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Abstract—A Flux Pump (FP) exciter injects DC current into 

the High Temperature Superconducting (HTS) field coils of an 

HTS rotating machine without a slip ring and current leads. 

When designing a large-scale HTS generator with integrated FP 

exciter, the coil inductance, field current, and time constant need 

to be optimized for better performance of the machine.  

In this paper, a 12 MW HTS wind power generator with 

integrated FP exciter was designed. The essential parameters of a 

12 MW HTS generator were optimised using the Taguchi method 

targeting the minimization of weight and volume of the generator, 

the length of HTS wire, and the inductance. Especially, the FP 

exciter was adopted for supplying DC current to the HTS field 

coils without the power supply and the slip ring. The magnetic 

field distribution was analysed using the 3D finite elements 

method. The induced DC current and charging and discharging 

times of the FP exciter were compared with the metal current 

leads for confirmation of the effectiveness of the FP exciter. The 

detailed results of the HTS generator design were discussed in 

detail. 

  

Index Terms—Coated conductor, Flux pump, HTS dynamo, 

Modularization, Superconducting generator 

 

I. INTRODUCTION 

014 WAS a record year for the wind power industry as 

annual installations crossed the 50 GW mark for the first 

time. Asia was the world’s largest regional market for wind 

energy. The Chinese wind power market almost doubled its 

capacity from 62 GW in 2011 to reach 114.6 GW by the end 

of 2014. In Japan, the market saw new installations of 130.4 

MW in 2014 to reach a cumulative capacity of 2,788.5 MW. 

Offshore wind power systems, in particular floating turbines, 

are technology that promises to achieve even greater capacity 

and is attractive in Korea and Japan. In Korea, the government 

had earlier proposed a strategy for offshore wind development 

with a target of 2.5 GW by 2019 [1]. 

High Temperature Superconducting (HTS) generators are 

suitable for large-scale wind power systems because of their 

potential for significant reductions in volume and weight and 
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an increased power density compared to conventional 

generators. Many researchers have tried to develop feasible 

HTS generator technology [2]-[7]. However, any large-scale 

HTS generator has its own set of problems such as the need 

for a huge vacuum vessel, and difficulty of repairing and 

maintaining the HTS coils. 

A modularized 12 MW-class HTS generator is designed to 

mitigate the problems mentioned above. The pole is 

structurally separated through the modularization, and a Flux 

Pump (FP) based exciter was applied for removing the power 

supply and slip-ring in this study. The FP exciter eliminates 

the heat conduction path and thus reduces the ohmic 

dissipation between the cryostat wall and the power supply. 

The targets for designing a 12 MW HTS generator are a 

smaller and lighter generator, a shorter total length of HTS 

wire, and lower inductance of the HTS field coil which affects 

charging and discharging time of induced DC field current by 

the FP exciter. A modified Taguchi method is employed to 

achieve these objectives. The magnetic field distribution is 

analysed using the 3D Finite Elements Method (FEM). Based 

on the designs of the generator and FP exciter, induced DC 

current value, together with charging and discharging times, 

are calculated. As a result, the charging and discharging times 

of 90% of saturation value are 4 days and 14.5 days which 

suggests the FP exciter can be applied to the wind turbine even 

when it stops and restarts. These results can be utilized to 

design a large-scale wind turbine. 

II. CONFIGURATION OF A 12 MW HTS GENERATOR WITH AN 

FP EXCITER 

Fig. 1 below illustrates all the parts of the modularized HTS 

generator with integrated FP exciter and detailed cross-section 

of a module. 

The HTS generator consists of both rotor parts and stator 

parts. The rotor components are HTS field coils, modularized 

cryostats and support structure, and a rotor body. The stator 

components are comprised of stator teeth, copper stator coils, 

and generator gear to rotate the FP exciter. The materials of 

the rotor body, cryostat, and stator teeth are made of stainless 

steel to prevent iron losses. The magnetic shield is silicon 

laminated steel, which is used to protect electric devices. 

The modularization of the generator enables a lower 

cryogenic volume, an easier repair, assembly, and 

maintenance of the HTS field coil. Specifically, if one HTS 

field coil fails during operation, other coils are not affected 

due to physical and electrical isolation. Modularization will be 

suitable for commercial mass production and will increase the 
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operational availability of HTS generators in the wind turbine. 

The FP exciters are applied to each module and classified 

by rotating and fixed parts as shown in Fig. 1(b). The rotating 

parts are permanent magnets, iron-shaft, iron-disk, and FP 

exciter gear at room temperature. These parts are rotated by 

interlocking gear teeth of the generator and FP exciter. The 

fixed parts include an HTS stator wire, iron-disk, iron-shaft, 

and iron-ring at low temperature. The fixed parts are located in 

the cryostat of the generator for directly connecting the HTS 

stator wire to the HTS field coil as shown in Fig. 1(c). 

Excitation is via a rotating magnetic field (provided by 

permanent magnets) rotating past the HTS stator wire. When 

the magnetic flux of the magnets penetrates the HTS stator 

wire, a DC current is induced due to quasi-DC electro motive 

force (EMF) in the HTS wire, and which in turn energizes a 

HTS field coil [8]. 

III. DESIGN OF THE 12 MW HTS GENERATOR WITH THE FP 

EXCITER 

A. Design of the Generator using the Taguchi Method 

Before using the optimal method—modified Taguchi 

method—the fundamental specifications are defined and 

presented in Table I. 

Rated output power is 12.3 MW including power losses 

such as ohmic loss, iron loss, and windage loss. The double 

pancake type HTS racetrack coils are wound using YBCO 

wire. The HTS wire is 12 mm width and 0.125 mm thick, 

including insulation. The stator winding has double-layered, 

distributed three-phase winding. 

 

 
 

Based on these specifications, the modified Taguchi method 

is used to find the optimal design of the generator. The method 

is useful in finding optimal parameters and reduces the time 

needed for simulations [9]. In this paper, the targets of the 

generator design are a smaller and lighter generator, lower 

inductance, and a shorter total length of HTS wire. The 

smaller and lighter generator can reduce the construction costs. 

The cost of the HTS generator declines by the shorter length 

of HTS wire. The inductance of the HTS field coils is related 

with the saturation time of the DC field current of the FP 

exciter. The lower inductance helps the HTS generator 

including the FP exciter reach the rated output power quickly. 

The control parameters to reach these targets are shown in 

Table II. 

The magnetic field and the size of the generator are 

significantly dictated to the output power of the generator. The 

HTS coil inductance is influenced by the magnetic field [10]. 

The control parameters in Table II adjust the magnetic field 

and the size of the generator. The variables of these control 

parameters have three levels. Therefore, the total number of 

simulations is 9 owing to orthogonal arrays in the Taguchi 

method [11]. 

One of the key features of the Taguchi method is the use of 

Signal-to-Noise (S/N) ratio to transform the performance or 

design characteristics in the optimization process. Three 

equations to calculate the S/N ratio are expressed. In this paper, 

the S/N ratios are calculated for the-smaller-the-better quality 

characteristics of the targets, as in (1). 

 

∑
n

i

iy
n

ratioSN
1

2 )
1

log(10
=

=  (1) 

 

where, y represents the values of the simulation results, and n 

is the total number of simulations. i is a type of the targets. 

 

Fig. 1. (a) Whole configuration of the modularized HTS generator (b) A side 

view of a single module with FP exciter (c) Rotating and fixed parts of the 

FP exciter, and HTS stator connection with HTS field coils 

TABLE I 
FUNDAMENTAL SPECIFICATIONS OF THE 12 MW HTS GENERATOR 

Item Value 

Rated output power 12.3 MW 

Rated line-to-line voltage 6.6 kV 

Rated armature current 1.076 kA 

Rated rotational speed 8 rpm 

Output torque 14.7 MNm 

Operating temperature 20 K 

Air-gap 30 mm 

HTS wire type YBCO 

No. of stator slots/phase/pole 2 

 TABLE II 

CONTROL PARAMETERS AND LEVELS OF THE 12 MW HTS GENERATORS 

Control parameters 
Control 

symbol 
Level 1 Level 2 Level 3 

No. of HTS field 
coil layers per pole 

A 4 6 8 

No. of HTS field 

coil turns per field 
coil layer per pole 

B 500 750 1,000 

No. of stator coil 

turns per slot 
C 20 25 30 

No. of rotor poles D 18 24 30 
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Next, total S/N ratios are estimated by using z-

standardization and weight factor as (2) and (3). 
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where, SNp is the p-th SN ratio, av(SNp) is the average of the 

SN ratio, s.d(SNp) is the standard deviation of the SN ratio, 

and ωi is the weight factor of the i-th characteristics which 

represents the relative importance of the i-th characteristics. 

Therefore, the sum of the weight factors is 1. Each of the 

factors in the targets has the same value. More detailed 

formulas and theories about the Taguchi method are presented 

in [11]. Fig. 2 shows the calculation results according to the 

control parameters of the generator. The largest value of each 

control parameter is the optimal parameter for achieving the 

targets of the HTS generator. Using the optimal parameters, 

the HTS generator is re-simulated. 

B. Design of the FP Exciter 

The FP exciter is required to operate with a considerable 

air-gap between the rotating and fixed parts due to the 

requirement to bridge the cryostat wall. Therefore, to increase 

the magnetic flux density in the HTS stator wire for inducing 

DC current in the exciter, laminated silicon steel is used in the 

exciter magnetic circuit. The iron-shafts in the rotating and 

fixed parts enhance the magnetic circuit and allow magnetic 

flux to penetrate the HTS stator wire which has 12 mm width 

and 0.125 mm thickness. 

The total diameter and the number of the permanent magnet 

poles depend on the size of module in the generator. The 

rotational speed of the exciter is calculated by considering the 

inner radius of the stator and outer radius of the exciter as 

shown in Fig. 3. 

The number of HTS stator wires is decided after confirming 

how much EMF and DC current can be induced in a single 

HTS stator wire. The dimensions of the FP exciter are shown 

in Fig. 4. 

 

 

 

IV. ANALYSIS RESULTS AND DISCUSSIONS 

A. FEM Analysis Results 

The optimal design for the generator was analysed using a 

3D FEM program. Fig. 5 illustrates the magnetic field 

distributions of the generator. The maximum and 

perpendicular magnetic fields are 9.6 T and 5.7 T at the HTS 

field coils. The DC field current is 313 A with 30% margin in 

which the current is determined by the properties of the HTS 

wire [12]. 

The magnetic flux density at the inside point of the stator 

teeth is 4.1 T, which means the iron-core is saturated. 

 
Fig. 2. Total S/N ratio of the control parameters. The largest value of total 

SN ratios at each factor is the optimal parameter. 
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Fig. 3. The rotational speed of the exciter considering the inner radius of the 

stator and the outer radius of the exciter. 

 
Fig. 4. Structure and dimensions of the FP exciter. The permanent magnets 

are located at the rotor part, and the HTS stator wires are placed at the stator 

part. 
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Fig. 5. Magnetic field distributions of 1/36 model of the 12 MW HTS 
generator. The maximum magnetic field occurs at the curve of the HTS field 
coil, and the outside of the stator teeth is not saturated. 
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However, at the outside point of the stator teeth, the density 

is not saturated at 0.73 T, which can help the magnetic flux 

flow along the core. Total loss of the generator considering 

iron loss and ohmic loss is 141 kW. Rated output voltage or 

induced EMF and current are generated as shown in Fig. 6. In 

the IEEE standard, the Total Harmonic Distortion (THD) of 

line-to-line voltage in a synchronous machine must be less 

than 5% [13], [14]. The voltage THD of 4.2% in the designed 

generator falls within the standard limit. Fig. 7 shows the 

harmonic spectrum of the output voltage in the generator. 

Total diameter and effective length of the generator are 4 m 

and 2.2 m respectively. The weight of the generator excluding 

cover and the total length of HTS wire are 118 tons and 294 

km. When the structure of the modularization and the FP 

exciter are considered, the inductance per pole is 35.7 H. 

The magnetic field distribution and magnetic flux directions 

of the FP exciter are shown in Fig. 8. The maximum magnetic 

field density of Neodymium permanent magnet (N52) is 1.4 T. 

This flux can penetrate the HTS stator wire, as confirmed by 

the simulation result. 

Based on the module size, the required number of 

permanent magnets is 11 for each FP exciter. The rotational 

speed of the exciter is 122 rpm given by the gear ratio between 

as the inner stators of the generator and the exciter. To 

calculate the pumping DC current from the exciter, we need to 

know the amplitude of the applied magnetic field on the HTS 

stator wire [8]. Therefore, the amplitudes of the maximum and 

minimum magnetic fields are illustrated in Fig. 9. The 

maximum magnetic field on the wire occurs when the 

permanent magnet is directly aligned with the centre of the 

stator wire, and the minimum magnetic field is achieved when 

the centre between adjoining magnets is directly lined up with 

the centre of the wire. The iron-loss of the fixed part at low 

temperature is 0.2 W. 

B. Estimation of Pumping DC Current 

Previous publications have demonstrated operation of FP 

exciters. In particular, the dynamic resistance (Rd) is critically 

important to operation and experimentally verified in a type-II 

superconductor with a time-varying magnetic field [8], [15], 

[16]. The equation for this resistance is given as 
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where, half the amplitude of the maximum and minimum 

magnetic field is expressed as Ba. 2a and leff are the effective 

interaction width and length of the time-varying magnetic 

 
Fig. 6. Single phase rated output voltage and current of 1/36 model of the 

generator. The generator produces three-phase electric power, and the power 
is controlled by a full-scale frequency converter which is connected to the 

generator. 

 
Fig. 7. Harmonic spectrum of the output voltage in the generator. The 
frequency of the generator is 1.2 Hz in which the number of the poles is 18 

and the rotational speed is 8 rpm. 

 
Fig. 8. Magnetic field distributions of the FP exciter. The magnetic flux of all  

magnets are in the same direction. 

1.4 T

1.26 T

1.12 T

0.98 T

0.84 T

0.70 T

0.56 T

0.42T

0.28T

0.14T

0T

-0.14T

-0.28T

Permanent magnet (N52)

Max. magnetic field 1.4 T

Rotor part

Stator part

HTS stator wire

 
Fig. 9. Magnetic flux density wave depending on rotational angle of the 

permanent magnets at the HTS stator wire. 
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field on the wire. Ico and Bo are the parameters from the Kim 

model [17]. Bth is the threshold magnetic field [18]. 

The key parameters for calculating DC current are open-

circuit DC voltage (Voc) or EMF, dynamic resistance, joint 

resistances for connecting HTS stator wire to the HTS field 

coil, and inductance (L) of the HTS field coil. In this paper, 

joint resistance (RJ) of each connection is given as 1 μΩ. The 

open-circuit DC voltage on the wire is generated by the 

magnets as in Fig. 10(a), and it is integrated via the inductance 

of the connected HTS field coil. Therefore, the pumping DC 

current can be estimated as, 
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where, R is the sum of Rd and RJ. Fig. 10(b) shows the 

charging and discharging time of the pumping DC current 

when the HTS stator wire is connected with the field coil. In 

the case of charging time, the time constant considers L and R. 

However, the discharging time considers just L and RJ because 

rotation has stopped, which means Rd does not occur. The 

combination of HTS stator wires means that the wires are 

connected in series or parallel, and the pumping DC current is 

reached to the DC field current of the generator. In this paper, 

the parallel of 6 and the series of 10 are connected between the 

exciter and HTS field coil. The charging and discharging 

times with the combination of 90% of saturation value are 4 

days and 14.5 days. In case of metal current leads, the 

charging and discharging times of the leads are 3 days and 4 

hours. 

When the generators with FP exciter and without FP exciter 

(with the current leads) are compared, the starting times to 

generate the power are almost the same. If the generator is 

stopped for 4 days, the DC current of the generator with FP 

exciter is not discharged to 0. However, in the case of the 

metal current leads, the DC current is discharged for 4 days. It 

means that the wind turbine with the current leads requires 3 

days for recharging the DC field current. 

Total loss of the module with the FP exciter is 25.2 

W/module. In the case of the metal current leads, the loss is 

27.5 W/module. Therefore, the total loss of the modules with 

FP exciter is 41.4 W/18 modules which is much lower than the 

loss of the modules without FP exciter. 

V. CONCLUSIONS 

In this paper, the design parameters of a 12 MW HTS wind 

power generator including a flux pump exciter have been 

proposed. 

As a result, the volume and weight of the 12 MW HTS 

generator, the total length of HTS wire, and inductance per 

pole are 11.2 m3, 118 tons, 294 km, and 35.7 H, respectively. 

Therefore, the generator weight is approximately half that of a 

conventional generator. The charging and discharging times of 

the generator with FP exciter are 4 days and 14.5 days, 

respectively. Whereas the generator with metal current leads 

are 3 days and 4 hours for charging and discharging. In the 

case of the metal current leads, the DC current is discharged 

for 4 days. It means that the generator with the current leads 

requires 3 more days for recharging the DC current again. 

Therefore, the FP exciter is possibly applied to wind turbines 

for not only extending discharging time but also removing 

power supply. The results will be effectively utilized to design 

large-scale HTS wind power generators with FP exciters. 
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