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1. INTRODUCTION  
 

Wound Field Synchronous Motor (WFSM) is widely 

used for electric machine applications because of its wide 

operation range by double excitation of armature and field 

winding, and a lot of research have been investigated for 

enhancing power density and efficiency [1-3]. However, in 

case of the copper field winding, there is a limit to achieve 

high efficiency due to the ohmic loss of copper wire. Thus 

high temperature superconducting (HTS) synchronous 

motor, which has the great advantages of compactness and 

high efficiency, has been considered as a new alternative. 

So far, HTS synchronous motors were mainly designed in 

MW-class application to reduce the size and increase its 

performance [4-5].  

Most designs and demonstrations of HTS synchronous 

motor consists of HTS racetrack coils for DC field winding 

on the rotor and copper coils for AC armature winding on 

the stator. Furthermore, their topology can be classified 

into the air-cored type and the iron-cored type according to 

the use of iron-cores. Due to the high permeability value 

of iron, in general, the use of an iron core has the advantage 

of reducing the HTS wire consumption. Nevertheless, in 

the MW-class motors, as well as a weight issue caused by 

a large use of iron, due to a high value of the magnetic field 

making excessive iron-core saturation which consequently 

causes loss and heat generation, the air-cored topology is 

commonly used [4-13]. On the other hand, in the tens  

or few kW- class motors of which the required magnetic 

field is relatively small, some designs using iron cores have 

been presented [14-15]. However, for intermediate class 

HTS motors ranged around hundreds of kW, there are few 

studies on which topology is more advantageous.  

In this paper, to compare the characteristics of air-cored 

and iron-cored models in the 100 kW class, that can be 

thought of as an intermediate class, 100 kW air-cored HTS 

synchronous motor was designed through parameter sweep 

approach combined with Spatial Harmonics Method. 

Based on the air-cored model, the iron-cored model which 

had the same output power was designed for comparison. 

Then characteristics comparison was performed through 

the Finite Elements Method (FEM) simulation. 

 

 

2. DESIGN OF AIR-CORED AND IRON-CORED 

MODELS  
 

2.1. Analytic Field Calculation by Spatial Harmonic 

Method 

In the case of air-cored synchronous motor, the simple 

motor structure makes it possible to calculate field 

analytically by Spatial Harmonic Method [16]. Therefore, 

the analytic method was employed to design the air-cored 

motor for reducing calculation time in this study. 

Armature and field winding can be approximated by the 

equivalent current sheet obtained through the Fourier series 

expansion in the cylindrical coordinate. In a stationary 

situation, the azimuthal distribution of equivalent current 

sheet for armature winding is given as (2) where 𝑚 , 
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𝑁𝑎, 𝐼𝑎 , 𝑟𝑎 , and 𝑛 are the number of phases, the number of  

turns per phase, the armature current RMS value, the radius 

to the armature coil and the harmonic order, respectively. 

𝑘𝑤𝑛 is the nth harmonic winding factor for considering the 

spatial distribution of the phase winding [17]. The 

azimuthal current distribution of HTS field winding can be 

expressed as (4) where 𝑁𝑓 , 𝐼𝑓 , and 𝑟𝑓  are the number of 

field coil turns, the DC field current and the radius of field 

coil, respectively. 𝜃1 and 𝜃2 are arc angle of the azimuthal 

width of the coil cross-section and arc angle of the inner 

diameter of the winding, respectively, as shown in Fig. 1.  
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In cylindrical coordinate, field governing equation 

satisfied at the region in which the current source does not 

exist is given as (5) where 𝐴𝑧 is an axial component of the 

magnetic vector potential. The Fourier series of equivalent 

current sheets demonstrated above are used to solve 

equation (5) as boundary conditions, and magnetic flux 

density values of radial and azimuthal direction are 

calculated by (6). Furthermore, the accuracy of field 

calculation can be improved by considering each coil as a 

set of multiple line currents and using superposition [8].  
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2.2. Critical Current Calculation Considering Angular 

Dependency of REBCO Tapes                      

 Due to the anisotropic property of REBCO tapes, the 

critical current density (𝐽𝑐) depends on the magnetic flux 

density angle with respect to the c-axis of REBCO tapes 

(𝜃) as well as magnitude (|𝐵|) [18]. The 𝐽𝑐  is minimum 

when the magnetic field is parallel to the c-axis of tapes 

and maximum when the magnetic field is perpendicular at 

a certain temperature and field magnitude. Thus the 

𝐽𝑐(|𝐵|, 𝜃) data at the operating temperature is required for 

calculating critical current and, in this paper, the measured 

data and the practical fit function formulated by other 

groups are used [19-20]. Through the analytic field 

calculation described in section 2.1, the field distribution 

can be obtained for a particular design parameter set in the 

air-cored motor. So it is possible to consider radial and 

azimuthal magnetic flux density at the field coil, then the 

𝐽𝑐  value at each point of the HTS field coil can be 

calculated. Finally, the total HTS field coil 𝐽𝑐 is determined 

by the minimum value of 𝐽𝑐  distribution at the field coil. 

 

 
Fig. 1. 2D-schematic of the air-cored HTS racetrack coil of 

the one pole: 𝑟𝑓𝑜 , 𝑟𝑓𝑖 , 𝜃1, and 𝜃2 are the outer radius of field 

coil, the inner radius of field coil, the arc angle of the 

azimuthal width of the coil cross-section and the arc angle 

of the inner diameter of the winding, respectively.  

 

 
Fig. 2. Radial field plot for verification of analytic 

calculation. Each field is calculated at the center azimuthal 

line of each location: (a) 𝐵𝑟  at the airgap; (b) 𝐵𝑟  at the field 

winding; (c) 𝐵𝑟  at the armature winding. 
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2.3. Design Parameter Selection by Parameter Sweep    
TABLE Ⅰ 

INITIAL FIXED PARAMETERS. 

 
Based on analytic field calculation and 𝐽𝑐 evaluation, an 

in-house MATLAB code was implemented using a 

parameter sweep approach, and analytic field calculation 

of the code is compared with FEM for verification. The 

difference between the two methods was negligible as 

shown in Fig. 2.  

Before parameter sweep for air-cored motor design, the 

initial fixed parameters were set and their values are 

summarized in Table Ⅰ. Then 𝑟𝑓𝑜, 𝑟𝑓𝑖 , 𝜃1, and 𝜃2 which are 

illustrated in Fig.1 were assigned as input design variables. 

From the design variables, specifications of the racetrack 

coil are determined considering the width and thickness of 

the REBCO tape. For each input parameter set, a certain 

DC field current value to satisfy required airgap flux 

density for given output power can be determined using the 

equation expressed as (7) where 𝑛𝑠𝑦𝑛,  𝑘𝑤1, 𝐴, �̂�, 𝑙, and 𝐷 

are synchronous rotating speed, fundamental harmonic 

winding factor, linear current density of armature, peak 

value of fundamental airgap flux density, axial length and 

diameter of airgap, respectively [17]. And the computed 

DC current value is defined as the operating current value. 

From all of the parameter sets, any set that had an operating 

current value, which was higher than 70 % of the critical 

current value, was eliminated for sufficient current margin 

considering the stability of HTS coils against vibration and 

harmonic field components. The remaining parameter 

sweep results and the selected parameter set marked as a 

red circle are shown in Fig. 3. 

 

𝑆 =
𝜋2

√2
𝑛𝑠𝑦𝑛𝑘𝑤1𝐴�̂�𝑙𝐷2                                                        (7) 

    

 Among the parameter sweep results, one parameter set 

is selected to reduce both Total Harmonic Distortion (THD) 

of the radial field at the airgap and total HTS tape length. 

The specifications of the racetrack coil determined by 

selected design variables are 1) field coil outer radius of 

93.1 mm, 2) coil width of 25.4 mm, 3) winding inner 

diameter of 11.9 mm, and 4) winding layer of 1 layer.  

 

2.4. Design of Iron-cored Model Based on the Air-cored 

Model 

 Based on the air-cored model of which design 

parameters were selected in the previous section, the iron-

cored model having the same output power was designed 

for characteristics comparison. The used core material is 

50PN700 electric steel of which relative permeability is 

4032 at the linear region of BH-curve. Due to the complex 

structure of iron cores, instead of the analytic field  

 
 

Fig. 3. Parameter sweep result scatter plot: Each scattered 

point represents a parameter set that satisfies the design 

constraint, and one which is in the red circle is selected 

design.     

 
TABLE Ⅱ 

DESIGN SPECIFICATIONS OF AIR-CORED AND IRON-CORED HTS 

SYNCHRONOUS MOTORS. 

 
 

calculation, the 2-D FEM was used for modeling of the 

iron-cored motor. Stator outer diameter, axial length, 

armature current, and the number of poles, slots, and 

phases of the iron-cored model are identical with those of 

the air-cored model. To reduce the core saturation of the 

iron-cored model, the inner winding diameter of HTS field 

coils is designed to be relatively large compared to that of 

the air-cored model. The shapes of rotor pole shoes and 

stator teeth are modeled as conventional shapes of WFSM 

[21]. The detailed specifications of the two models are 

summarized in Table Ⅱ. 
 

 

3. CHARACTERISTICS COMPARISON  

 

For an accurate comparison, each characteristic is 

obtained from the 2-D FEM simulation. The air-cored and 

iron-cored motors modeled by 2-D FEM are shown in Fig. 

4. Because of the considerable difference of permeability 
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values between air and iron core, the flux path and the 

magnetic field of the iron-cored motor are contrasted with 

those of the air-cored motor. The peak |𝐵| values at the 

field coil were calculated to be 1.73 T for air-cored motor 

and 0.36 T for the iron-cored motor. Compared with air-

cored MW-class design from the reference having peak |𝐵| 
value at the field coil as 4.13 T [8], peak |𝐵| of the 100 kW 

motor is relatively small. It explains that an excessive 

saturation does not occur at the overall core area when iron 

cores are used in our 100 kW motor design. 

 

 
Fig. 4. 2D 1/3  FEM models of designed air-cored and iron-

cored motors: (a) air-cored motor; (b) iron-cored motor. 

Magnetic field distribution and its flux line when the phase 

current advanced angle is 0° are shown as a colored map.  

 

 
Fig. 5. |𝐵|, 𝜃, and 𝐽𝑐 distributions of the air-cored motor: (a) 
|𝐵| ; (b) 𝜃 ; (c) 𝐽𝑐 . Axis label X and Y represents the 

distance in the perpendicular and parallel to the c-axis, 

which are defined as shown in Fig. 7.   

 

 
Fig. 6. |𝐵|, 𝜃, and 𝐽𝑐 distributions of the iron-cored motor: 

(a) |𝐵|; (b) 𝜃; (c) 𝐽𝑐. 

 
Fig. 7. 2-D schematics for HTS racetrack coils: (a) air-

cored; (b) iron-cored. |𝐵| and 𝜃𝑐 represent field magnitude 

and angle with respect to the c-axis of HTS tape. The xy-

coordinate indicates the direction of the axes of Fig. 5 and 

Fig. 6.    

 

3.1. Comparison of field distribution and 𝐼𝑐  estimation at 

the field winding   

For considering 𝐽𝑐(|𝐵|, 𝜃), magnetic field magnitude 

and angle with respect to the c-axis of HTS tape were 

calculated by the FEM, and 𝐽𝑐  distributions could be 

obtained by 𝐽𝑐(|𝐵|, 𝜃) information. Fig. 5 and Fig.6 show 

the |𝐵|, 𝜃, and 𝐽𝑐 distributions at the HTS field coil for air-

cored and iron-cored motor, respectively. The orientations 

of each value are shown as a 2-D schematic in Fig. 7. In 

the case of the air-cored model, |𝐵| and 𝜃 are calculated to 

be 1.06 T and 13.6°  at the point where the 𝐽𝑐  value is 

minimum, respectively. On the other hand, each value is 

obtained as 0.31 T and 5.67 °  in the iron-cored model, 

respectively. It can be confirmed that the position at which 

the 𝐽𝑐  value of racetrack coil is determined is the point 

where the flux is going out or entering into the coil, i.e. top 

or bottom of racetrack coil.  

Considering 𝐽𝑐  distributions and specifications of the 

REBCO tape used in our motor design, the minimum 

critical current ( 𝐼𝑐)  value of air-cored and iron-cored 

models are calculated to be 271 A and 402 A, respectively. 

The 𝐼𝑐 of iron-cored model increases by 47 % compared to 

the air-cored model due to the lower |𝐵| value.  

 

3.2. Comparison of total HTS wire length  

A total HTS wire length of racetrack field coil depends 

on a winding inner diameter, a number of winding turns, 

and an axial length of the motor. The values of these 

parameters are listed in Table Ⅱ. The total HTS wire 

lengths of the two models are calculated to be 815.6 m and 

95.3 m. From this, it can be seen that the use of iron cores 

can reduce wire consumption by 88.3 %. Considering the 

high price of HTS wire, low wire consumption can be an 

advantage in the economic feasibility of an HTS motor. 

 

3.3. Comparison of torque characteristic 

One of the causes of the torque ripple is harmonic 

components of airgap flux density [22]. To comparing 

torque ripple characteristics, airgap flux density harmonics 

are analyzed by Fast Fourier Transform (FFT) and 

represented in Fig. 8. The Total Harmonic Distortions 

(THD) are computed at 27.6 % and 43.9 %, respectively. 

Fig. 9 shows the torque plot of the FEM simulations and 

represents that the torque ripple values of the two models 

are 4.0 % and 8.5 %, respectively. Since the output power  
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Fig. 8. Airgap flux density harmonic coefficients: THDs of 

air-cored and iron-cored motors are 27.6 % and 43.9 %, 

respectively.  

 

of each motor is the same, the airgap field fundamental 

harmonic coefficient of 0.78 T and average torque of 318 

Nm at the rated speed of 3000 rpm are identical for both 

motors. 
 
 

4. DISCUSSION 

  

Due to the permeability value of iron cores, which is 

about 4000 times larger than that of the air, the required 

Magneto-motive Force (MMF) of the HTS field winding 

was 1818 A ∙ turns for the iron-cored motor but 45452 A ∙
turns  for the air-cored motor to generate equal average 

torque. Besides, low field magnitude at the racetrack coil 

resulting from low MMF value increases the minimum 

𝐼𝑐  value, and that enables 𝐼𝑜𝑝  to be raised. As a result, the 

total HTS wire length of iron-cored model is reduced to 

about tenth compared with that of the air-cored motor. 

However, the torque ripple of the iron-cored motor is 

comparatively larger due to the higher airgap field THD 

caused by the effect of our designed iron-cored stator teeth.  

 

 

5. CONCLUSION 
  

For characteristics comparison of the air-cored and the 

iron-cored HTS synchronous motors, 100 kW air-cored 

and iron-cored motors were designed and compared by 

FEM simulation results. From the field distribution at the 

HTS field coil, 𝐽𝑐 distribution was estimated and it can be 

confirmed that minimum 𝐽𝑐  value of iron-cored motor is 

larger than that of the air-cored motor. Also, total HTS 

consumption could be reduced by using iron-core through 

enabling 𝐼𝑜𝑝 to be raised and higher permeability value of 

iron cores. In the case of the 100 kW class motor, the local 

saturation occurs in designed iron-cored motor, but not 

excessive saturation, which could be a significant problem 

of using iron cores in the MW-class. Thus, this study 

confirmed that it is reasonable to use iron-cores as a 

method of reducing HTS wire consumption in the 100 kW 

HTS synchronous motor. However, the torque ripple of the 

iron-cored motor increased due to the airgap field 

harmonic components. So, there is a disadvantage in terms 

of the vibration and the acoustic noise for an iron-cored 

motor.  Through  the  future  work  including  a  shape  

 
Fig. 9. Torque plot of the two models: The torque ripples 

of the air-cored and iron-cored models are calculated to be 

4.0 % and 8.5 %, respectively. 

 

optimization of stator teeth and rotor pole shoes, the torque 

ripple of the iron-cored motor is expected to be reduced. 
 

 

ACKNOWLEDGMENT  

 

This work was supported by the National Research 

Foundation of Korea (NRF) grant funded by the Korea 

government (MSIT) (No. 2018R1A2B3009249). It was 

also supported by the BK 21 Plus Project in 2019 

 

 

REFERENCES  

 
[1] H. Park and M. Lim, “Design of High Power Density and High 

Efficiency Wound-Field Synchronous Motor for Electric Vehicle 
Traction,” IEEE Access, vol. 7, pp. 46677-46685, 2019. 

[2] S. Hwang, J. Sim, J. Hong, and J. Lee, “Torque Improvement of 
Wound Field Synchronous Motor for Electric Vehicle by PM-Assist,” 
IEEE Trans. Ind. Appl., vol. 54, no. 4, pp. 3252-3259, 2018. 

[3] W. Chai, W. Zhao, and B. Kwon, “Optimal Design of Wound Field 
Synchronous Reluctance Machines to Improve Torque by Increasing 
the Saliency Ratio,” IEEE Trans. Magn., vol. 53, no. 11, pp. 1-4, 
2017. 

[4] Q. Ali, T. A. Lipo, and B. Kwon, “Design and Analysis of a Novel 
Brushless Wound Rotor Synchronous Machine,” IEEE Trans. Magn., 
vol. 51, no. 11, pp. 1-4, 2015. 

[5] M. Lim and J. Hong, “Design of High Efficiency Wound Field 
Synchronous Machine With Winding Connection Change Method,” 
IEEE Trans. Energy Conv., vol. 33, no. 4, pp. 1978-1987, 2018. 

[6] G. Snitchler, B. Gamble, and S. S. Kalsi, “The performance of a 5 
MW high temperature superconductor ship propulsion motor,” IEEE 
Trans. Appl. Supercond., vol. 15, no. 2, pp. 2206–2209, 2005. 

[7] K. S. Haran, S. Kalsi, T. Arndt, H. Karmaker, R. Badcock, B. 
Buckley, T. Haugan, M. Izumi, D. Loder, and J. W. Bray, “High 
power density superconducting rotating machines—Development 
status and technology roadmap,” Supercond. Sci. Technol., vol. 30, 
no. 12, p. 123002, 2017. 

[8] U. Bong, S. An, J. Voccio, J. Kim, J. T. Lee, J. Lee, K. J. Han, H. 
Lee, and S. Hahn, "A Design Study on 40 MW Synchronous Motor 
With No-Insulation HTS Field Winding," IEEE Trans. Appl. 
Supercond., vol. 29, no. 5, pp. 1-6, 2019. 

[9] K. Umemoto, K. Aizawa, M. Yokoyama, K. Yoshikawa, Y. Kimura, 
M. Izumi, K. Ohashi, M. Numano, K. Okumura, and M. Yamaguchi, 
“Development of 1 MW-class HTS motor for podded ship propulsion 
system,” Proc. J. Phys. Conf. Ser., vol. 234, no. 3. p. 032060, 2010. 

[10] S. Fukui, T. Kawai, M. Takahashi, J. Ogawa, T. Oka, T. Sato, and O. 
Tsukamoto, “Numerical study of optimization design of high 
temperature superconducting field winding in 20 MW synchronous 
motor for ship propulsion,” IEEE Trans. Appl. Supercond., vol. 22, 
no. 3, pp. 5200504-5200504, 2012. 

[11] H. Moon, Y. Kim, H. Park, M. Park and I. Yu, “Development of a 
MW-Class 2G HTS Ship Propulsion Motor,” IEEE Trans. Appl. 
Supercond., vol. 26, no. 4, pp. 1-5, 2016. 

42



 
Jonghoon Yoon, Uijong Bong, Soobin An, and Seungyong Hahn  

 

 

[12] H. Moon, Y. C. Kim, H. J. Park, I. K. Yu, and M Park, “An 

introduction to the design and fabrication progress of a megawatt 

class 2G HTS motor for the ship propulsion application,” Supercond. 
Sci. and Technol., vol. 29, no. 3, 2016. 

[13] S. S. Kalsi, B. B. Gamble, G. Snitchler and S. O. Ige, "The status of 

HTS ship propulsion motor developments," Proc. 2006 IEEE PES, 
Montreal, Que., pp. 1-5, 2006. 

[14] M. Iwakuma, A. Tomioka, M. Konno, Y. Hase, T. Satou, Y. Iijima, 

T. Saitoh, Y. Yamada, T. Izumi, and Y. Shiohara, "Development of 
a 15 kW Motor With a Fixed YBCO Superconducting Field 

Winding," IEEE Trans. Appl. Supercond., vol. 17, no. 2, pp. 1607-
1610, 2007. 

[15] J. H. Kim, C. J. Hyeon, H. L. Quach, S. H. Chae, J. Lee, H. Jeon, S. 

Han, T. K. Ko, Y. S. Yoon, H. W. Kim, Y. S. Jo, and H. M. Kim, 
"Characteristic Analysis of a 1-kW-Class HTS Motor Considering 

Armature Current Information," IEEE Trans. Appl. Supercond., vol. 

28, no. 4, pp. 1-5, 2018. 
[16]  D. Hu, J. Zou, T. J. Flack, X. Xu, H. Feng, and M. D. Ainslie, 

“Analysis of fields in an air-cored superconducting synchronous 

motor with an HTS racetrack field winding,” arXiv preprint 
arXiv:1305.3815, 2013. 

 

[17] J. Pyrhonen, Tapan Jokinen, Valeria Hrabovcova, Design of 

Rotating Electrical Machines 2nd ed., Wiley, 2013. 

[18] C. Senatore, C. Barth, M. Bonura, M. Kulich and G. Mondonico, 
"Field and temperature scaling of the critical current density in 

commercial REBCO coated conductors," Supercond. Sci. Technol., 

vol. 29, no. 1, p. 014002, 2015. 
[19] S. Wimbush and N. Strickland. (2017) Critical current 

characterization of SuNAM SAN04200 2G HTS wire. [Online]. 

Available: https://doi.org/10.6084/m9.figshare.5182354.v1 
[20] D. K. Hilton, A. V. Gavrilin, and U. P. Trociewitz, "Practical fit 

functions for transport critical current versus field magnitude and 
angle data from (RE) BCO coated conductors at fixed low 

temperatures and in high magnetic fields," Supercond. Sci. Technol., 

vol. 28, no. 7, p. 074002, 2015. 
[21] M. L. Bash and S. D. Pekarek, "Modeling of Salient-Pole Wound-

Rotor Synchronous Machines for Population-Based Design," IEEE 

Trans. Energy Conv., vol. 26, no. 2, pp. 381-392, 2011. 
[22] R. Islam, I. Husain, A. Fardoun and K. McLaughlin, "Permanent 

Magnet Synchronous Motor Magnet Designs with Skewing for 

Torque Ripple and Cogging Torque Reduction," Proc. 2007 IEEE 
IAS, New Orleans, LA, pp. 1552-1559, 2007. 

 

 

43


