.
Hence, the Cryomech AL330 model with a cooling capacity
of 52.5 W at 24.5 K is sufficient. Furthermore, we estimated
that the total required LNe cryogen ranges from 0.4 to 0.71 L,
constantly kept at 24.5 K in the cryostat according to the
different models listed in Table VI. Hence, a range of 558-996 L
of GNe is required to sufficiently liquefy the estimated amount
of LNe for stable operation of the HTS field coils.

IV. COMPARATIVE REVIEW

We have conducted a comparative analysis of each model
considering two high-cost components that hinder the suc-

TABLE VI
COMPARISON OF FABRICATION AND COOLING EXPENSES OF

THE HTS FIELD COILS FOR A 1.5-MW-CLASS HTSSM

cessful entry of HTSSM in the commercial market. When
estimating the total cost of the required 2G CC tape to fabricate
the HTS field coils, we must consider not only the unit cost or
the C-P ratio but also the amount of CC tapes. Moreover, the
C-P ratio of each CC tape varies with Ic performance relative
to the machine operating temperature and magnetic field.

To more accurately estimate the CC tape cost, we used
specific C-P ratios from the CC tape manufacturers, which
were considered under operating conditions based on the 3D
FEM simulation results of all models. The total costs of the
required CC tapes were estimated and compared, as listed in
Table VI. In the comparison, Model 3 with 2SPC requires the
least budget for the winding HTS field coil of the 1.5 MW-class
HTSSM. This model requires an estimated CC tape length of
5536 m at an approximate cost of $391,118.00, assuming a
C-P ratio cost of $93.00 /kA · m of the SCS 12050-AP-type
CC tape.

The cooling expense was also estimated using Table VI. We
assumed that the cryocooler cost per watt and the GNe cost per
liter are $1300.00/W and $5.00/L, respectively [19]. Model 1
with 3 and 4SPC is considered to require the least initial invest-
ment owing to its minimal cooling load of 22.23 and 22.7 W,
respectively. Thus, it requires investments of $30293.00 and
$31028.00 for the 3 and 4SPC cases, respectively.

Fig. 4 shows the investment-cost comparison of the HTS
field coils of the six models. Model 3 with SCS 12050-AP
type requires the least investment in terms of the manufacturing
and cooling costs. Among all models, Model 3 is commercially
acceptable for actual construction of a 1.5 MW-class HTSSM.

V. CONCLUSION

To evaluate the economic feasibility of a 1.5 MW-class
HTSSM, comparative design and analyses that consider various
commercially available 2G CC tapes were performed. The main
purpose of this research is to estimate the material costs in
fabricating and cooling the HTS field coils.
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Fig. 4. Investment cost comparison for the HTS field coils of a 1.5 MW-class
HTSSM in the six models.

From the comparison analyses of constructing a practical
1.5 MW-class HTSSM, Model 3 with SCS 12050-AP type,
especially, using 2SPC, is found to be the best candidate owing
to its economic and technical benefits in terms of manufacturing
and operating the HTS field coils.
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