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1. INTRODUCTION   
 

 
The rotor structure for a 1-kW-class high-temperature 

superconducting rotating machine (HTSRM) was 
conceptually designed and analyzed in this study to 
develop a novel concept for HTSRM. This novel idea 
introduces a HTS contactless rotary excitation device 
(CRED), which is often called “rotary-type flux pump,” 
using the thermally or magnetically triggered 
superconducting switches. The flux pump is operated by 
transferring the externally applied magnetic field into the 
superconducting coil circuit by repeating 
superconducting-to-normal state transitions [1-3]. 
Moreover, the detailed principle and concepts of 
rotary-type flux pump are presented in recent researches 
and developments referred in [4-7]. 

Specifically, the toroidal rotor part of HTS CRED is 
integrated to the same rotor shaft of a rotating machine and 
effectively charge the HTS field coils by pumping currents 
via a non-contact method [4-6]. As shown in Fig. 1, both 
HTS CRED rotor and HTS field coils are mainly 
maintained in a cryogenic environment inside the rotor 
thermal shield, and they are cooled by liquid nitrogen 
(LN2) stored in a cryogen tank. Therefore, vacuum 
insulation structure is essentially needed to prevent 
thermal losses, then it can simultaneously maintain the 
cryogenic operating temperature inside the rotor at 77 K. 

 
 
Fig. 1. Conceptual design view of a 1-kW-class HTSRM. 
 

Torque tube is recognized as a core structure among 
various other thermal insulation structures because it can 
dramatically minimize heat intrusion from room 
temperature into cryogenic environment. Moreover, 
mechanical rigidity of torque tube is inversely proportional 
to its thermal conduction loss so structural design of a 
torque tube including thickness (ttu) and axial length (ltu) 
should be seriously considered in structure design 
configuration. 

In this paper, we considered the correlation 
characteristics between mechanical and thermal design 
process to develop a thermally and mechanically stable 
prototype of an integration HTS machine system. First, 
technical rotor parameters (torque tube and rotating shaft) 
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Abstract      
 

This paper presents a conceptual design and analysis for a 1-kW-class high-temperature superconducting rotating machine 
(HTSRM) rotor. The designed prototype is a small-scale integration system of a HTSRM and a HTS contactless rotary excitation 
device (CRED). Technically, CRED and HTSRM are connected in the same shaft, and it effectively charges the HTS coils of the 
rotor field winding by pumping fluxes via a non-contact method. HTS coils in rotor pole body and toroidal HTS wire in CRED rotor 
are cooled and operated by liquid nitrogen in cryogen tank located in inner-most of rotor. Therefore, it is crucial to securely 
maintain the thermal stability of cryogenic environment inside rotor. Especially, we critically consider not only on mechanical 
characteristics of the rotor but also on cryogenic thermal characteristics. In this paper, we conduct two main tasks covering 
optimizing a conceptual design and performing operational characteristics. First, rotor parameters are conceptually designed by 
analytical design codes. These parameters consider to mechanical and thermal performances such as mechanical strength, 
mechanical rigidity, and thermal heat losses of the rotor. Second, mechanical and thermal characteristics of rotor for 1-kW-class 
HTSRM are analyzed to verify the feasible operation conditions. Hence, three-dimensional finite element analysis (3D-FEA) 
method is used to perform these analyses in ANSYS-Workbench platform. 
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for a 1-kW class HTSRM are conceptually designed by 
analytical design codes considering to mechanical strength, 
mechanical rigidity and thermal heat losses of a rotor. 
Then, three-dimensional finite element analysis (3D-FEA) 
in ANSYS-Workbench was performed to verify the 
feasibility of all calculated parameters from the previous 
steps in practical operation conditions. 

 
 

2. PRELIMINARY DESIGN OF 1-KW-CLASS HTS 
ROTATING MACHINE 

 
Fig. 1 and Table I show the conceptual design for a 

1-kW-class HTSRM rotor and designed machine 
parameters, respectively. The rotor pole body, which 
supports HTS field coils and serves as a cryogen tank for 
LN2, is uni-axially coupled to the CRED rotor and is 
connected to the rotor shaft through torque tubes on both 
sides. Fig. 2 illustrates a conceptual cryogenic cooling 
structure inside of the 1-kW-class HTSRM rotor and 
various thermal losses for HTS rotor. LN2, which is 
supplied from a cryogen dewar vessel through a magnetic 
fluid seal stored in cryogen tank inside of rotor. When 
HTSRM starts to rotate, LN2 is initially concentrated to 
the tank wall surface by the centrifugal force. Then, HTS 
field coils and HTS CRED rotor are cooled by heat transfer 
between LN2 and cryogen tank wall. Finally, LN2 is 
heated by thermal losses of rotor, then, its phase is 
immediately changed to gaseous state which is discharged 
to the outside for the repeated cooling circulation. 

The field pole consists of four racetracks double 
pancake HTS coils as shown in Fig. 1. This coils were 
wound by REBCO wire from SuNAM Co., Ltd. and the 
measured width and thickness are 4 and 0.18 mm, 
respectively. Technically, metal-insulator transition (MIT) 
insulation material composed by vanadium (III) oxide 
(V2O3) paste is considered as turn-to-turn insulation 
material to enhance control and thermal performance of 
HTS coils [8-10]. Each HTS field coil, the number of 
winding turns per pole and operating current are 140 turns 
and 40 A, respectively. Fig. 3 shows the electromagnetic 
FEA results for HTS field coils with iron core in stator. It is 
easily seen that the maximum value of magnetic field 
density (Bmax) and Bmax in perpendicular direction were 
0.2511 T and 0.2391 T, respectively.  In addition, Bmax in 
stator core was 1.5978 T and its value was under saturation 
points of the magnetic field intensity versus density (B–H) 
characteristic for used iron core material.  

 
 

3. CONCEPTUAL DESIGN AND ANALYSIS OF A 
HTS ROTOR  

 
3.1. Conceptual structure design of HTS rotor 

Since the heat from the room temperature should not be 
penetrated into the rotor inside, it should be designed as a 
thermal insulation structure to stably operate HTS coils on 
rotor body. Moreover, torque tube is one of the effectively 
thermal insulation structure for rotor. The electromagnetic 
torque, which is generated by the interaction between 
magnetic field of the stator and rotor, must be transferred 

TABLE I 
DESIGN PARAMETER SPECIFICATIONS OF A 1-KW-CLASS HTSRM 

Parameters Unit Value 
Rated power [kW] 1 
Rated torque [N·m] 7.96 

Rated rotating speed [rpm] 1200 
Rotor pole number - 4 
Rated stator current [Arms] 4 

Rated stator current density [A/mm2] 1.88 
Number of slots - 48 

Stator coil number per slot/phase - 52/416 
Fill factor of stator slot [%] 58 

Width/ thickness of conductor [mm] 4/0.18 
Operating field-winding current [A] 40 

Overall rotor-current density [A/mm2] 43.5 
Winding turns per field pole - 140 

Field Coil type - Racetrack SPC 

Winding type - MIT insulated 
co-winding 

Operating temperature [K] 77 

Cooling method - Conduction with 
LN2 

 

 
 
Fig. 2. Cryogenic cooling structure of 1-kW-class HTSRM 
and various thermal losses. 
 

 
 
Fig. 3. Magnetic FEA results of 1-kW-class HTSRM; (a) 
mesh operation, (b) magnetic field distribution of four DP 
coils, (c) magnetic field distribution with stator iron core, 
and (d) magnetic field distribution in perpendicular 
direction. 
 
to the rotor shaft through torque tubes, hence G10 is a great 
potentially material for torque tubes because of its 
excellent thermal insulation and mechanical strength 
performances. 

The total heat losses (Qtotal) in HTS rotor are 
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conveniently derived as following equations: 
 
Qtotal = Qcd + Qr + Qe + Qh                                                  (1) 
 
where Qcd is conduction heat loss which is transferred from 
room temperature (300 K) to cryogenic temperature (77 K) 
through the both sides of the torque tubes. Qr is radiation 
heat loss which is invaded into rotor pole (77 K) from the 
thermal shield (300 K) located in rotor outermost-side. Qe 
is the eddy current loss, it is electromagnetically generated 
in thermal shield during steady-state operation of HTSRM. 
Finally, Qh is the internal heat loss in HTS coils such as: 
AC loss, mechanical lab joints loss, and etc., In this study, 
we mainly consider three major heat losses including Qcd, 
Qr, and Qe to conceptually design the rotor structure of a 
1-kW-class HTSRM.  

In torque tubes design, ttu is considered as a core 
parameter of torque tube because it can determine the 
conduction heat transferred from room temperature and 
mechanical strength and rigidity against the rotational 
moment applied to the rotor. These relations can be 
explained as follows [11-13]:  
 
Qcd = k�Atu∆T

ltu
 = k�Atu (Th − Tl)

ltu
                                                  (2) 

 

di =�do
 4 −

16doTm
πτmax

4
                                                             (3) 

 
where k�, and Atu, are average thermal conductivity from Th 
(300 K) to Tl (77 K), and conduction surface of torque tube, 
respectively. Moreover, di, do, Tm, and τmax are inner 
diameter, outer diameter, torsion moment, maximum shear 
stress, respectively. If the greater ttu (do−di) of the torque 
tube is selected, the larger of the conduction heat from 
room temperature is generated. However, the greater the 
mechanical strength of torque tube is designed, the larger 
tube load that it can withstand. 

Moreover, the torque tubes were designed based on 
rigidity design because it is generally known that design 
standard in torsional rigidity is more mechanically stable 
than that of torsional shear strength in consideration of 
safety design for member of framework. The torsional 
rigidity should be evaluated, even if torsional strength is 
sufficient enough. The reason of evaluation is that it may 
cause torsional vibration in the member of framework due 
to elastically generated torsional deformation. Thus, ttu is 
calculated by Bach's torsional angle formula which is 
restricting the torsion angle (θt) within a specific range of 
Tm. Then, it can be expressed as follows: [13, 14] 
 
θt = Tltu

GIp
 = 5760Tltu

π2G �do
 4−di

 4�
                                                      (4) 

 
where G is the shear modulus of the used material, and Ip is 
polar moment of inertia which depends on the 
cross-sectional shape of the member. 

Fig. 4 shows the variations in ttu, θt, Qcd and τmax of torque 
tube versus various safety factor (Sf), which is defined to 

 
 
Fig. 4. Variations in ttu, θt, Qcd and τmax of torque tube versus 
Sf with same Tm. 
 

 
 

Fig. 5. Variations in ttu, θt, Qcd and τmax of torque tube 
versus Tm with same Sf. 
 

TABLE II 
CONDITIONS AND RESULTS OF TORQUE TUBE DESIGN FOR A 

1-KW-CLASS HTSRM 
Design conditions Design results 

Items Values Items Values 
do/di [m] 0.07/0.06 Qcd/ Qcd

‡
 [W]  1.81/3.61 

Th/Tl [K] 300/78  Qrt/Qrr[W] 1.80/0.71 
Ltu [m] 0.054 ttu [mm]  0.05 
Atu [m2] 0.00102 θt [°] 0.192 

Ys
† [MPa] 280 τmax [MPa] 1.54 

k� [W/m·K] 0.43 Sf 182 
Tm [N·m] 47.8 Weight† [kg] 0.22 

†: Yield strength, ‡: both side of rotor 
 

ratio allowable stress (Ys) to shear stress (τmax). It is noted 
that do of torque tube is set at 70 mm due to connection 
with CRED rotor. While Tm is assumed to be 47.8 N·m in 
all design regions for a sufficient design margin. In 
addition, the mechanical and thermal properties of G10 
material were referred in [13, 15]. In order to maintain the 
high Sf values of torque tube, the ttu value of torque tube 
should be thick. However, it means that Qcd is increased 
from room temperature. In terms of strength design 
standard, the Sf at around 50 can satisfy both design 
parameters, viz, τmax and Qcd as shown in Fig. 4. However, 
Sf value should be over 180 to restrict θt value under 0.2° in 
rigidity design standard of the torque tubes.  

Fig. 5 shows the variations in ttu, θt, Qcd and τmax of 
torque tube varying to different value of Tm. As mentioned, 
Sf is assumed to be 182 in all design regions. Then, the ttu 
values of torque tube should be thick to increase the design 
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margin of Tm so that the torque tube can sufficiently 
withstand the load, and maintain the value of Sf at 182, as 
well. In addition, Qcd values is increased when we increase 
the value ttu of torque tubes. 

Table II lists the design conditions and results of the 
torque tube in consideration with Qcd. and θt value. Finally, 
do and Qcd of torque tube were calculated to 60 mm with θt 
of 0.192° and 1.805 W, respectively. Although the largest 
heat loss of a HTS rotor is generally considered to be Qr in 
thermal design of HTSRM, it can be significantly reduced 
by wrapping the rotor pole with multi-layer insulation. The 
largest radiative heat flux (qr) with multi-layer insulation is 
conveniently estimated by follows [11, 12, 16]: 

 

qr = Qr
Ar

=
εσ �Th

 4 −Tl
 4�

(Ni+1)Ar
                                                               (5) 

 
where ε, σ, Ni, Ar, Th and Tl are the effective thermal 
emissivity of the materials used at rotor structure, 
Stefan-Boltzmann constant, the number of superinsulation 
layer, radiative surface area, thermal shield temperature 
(300 K), and rotor pole temperature (78 K), respectively.  

In order to investigate thermal effects of material change 
on thermal shield and rotor body, several cases are 
considered with stainless steel and aluminum materials for 
thermal shield and rotor pole. Table III summarizes the 
estimated results of Qr considering to six different cases. It 
is noted that Qr values in cases of Case I, II and III were 
estimated with the absence of multi-layer insulation and 
torque tubes at both sides. If rotor pole is surrounded by 
superinsulation of 10 layers, Qr values can be one tenth 
smaller in compared to cases of not using superinsulation 
layer. Thus, we additionally considered to 1 mm space 
between thermal shield and rotor pole for multi-layer 
insulation. 

Although Qr value in Case III with aluminum material 
for thermal shield was the smallest one, we finally chose 
stainless steel as thermal shield material. It is important to 
note that the resistivity of stainless steel (740 nΩm) is 
relatively higher than that of aluminum (0.399 nΩm). 
Hence, stainless steel material was chosen because thermal 
shield with aluminum material generates larger Qe than 
stainless steel thermal shield as shown in Fig. 6. In case of 
thermal shield with stainless steel, eddy current was 
suppressed by its high resistivity. Using ANSYS-Maxwell 
electromagnetic FEA software, Qe values for aluminum 
and stainless steel materials were calculated at 41 W and 
3.6 W, respectively.  

The value of Qcd in torque tube can be reduced by 
increasing ltu of torque tubes. However, this surely 
increases Qr because surface area heat-transferred by 
radiation is proportional ltu of torque tube. Therefore, the 
changes in Qcd and Qr was finally calculated according to 
different value of ltu as shown in Fig. 7. These calculations 
were based on 0.7 ε value for G10 material in torque tube 
and Case II in Table III. Although the optimal value of ltu is 
at 0.15 m leading to the minimized value of total heat loss 
(4.94 W), we chose the final value for ltu at 0.054 m with 
total heat loss of 6.11 W. We selected this value because of 

TABLE III 
COMPARISON RESULTS OF RADIATION LOSS CONSIDERING MATERIALS 

Cases ε Qr [W] 

Case I Stainless steel in thermal shield εh: 0.16† 6.47 Aluminum in rotor pole εl: 0.1‡ 

Case II Stainless steel in thermal shield εh: 0.16† 7.39 Stainless steel in rotor pole εl: 0.12＊ 

Case III Aluminum in thermal shield εh: 0.1‡ 6.11 Stainless steel in rotor pole εl: 0.12＊ 

Case IV Case I with 10 superinsulation 
layer# 

εh: 0.16† 0.588 εl: 0.1‡ 

Case V Case II with 10 superinsulation 
layer# 

εh: 0.16† 0.671 εl: 0.12＊ 

Case VI Case III with 10 superinsulation 
layer# 

εh: 0.1‡ 
0.555 εl: 0.12＊ 

†: At 300 K (SUS304, mechanical polish), ‡: from 290 K to 77 K, (Al, 
mechanical polish), ＊: at 77 K (SUS304, mechanical polish), #: using 
RUAG Coolcat 2 model (1 mm per 10 layer) 
 

 
 
Fig. 6. Comparison of Qe in thermal shield with stainless 
steel and aluminum materials. 
 

 
 
Fig. 7. Variations in heat losses of HTS rotor versus ltu with 
materials of Case II in Table III. 

 
considering mechanical problem such as vibration of rotor 
while increasing ltu of torque tube. Especially, the radiation 
loss in torque tube (Qrt) was higher than radiation loss in 
rotor pole body (Qrr) due to higher value of ε of G10 in 
torque tubes as listed in Table II. 

Table IV summarizes the results of rotating shaft in 
loaded side and non-loaded side of rotor. The length of 
rotor was designed to be totally 1560 mm. In case of 
non-loaded side, we considered the minimum shaft length 
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at 500 mm to make enough temperature gradient, because 
it can reduce the risk of freezing magnetic fluid seal in case 
of insufficiently length for stable temperature gradient 
between LN2 temperature and room temperature. Then, 
the diameters of rotating shafts were designed by using (4).  
In addition, the shaft in loaded side, which is directly 
connected with the load of rotating machine, was designed 
in solid shaft in consideration with mechanical stability of 
the rotor shaft. While the shaft in non-loaded side was 
designed in hollow type due to installation of cooling pipes 
for supplying LN2. Finally, both material cases for rotating 
shaft were safely designed in mechanical characteristics. 
They satisfied recommendation in Bach's torsional angle 
formula because calculated θt values were much smaller 
than 0.25°. 
 
3.2. The thermal FEA of HTS rotor 

Fig. 8 shows FEA mode with various boundary and load 
conditions to analyze thermal characteristics of HTS rotor 
for 1-kW-class HTSRM. The heat losses which are 
analytically estimated in section 3.1 are taken into account 
for FE model and thermal conductivities dependent on the 
temperature were considered to build FE model. Especially, 
internal heat losses are not considered in thermal analysis 
by assuming that these losses are nearly zero because this 
HTS coils are designed with small operating current 
compared with its critical current and zero-lab joint for unit 
pole. The total number of mesh elements are 855,184 for 
the full geometry. Furthermore, Fig. 9 shows the 
steady-state temperature distribution of rotor for 
1-kW-class HTSRM. It is easily confirmed that a steep 
temperature gradient occurred along the torque tube at both 
sides. In addition, the maximum and minimum 
temperature at both sides of torque tube were calculated to 
298.5 K and 77.84 K as shown in Fig. 9 (b) and (c), 
respectively.   

 
3.3. The mechanical FEA of HTS rotor 

Fig. 10 shows the deformation and stress analysis results 
with standard earth gravity load and torsional moment load 
of 80 N·m. This torsional moment is approximately 
10 times higher than rated torque of 7.96 N·m. The 
maximum deformation and Von Mises stress values reach 
at 0.74 mm and 20.4 MPa, respectively. Consequently, we 
can conclude that designed rotor are stable enough to 
against the load torque because Sf value was approximately 
estimated at 10.25 with 205 MPa yield strength of stainless 
steel used as shaft material. 
 

TABLE IV 
RESULTS OF ROTATING SHAFT DESIGN FOR A 1-KW-CLASS HTSRM 

Rotating shaft design results 

Items Loaded side 
(Solid shaft) 

Non-loaded side 
(Hollow shaft) 

Materials Stainless 
steel Aluminum Stainless 

steel Aluminum 

do/di [m] 0.06/0 0.06/0 0.06/0.051 0.06/0.051 
ttu [mm] 60 60 4.5 4.5 

θt [°] 0.029 0.083 0.06 0.17 
Sf 150.9 244.9 72.1 117.1 

Weight† [kg] 4.6 1.5 3.16 1.05 
†: Without flanges 

 
 
Fig. 8. (a) Boundary and load conditions and (b) mesh 
operation view for thermal FEA simulation. 
 

 
 
Fig. 9. Temperature distribution (a) along the rotor, (b) at 
loaded side torque tube, and (c) at non-loaded side torque 
tube. 
 

 
 
Fig. 10. (a) Deformation and (b) stress distribution of rotor 
with Tm of 80 N·m. 
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4. CONCLUSIONS  
 

In this paper, the structure of HTS rotor for a 1-kW-class 
HTSRM has been conceptually designed and analyzed 
using analytical method and 3D FEA software considering 
thermal and mechanical issues. Especially, thermal and 
mechanical designs for torque tube and rotating shaft were 
optimally conducted. Consequently, we strongly believe 
that this machine can be stably operated in rated operating 
environments because all estimated values of temperature, 
deformation, and stress are under safely operational 
conditions in consideration with thermal and mechanical 
properties of used materials in HTS rotor design. As a next 
step of this development, the small-scale prototype 
machine is being manufactured based on conceptual 
design results in this paper. Finally, we aim to build a 
motor-generator set with CRED system and it will be 
tentatively tested in the first half of 2018 to investigate the 
various performance characteristics of this prototype 
machine. 
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