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Development of 50-kW-Class High-Temperature 
Superconducting Induction/Synchronous Motor 

with Continuous Drive Characteristics  
from Room Temperature 

 
Taketsune Nakamura, Member, IEEE, Masaaki Yoshikawa, Toshihisa Terazawa, Kenjiro Matsuki, Yunfei Gao,  

and Takanobu Kiss, Member, IEEE 
 
 

Abstract—We investigate the rotational characteristics of a 50- 
kW-class high-temperature superconducting induction/synchro- 
nous motor in superconducting and non-superconducting states. 
The prototype motor was first placed in liquid nitrogen, and the ef-
ficiency contour was obtained. The liquid nitrogen was then grad-
ually removed from the motor under the partial load (10 kW) con-
dition. This showed that continuous operation is possible even at 
temperatures exceeding 130 K. Furthermore, we succeeded in driv-
ing at 11% of the rated output, even at room temperature. As a re-
sult, a practical high-temperature superconducting motor that can 
continue to operate with reduced output even when the cooling sys-
tem fails could be realized. 
  

Index Terms—High-temperature superconductor, induction 
/synchronous motor, room-temperature operation, superconduc-
tor/normal conductor hybrid squirrel-cage winding. 

I.  INTRODUCTION 
HE ELECTRIC drive of transportation equipment, such 
as automobiles, ships, and aircraft, is considered to be an 

essential technology for a  low-carbon society in the future [1]. 
In such transportation equipment, the drive motor is installed 
in a limited space within the moving body; thus, it is necessary 
to increase the mechanical output (and/or torque) per unit vol-
ume (and/or weight) as much as possible. As a candidate that 
satisfies these conditions, a motor using a high-temperature 
superconducting (HTS) conductor capable of transporting a 
large current with low loss has attracted considerable attention. 
Therefore, vigorous research and development has been car-
ried out in ships [2]–[6], land transportation equipment [7]–[9], 
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and aircraft [10]–[15]. Ship propulsion motors have been suc-
cessfully prototyped as full-scale motors from several hundred 
kilowatt to megawatt classes, and rotation tests have also been 
conducted. 

In contrast, an HTS motor must be cooled to a cryogenic 
temperature; however, because of its high energy density, if 
the critical temperature of the HTS material is exceeded owing 
to the failure of the cooling system, then the operation of the 
motor can no longer be maintained. This raises a concern with 
the practical use of HTS rotating machines. For example, if 
the electric vehicle drive motor succumbs to the above state, 
the vehicle must be able to reach the nearest repair shop. 
However, it is impractical to mount a normal-conducting mo-
tor with a superconducting motor for emergencies, mainly be-
cause the system becomes expensive, complicated, and heavy. 

To overcome this limitation, Masson et al. have proposed 
safety torque generation for aircraft [11]. They designed an 
auxiliary torque generation at 30% of the rated torque either 
from the electromagnetic shield or permanent magnets located 
in the inductor. As an alternative solution, our group has pro-
posed the HTS/normal conductor hybrid squirrel-cage winding 
for the HTS induction/synchronous motor (HTS-ISM) to real-
ize continuous operation with reduced mechanical output in 
the normal conducting state [16], [17]. However, we have not 
succeeded in continuously driving the HTS motor with practi-
cal mechanical output from the superconducting state to the 
normal conducting state. This development is important in en-
hancing the feasibility of HTS motors for transportation 
equipment. 

In this study, the prototype 50-kW-class HTS-ISM is first 
operated in liquid nitrogen (77 K), and its high efficiency rota-
tional characteristics are demonstrated. The motor is then con-
tinuously driven at temperatures of 77 K to over 130 K under 
a mechanical output of 10 kW. We further explore room-
temperature effects with an output of 5.5 kW.  

II. STRUCTURE AND ROTATING PRINCIPLE 

A. Structure 
The structure and fundamental characteristics of the 50-kW-

class HTS-ISM have been reported in [9]. Fig. 1 and Table I, 
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TABLE I 
BASIC GEOMETRIC CONFIGURATIONS AND MATERIAL INFORMATION  

OF 50-KW-CLASS HTS-ISM 
Phase number 3 

Number of Poles 4 
Coils per phase 12 
Winding Type Distributed winding 

Slot number / conductor type 
of stator 60 / Copper 

Conductor type of rotor 26 / BSCCO tape & No-
oxygen copper 

Outer diameter of stator (mm) 302.0 
Inner diameter of stator (mm) 161.0 
Outer diameter of rotor (mm) 160.0 
Inner diameter of rotor (mm) 50.0 

Length (mm) 100.0 
 
 
respectively, show a photograph and basic geometric configu-
rations as well as material information of the motor. The stator 
comprises a three-phase, four-pole copper winding, and the 
rated line voltage is 400 V. The rotor consists of squirrel-cage 
windings composed of bismuth-strontium-calcium-copper-
oxide (BSCCO) superconductors and oxygen-free copper.  

B. Rotating Principle at Superconducting and Non-
superconducting States 
 Figs. 2(a) and (b) show a schematic diagram of a rotor bar 
and a squirrel-cage winding, respectively. The rotor bar con-
sists of an HTS superconductor and normal conductor in a 
parallel circuit with solder connections. The primary function 
of the normal conductor is to mechanically reinforce the HTS 
conductor and secure a cooling path during heat generation. 
The squirrel-cage winding made of the above hybrid rotor bar 
is driven by a rotating magnetic field induced by a three-phase 
stator, i.e., the velocity electromotive force (E) is firstly gener-
ated by the rotating magnetic field as follows: 

E= Φ × (2πrsNs)/60,                                   (1) 

where Φ and Ns, respectively, denote the effective value and 
rotating speed (synchronous speed) of the air-gap magnetic 
flux, and r is the radius of the rotor; s is the slip which is de-
fined as follows: 

s = (Ns-N) / Ns ,                                                                   (2) 

where N denotes the rotating speed of the rotor. The steady- 

state rotor current (Ir) is induced by the interlinkage flux (ψ ; 
ψ = Φ×(turn number of rotor winding)) and the resistance of 
the HTS squirrel-cage winding (R(Ir)) as follows: 

j𝜔𝜔sl𝛹𝛹+𝑅𝑅(𝐼𝐼r)𝐼𝐼r = 0,             (3) 

where ωsl (= s2πNs/60) denotes a slip angular frequency of the 
rotor, and j an imaginary unit. If R = 0 Ω (superconducting 
state), then solving (3) yields  

𝛹𝛹 = 𝐴𝐴 (const.),                                         (4) 

that is, ψ is trapped in the winding and the rotor is operated at 
the efficient synchronous rotational mode (s = 0) [18]. On the 
other hand, ψ can also be expressed as follows: 

𝛹𝛹 = 𝑀𝑀𝐼𝐼s+𝐿𝐿𝐼𝐼r,               (5) 

where Is, L, and M denote a stator current, self-inductance of 
the rotor winding, and a mutual inductance between the stator 
and rotor windings. When the HTS squirrel-cage winding is in 
flux-flow state or normal conducting state, the following equa-
tion is obtained by substituting (5) into (3):  

Ir = − jωslMIs / [R(Ir) +jωslL] .             (6) 

If the temperature of the HTS winding rises above the critical 
temperature (strictly irreversible temperature), a finite re-
sistance develops and the magnetic flux is untrapped. In this 
state, the rotor will rotate with the conventional slip rotation 
mode (0 < s ≤ 1). Furthermore, as seen from (6), if the HTS 
squirrel-cage winding resistance increases as the temperature 
rises, the induced current decreases and the corresponding 
Joule type loss decreases. Essentially, we expect that a  degree 
of negative feedback is functioned to the energy loss against 
temperature rise. By properly designing the normal conducting 
resistance, the motor can continue to operate as a normal con-
ducting motor while maintaining a certain level of output and 
avoiding burnout. According to this principle, it is possible to 
operate even at room temperature by reducing the output. 

 
 

Fig. 1. Photograph of 50-kW-class HTS-ISM [9]. 

 
(a) 

 
(b) 

Fig. 2. Schematic diagram of rotor winding in HTS-ISM. (a) HTS conductor 
and oxygen-free copper hybrid rotor bar. (b) HTS squirrel-cage winding. 
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III. ROTATING TEST METHOD 

A. Cryostat 
 The fabricated 50-kW-class motor is installed in the special-
ly designed metal cryostat as shown in the left-hand side of 
Fig. 3. The motor is installed in the space immersed in atmos-
pheric liquid nitrogen (77 K) and the stainless shaft of the ro-
tor is connected to the room-temperature shaft. It is noted that 
the vacuum space is situated in between the room temperature 
and liquid nitrogen spaces. The upper structure of the cryostat 
is for maintaining liquid nitrogen in an experiment. Finally, a 
thermocouple is installed approximately 10 cm above the 
HTS-ISM. 

B. Test Bench 
 The 50-kW-class HTS-ISM is fixed on a motor bench, and 
its shaft is connected to a permanent magnet regenerative mo-
tor (rated output: 90 kW) via a non-contact torque/rotation 
speed sensor (Fig. 3). Because the prototype HTS-ISM is of a 
low-speed, high-torque type, a  high-output regenerative motor 
is required to generate the same torque.  

C. Operation Method 
 Fig. 4 illustrates a wiring diagram for the rotation test. The 
50-kW-class HTS-ISM and regenerative motor are driven by 
respective pulse width modulation inverters, and the input dc 
circuits of those inverters (470 V) are interconnected. With 

this circuit, the electric power absorbed by the regenerative 
motor is regenerated to the input circuit of the drive inverter 
for the fabricated HTS-ISM. 

IV. RESULTS AND DISCUSSION 

A. Rotational Characteristics in Superconducting State (77 
K) 

Fig. 5 shows the input voltage dependence of the load char-
acteristics at the input frequency of 40 Hz (Ns = 1200 rpm). 
The motor is firstly fed without a load and pulled in to run at 
synchronous speed. When the motor is in the steady-state rota-
tion mode, a  load is gradually applied. It should be noted that 
the results for the voltage of 420 V show a drop in efficiency 
at 200 V due to instrument error. As seen in the figure, the ef-
ficiency experiences a peak. The iron and Joule losses domi-
nate at higher and lower speeds, respectively. The efficiency 
peak when both losses are equal.  

The same test is repeated for a  different frequency, input 
voltage, and load torque. The maximum efficiency is plotted 
for the fixed load torque and rotational speed, as shown in Fig. 
6. Although the efficiency largely declines for the convention-
al (normal conducting) motor at the lower speed region, the 
fabricated motor shows higher efficiency (> 70%) even at light 
load (< 100 Nm) and low speed (300 rpm). Further, the effi-

 
 

Fig. 4. Wiring diagram. 

 
 

Fig. 3. Photograph of test bench.  
Fig. 5. Input voltage dependence of loaded curves at 40 Hz (Ns= 1200 rpm) 

and 77 K. 

 
Fig. 6. Maximum efficiency contour in torque vs. rotation speed plane (77 K). 
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ciency reaches 99.7% at 1200 rpm and 270 Nm. However, it 
should be noted that the exact value of the above efficiency, 
including the decimal point, is not clear owing to the noise of 
the experimental system; this will be the subject of future re-
search.  

B. Transition Test from Superconducting State to Non-
superconducting State 
 In this test, the motor is first excited in liquid nitrogen at a 
rotational speed of 1200 rpm, and a load of 10 kW (20% of the 
rated output) is applied. It should be noted that this test is per-
formed in an open loop and feedback control is not conducted. 
After, while maintaining the operating state, the liquid nitro-
gen is gradually removed from the cryostat, and the rotational 
characteristics are continuously measured. 

Fig. 7 shows the time dependence of the primary current (I), 
rotational speed (N), and temperature (T) with an input voltage 
of 400 V and input frequency of 40 Hz. The primary current 
increases to 73.5 A at the starting and then stabilizes at 21 A. 
The temperature maintains its atmospheric boiling point of 
liquid nitrogen for 80 min and then gradually increases at 
which point the liquid nitrogen is totally evaporated. On the 
other hand, the motor maintains its synchronous speed for 130 
min and the HTS conductors maintain a superconducting state 
until this time. After 130 min, the rotational speed gradually 
slips owing to the clear normal conducting transition. 

The total test time is over 3 h and there are no problems 
even after the normal conducting state with a 10-kW load 
condition. Therefore, the possibility of the continuous opera-
tion from the superconducting state to the normal conducting 
state is demonstrated in this test. It should also be noted that 
the vibration of the primary current declined after 80 min, 
which may be attributable to the removal of liquid nitrogen. 

C. Short-Term Room-Temperature Operation 
Fig. 8 shows a light load test result at room temperature 

(292 K). Since the room-temperature test is the first challenge, 
only the results for a  short time (70 s) are shown in this report. 
First, the motor is excited with an input voltage of 300 V and 
input frequency of 40 Hz, and brought to a steady-state slip ro-
tation under no-load condition. The starting current under this 

condition reaches 13.8 A. It is noted that the torque peaks oc-
cur four times between 10 s and 33 s at startup. This is thought 
to be caused by the stick-slip motion of the rotor associated 
with the interaction between torque generation in the shaft and 
friction in the bearings, but we would like to discuss the de-
tails in the future. After reaching a steady rotational speed 
(1198 rpm) in approximately 36 s, a  load is gradually in-
creased after 55 s. Next, a  load of 5.5 kW (11% of rated out-
put) is applied from 62 to 68 s. As shown in the figure, despite 
the load test at room temperature, the rotation is maintained 
without a temperature rise. These results demonstrate the pos-
sibility of continuous operation of HTS-ISM even at room 
temperature. At present, a  long-term operation test is under 
preparation. Furthermore, based on this result, we are develop-
ing the HTS-ISM, which can generate more mechanical output 
at room temperature, e.g., 20% of rated power. 

V. CONCLUSION 
The rotating characteristics of the fabricated 50-kW-class 

HTS-ISM were tested in superconducting and normal conduct-
ing states. At 77 K, a potential maximum efficiency of over 
99% was achieved. When the operating temperature was grad-
ually increased from the boiling point of liquid nitrogen (77 K) 
under a partial load of 10 kW, it was confirmed that the motor 
could be driven continuously up to a temperature exceeding 
130 K. In addition, during continuous operation for more than 
3 h, no technical troubles, such as burnout of the cryostat, oc-
curred. A short-term test with a load of 5.5 kW was successful, 
even at room temperature. By optimizing the design of the 
HTS squirrel-cage winding based on these results, an HTS 
motor system that can be continuously driven from room tem-
perature will be realized and the practical technology called 
fail-safe function will be available. 
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