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An Approach of Optimal Design of HTS Synchronous
Motor Using Genetic Algorithm
Sang-Il Han, Itsuya Muta, Tsutomu Hoshino, and Taketsune Nakamura

Abstract—This paper describes an optimal design of 100 HP, 4
pole, 1800 rpm High Temperature Superconducting (HTS) syn-
chronous motor in terms of energy efficiency and downsizing, i.e.,
specific power density. Bi-2223/Ag multifilamentary tape is used
as a material of HTS field coil. Design variables and constraints
are appropriately set up in consideration of electromagnetic
characteristics. Size of the rotor and the stator is calculated with
fundamental expressions based on the two-dimensional electro-
magnetic analysis. As an optimization technique to obtain the
dimension of optimal specific power density or energy efficiency
of the HTS motor, genetic algorithm (GA) which is well-known
as aglobal optimal technique modeled on the concept of natural
selection and evolution has been used. Electrical characteristics
such as efficiency and V-curve for the HTS motor optimally
designed are also investigated.

Index Terms—Bi-2223/Ag HTS tape, energy efficiency, HTS syn-
chronous motor, optimal design, specific power density.

I. INTRODUCTION

I N RECENT TIMES, the HTS synchronous motors have at-
tracted the attention because of their economical advantage

as well as high efficiency, small size, and light weight compared
to the conventional motors.

Significant advances in the development of HTS wire have
made it possible that the commercialization of the HTS motors
at power ratings much lower than can be considered in Low
Temperature Superconducting (LTS) motors are economically
feasible. These potential benefits are expected to introduce them
into marine transportation systems such as naval and commer-
cial ship propulsion, where size and weight are important for
design flexibility, as well as industrial systems such as steel
milling, pulp processing and chemical gas refining [1]–[3].

In this paper, as a part of the 21st Century Frontier R&D Pro-
gram of Korea, an optimal design of HTS synchronous motor
of 3-phase, 4-pole, 100 HP capacity is dealt with based on the
fundamental expressions of electromagnetic field [4]–[6]. For
the optimal design of HTS synchronous motor, the GA that is a
global optimization technique based on evolutionary computing
techniques is utilized.

The HTS motor is designed in order to optimize energy effi-
ciency and specific power density, and actually loss and volume
are evaluated as specified objectives. Several design variables
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Fig. 1. Schematic cross section view of HTS motor.

and constraints are appropriately given in consideration of elec-
tromagnetic characteristics of the HTS motor as well as mate-
rial properties and manufactural restriction of each component.
Electrical characteristics of the HTS motor using design specifi-
cations and results are investigated. In consequence, the design
method used in this paper would clarify to be effective and rea-
sonable to optimize energy efficiency and specific power den-
sity of the HTS motor, and aid the optimal design process of the
HTS motor.

II. BASIC STRUCTURE OF HTS MOTOR

A. Rotor Structure

Fig. 1 shows schematic cross section of the HTS motor. The
rotor includes HTS field coil, supporting cylinder, vessel, cold
damper shield and room temperature damper shield. The stator
consists of air-cored armature coil and magnetic shield.

The HTS field coil is composed of double pancake coil wound
with Bi-2223/Ag multifilamentary tape, and it also consists of
racetrack type. In the design of the HTS field coil operated at
about 30 K, the operating current of the HTS field coils is de-
termined on the basis of the load characteristic given by design
specifications of the HTS field coil and characteristic of
a short sample of HTS tape conductor [5], [7]. The HTS tape
has anisotropic characteristics, i.e., more sensitive to magnetic
field applied perpendicular to the tape surface than to the
magnetic field parallel to the tape surface .

Therefore, in this paper, only load characteristic of magnetic
field perpendicular to the tape surface is considered to assure
higher stability in design of the HTS field coil. Fig. 2 shows
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Fig. 2. Relative critical current in magnetic field applied perpendicular to the
tape surface.

variation of relative critical current to magnetic field applied
perpendicular to the tape surface [8].

Both the cold damper shield and the room temperature
damper shield are composed of outer conductive layer and
inner support layer, respectively. The cold damper shield serves
to reduce radiation heat from the outside and low-frequency
asynchronous magnetic field caused by the armature coil. The
room temperature damper shield serves to decrease mechanical
rotor fluctuation and high-frequency asynchronous magnetic
field. The vacuum spaces between the vessel and the cold
damper shield, and between the cold damper shield and the
room temperature damper shield are installed as the measure
to shield heat conduction.

B. Stator Structure

The armature coil is inserted into slots of nonmagnetic Glass
Fiber Reinforced Plastic (GFRP), which supports the armature
coil against large electromagnetic force and is used instead of
iron core because iron core is subject to saturation by large mag-
netic flux generated from the HTS field coil. The armature coil
is composed of transposed strand conductors and some cooling
channels to reduce resistive and eddy current losses. The mag-
netic shield placed in the most exterior of the stator prevents
magnetic field from being leaked to the outside. The magnetic
shield also increases inner magnetic flux and shapes sinusoidal
magnetic flux distribution. In design of the magnetic shield, its
thickness should be determined not to be saturated by tangential
flux density.

III. OPTIMAL DESIGN

A. Optimization Technique

To optimize energy efficiency and specific power density of
the HTS motor, the GA is utilized as an optimization technique.
The GA is a well-known global optimization method based on
the natural evolutionary theory such as selection and survival
of the fittest. Many works using the GA have proved that it is
well suited for various optimization problems and it provides
relatively fast convergence less subject to be trapped in local
optima [9]–[13]. The optimization procedure is follows: first,

TABLE I
DESIGN SPECIFICATION OF HTS MOTOR

a initial population that consists of a set of design variables is
randomly made, and using genetic operator such as selection,
crossover, mutation and reproduction, a new one is remade, and
then the objective function is evaluated. This procedure is con-
tinued until the termination criterion (i.e., generation number,
which is here set up as 20 000) is satisfied [9]. Here, the real
coding representation to represent design variables is utilized
for the design of HTS motor. The crossover is applied by the
direction-based crossover that uses the values of objective func-
tion in determining the direction of genetic search. The nonuni-
form mutation is introduced as the method of mutation and it
is designed for fine-tuning capabilities aimed at achieving high
precision [9], [11], [12]. The possibility of crossover and muta-
tion is fixed as 0.5 and 0.1, respectively.

B. Application to Design of HTS Motor

In the optimization problem of energy efficiency and specific
power density of the HTS motor, as the first step, its loss and
volume are actually minimized as objective function, respec-
tively, subject to some constraints using the GA [11], [12]. At
the second step, in order to find an appropriate design value be-
tween the two objective functions, a multiobjective optimization
technique of weighted min-max approach as well as the GA is
utilized [11], [12]. Specifications for the optimal design of the
HTS motor are shown in Table I.

Design variables are defined as follows: Mean radius of the
HTS field coil , thickness of the HTS field coil , inner radius
of the magnetic shield , thickness of the air-gap armature
coil and air-gap length between the rotor and the stator .
The size of components related to mechanical characteristics
such as vessel, damper supports and vacuum layers is fixed as
appropriate values to have enough strength.

Constraints are given considering manufactural restrictions
and material properties on the basis of electrical characteristics,
that is, two values of inner radius of the stator and magnetic
field density of the HTS field coil , respectively, obtained
from the fundamental expression equations are set up to satisfy
an allowable deviation value. Besides, equivalent end length of
the armature coil and magnetic flux density of the armature
coil are settled to satisfy required value, respectively [11],
[12]. For the purpose of high energy efficiency and downsizing,
loss and volume of the HTS motor are minimized as objective
functions, respectively. Except loss of refrigerator, total loss of
the HTS motor mainly consists of copper loss of the armature
coil, iron loss of the magnetic shield, mechanical loss, stray load
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TABLE II
DESIGN RESULTS OF HTS MOTOR

loss and eddy current loss of the armature coil [11], [12]. The
other objective function, volume can be simply represented with
outer diameter of the magnetic shield and length of the
magnetic shield [11], [12].

IV. RESULTS AND DISCUSSIONS

A. Design Results

Design results obtained by minimizing loss and volume of the
HTS motor for optimization of energy efficiency and specific
power density using the GA are shown in Table II, compared to
those of conceptional design [5]. As shown in Table II, the radial
size of the rotor in design results for volume (i.e., specific power
density) optimization (A case) is larger than that of loss (i.e.,
energy efficiency) optimization (B case). On the other hand, the
axial length of the rotor in the former is shorter than that in the
latter. In order words, two objective functions come into conflict
with each other dimensionally.

Therefore, to find the compromise design value, multiob-
jective optimization is carried out using weighed min-max

Fig. 3. Variation of efficiency versus output power at rated load (1:0 p:u: =
100 HP).

Fig. 4. Variation of efficiency versus output power at partial load (1:0 p:u: =
100 HP).

approach, in which ideal solutions of loss and volume are given
as the optimums of loss and volume and weighted coefficients
are given for loss and volume to have equal importance, i.e.,
0.5 and 0.5, respectively. The compromise design values (C
case) are shown in Table II.

B. Characteristics of HTS Motor

Using electrical parameters given from design results of the
HTS motor as well as design specifications, its characteristics
are investigated as follows:

1) Characteristics of Efficiency: For the HTS motor with
dimensions obtained by volume optimization, loss opti-
mization and optimization of volume and loss (A, B, and
C cases), variation of efficiency to output power is shown
in Fig. 3, respectively. Maximum efficiency for all cases
is at overload point of output power as shown in Fig. 3.

Based on the dimensions and parameters obtained by
optimal efficiency design of the HTS motor at some par-
tial loads of output power (70, 80 and 90%), relationship
between efficiency and output power is shown in Fig. 4.
Efficiency of the HTS motor designed at partial loads is
a little higher than those at full load until rated output
power.

2) Characteristics of V-Curve: V-curve means relationship
between field current and armature current. For output
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Fig. 5. Variation of armature current versus field current at some load
(1:0 p:u: = 100 HP).

power from no-load to 300%, variation of armature cur-
rent versus field current is shown in Fig. 5. Generally, sat-
uration of the stator core occurs in conventional motor.
However, because the stator core of the HTS motor is
made of nonmagnetic materials, the saturation effect does
not appear and armature current against field current in-
creases linearly.

V. CONCLUSIONS

In this paper, the optimal design of the HTS motor based on
theoretical electromagnetic analysis has been carried out. Spe-
cific power density and energy efficiency of the HTS motor
have been optimized using the GA, respectively, subject to sev-
eral constraints. The optimal design of energy efficiency has re-
sulted in smaller radius and longer axis length in the dimen-
sion than those of specific power density. Also, the multiobjec-
tive optimal design taking into account both energy efficiency
and specific power density has come to the compromise design
values. It has been implemented by using weighted min-max ap-
proach. To evaluate electrical characteristics of the HTS motor
designed optimally, the characteristics such as efficiency and
V-curve have been investigated.

As a result, through the results obtained by optimal design
method used in this paper and investigations of electrical char-
acteristics, it would be clarified that such a design method is
useful and suitable for optimal design of the HTS motor.
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