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ABSTRACT
Due to the performance improvement of high temperature superconducting wires, the develRSPHQW RI VXSHUFRQGXFWLQJ PRWRUV KDV EHHQ DFWLYHO\ GHYHORSHG7R GHPRQVWUDWH WKH HI¿FLHQF\
improvement of an electric vehicle driven by a superconducting motor, development of superconducting motors and cooling systems has been performed by the joint research of Sumitomo Heavy
Industries, Ltd. (SHI) and Sumitomo Electric Industries, Ltd. (SEI). The results of the actual vehicle
WHVWVDQGVLPXODWLRQVVKRZHGWKDWLWLVSRVVLEOHWRLPSURYHWKHHI¿FLHQF\E\DERXWFRPSDUHGWR
DFRQYHQWLRQDOHOHFWULFPRWRU,QWKLVSURMHFW6+,GHYHORSHGDKLJKHI¿FLHQF\6WLUOLQJFU\RFRROHU
with a cooling capacity of 151 W at 70K and a compressor input power of 2.15 kW with a corresponding COP of 0.07.
0RUHFRPSDFWHI¿FLHQWDQGUHOLDEOHFU\RFRROHUVDUHUHTXLUHGIRUWKHFRPPHUFLDOXVHRIDVXperconducting bus. In this paper, the investigation of the reliability of the cryocooler is introduced.
The operation system, the safety measures, and the long-term operation and environmental performance test results will be presented.
INTRODUCTION
High Temperature Superconducting Motor System Development Project
After the high temperature superconductivity (HTS) was discovered, the application of HTS
GHYLFHVKDVEHHQVWXGLHGLQPDQ\¿HOGV7KHDSSOLFDWLRQRI+76HTXLSPHQWLVSRVVLEOHIRUFRPmercial use. In addition, superconducting technology has been attracting attention as a means to
resolve environmental issues such as energy conservation and carbon dioxide emissions reduction.
,QWKH¿HOGRIWUDQVSRUWDWLRQHIIRUWVKDYHEHHQPDGHWRLPSURYHWKHHI¿FLHQF\RIDQHOHFWULFYHKLFOH
%HFDXVHRILWVKLJKHI¿FLHQF\LQDWORZVSHHGVDVXSHUFRQGXFWLQJPRWRULVDSRWHQWLDOFKRLFHIRUD
EXVZKLFKUHTXLUHVIUHTXHQWVWRSV
Recently, the development of a superconducting motor and cooling system has been completed
by the joint research of Sumitomo Heavy Industries, Ltd. (SHI) and Sumitomo Electric Industries,
/WG 6(, 7KLVSURMHFWDLPVWRLPSURYHWKHRYHUDOOHOHFWULFHI¿FLHQF\RIWKHPRWRUE\UHODWLYH
to a conventional electric motor. The motor's superconducting state is maintained by circulating
OLTXLGQLWURJHQZKLFKLVFRROHGE\DFU\RFRROHU7RLPSURYHWKHWRWDOHI¿FLHQF\RIDVXSHUFRQGXFWing motor system, it is vital to improve cryocooler performance. Thus SHI has been developing a
KLJKHI¿FLHQF\6WLUOLQJFU\RFRROHUIRUVXFKVXSHUFRQGXFWLQJPRWRUV\VWHPV
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Stirling Cryocooler for Superconducting Motor System
2ZLQJWRLWVKLJKFRROLQJFDSDFLW\DQGHI¿FLHQF\D6WLUOLQJFU\RFRROHUKDVEHHQGHYHORSHG
IRUFRROLQJDVXSHUFRQGXFWLQJPRWRU,WLVSRVVLEOHWRDFKLHYHDKLJKHI¿FLHQF\DWOLTXLGQLWURJHQ
temperature range since there is no valve loss in a Stirling cryocooler and low temperature space
P-V work can be recovered. Figure 1 shows a photograph of the cryocooler under discussion. The
schematic cross-section diagram of a Stirling cryocooler is shown in Figure 2. A split-type Stirling
cryocooler was selected because the compressor and expander can be arranged independently in the
motor room. Helium gas is charged in the cryocooler and the initial gas pressure is 1.7 MPa. The
compressor consists of a moving-magnet type motor and two opposed pistons which are driven by
WKHOLQHDUPRWRU7KHPRYLQJF\OLQGHUVDUHJXLGHGE\ÀH[XUHEHDULQJVZKLFKFDQPDLQWDLQFOHDUDQFH
of several micro meters between the pistons and cylinder. A water-cooled heat exchanger is built in
the outer body of the compressor to transfer heat generated by the motor. The expander consists of
a cold-head, a regenerator, a heat exchanger and a free-piston type displacer. The displacer piston
DQGWKHUHJHQHUDWRUDUHFRD[LDOO\DUUDQJHG7KHGLVSODFHUSLVWRQLVDOVRJXLGHGE\ÀH[XUHEHDULQJV
The regenerator is packed with thousands of stainless-steel screens. The heat exchanger in the expander is a shell and tube type and is also water-cooled. To suppress vibration from the displacer,
a vibration absorber is attached.
As to the cryocooler performance, a cooling capacity of 151 W at 70K with a compressor
input power of 2.15 kW and cooling water temperature of 30 Υ, corresponding COP of 0.07, and
a no-load temperature of 33 K, has been achieved1.
Connect tube

Expander 45kg
Compressor 90kg

Figure 1. Photograph of Stirling cryocooler developed.

Figure 2. Schematic cross-section diagram of the expander and compressor.
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Actual Vehicle Test
After the cryocooler performance was tested, the cryocooler and superconducting motor unit
were mounted in an electric bus, and preliminary driving tests were conducted. The cryocooler was
driven by an inverter power source and the input power was controlled by a proportional–integral–
derivative (PID) algorithm to maintain a constant cold-head temperature. For safe operation of the
superconducting motor system, the inverter power source is designed to shut-down automatically if
any abnormality is detected. For example, the voltage and current levels, the cryocooler outer wall
temperature and the displacer piston stroke are monitored by a control system. Cooling water for
the heat exchanger is supplied from the electric bus radiator. Actual bus running test and simulation
RIWKHUXQQLQJSDWWHUQZHUHFDUULHGRXW$VDUHVXOWLWZDVIRXQGWKDWWKHHI¿FLHQF\FDQEHLQFUHDVHG
E\DERXWFRPSDUHGWRDFRQYHQWLRQDOPRWRULIWKHZHLJKWRIDVXSHUFRQGXFWLQJPRWRULVWKH
same as that of a conventional motor2.
RELIABILITY EVALUATION
)RUSUDFWLFDOXVHRIDVXSHUFRQGXFWLQJPRWRUKLJKUHOLDELOLW\DQGVDIHW\LVDOVRUHTXLUHG6RPH
experiments on the reliability evaluation have been conducted with the afore-mentioned cryocooler.
In this paper, results of long term operation and vibration tests will be introduced.
Long Term Operation Test

Cooling water temperature 30 Υ Cooling water temperature 50 Υ

Total operating time, hr
Figure 3. Experimental results of long term operation test.

Cold-head temperature K

In the practical use of a superconducting motor, the cryocooler will be continuously operated for several years in order to suppress the liquid nitrogen boil-off. Therefore, the cryocooler
is required to maintain its cooling capacity over thousands of hours. After a short-term vacuum
baking, the cryocooler has been operated at a lowest temperature of 33K for about 5,000 hours to
detect potential initial failures. Initially, the cryocooler was operated with a cooling water of 30Υ. In
order to investigate the performance under severe conditions, the cooling water temperature was
changed to 50Υafter 2,500 hours operation. The results are shown in Figure 3. As a result, the
cooling capacity decreased 4.5% compared to that at the initial status and no load temperature rose
about 3.5K. Mechanical factors and contamination are considered as causes of the performance
degradation. Measures and isolation of performance degradation factors is under considering at
the moment and will be solved in near future.

Cooling capacity at 70K W
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Vibration Test
As an automotive cryocooler, it is important that the impact from road and cyclic vibration
from the motor be considered in the reliability evaluation. In order to make the cryocooler more
robust against vibration, it is necessary to measure the impact pattern, simulate the vibration mode
and conduct a vibration test. Some simple vibration tests were conducted to measure the basic antivibration performance and vibration failure modes of the cryocooler. Figure 4 shows a photograph
of the cryocooler unit mounted on a vibration exciter. The cryocooler was mounted as close to the
VDPHRULHQWDWLRQDVWKHDFWXDOYHKLFOHWHVWFRQGLWLRQDVZDVSRVVLEOH)LJXUHH[SODLQVWKHGH¿QLWLRQ
of the vibration direction and position of the acceleration sensors. The acceleration sensors were
attached to the cryocooler body at four points. The vibration of the moving parts of the cryocooler
(cylinder in the compressor, the displacer in the expander and the vibration absorber) was also
measured through view ports by laser vibration detectors.
)LUVWDUDQGRPYLEUDWLRQWHVWZDVSHUIRUPHGWRLQYHVWLJDWHWKHQDWXUDOIUHTXHQF\DQGUHVSRQVH
PDJQL¿FDWLRQRIWKHFU\RFRROHUERG\$UDQGRPYLEUDWLRQWHVWVLQFOXGHVIUHTXHQF\FRPSRQHQWVRI

Vibration exciter

Cryocooler unit

Figure 4. Photograph of cryocooler unit mounted vibration exciter.

Figure 5. Three dimensional diagram of cryocooler and definition of the vibration directions and
position of acceleration sensors.
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10 to 1000 Hz which is exerted on the cryocooler. This test was conducted without operating the
FU\RFRROHU)LJXUHVDQGVKRZWKHPHDVXUHPHQWUHVXOWVRIWKHUHVSRQVHPDJQL¿FDWLRQIDFtors in the X-axis (traveling direction), Y-axis (cryocooler axial direction) and the Z-axis (vertical
direction), respectively.
 6HFRQGWKHQDWXUDOIUHTXHQF\DQGWKHUHVSRQVHPDJQL¿FDWLRQVRIWKHPRYLQJF\OLQGHUVLQ
the compressor and the displacer in the expander and vibration absorber were measured. A sinusoidal vibration of 10 to 200 Hz and 0.5grms acceleration in the axial direction was applied to the
cryocooler. The vibration of the cryocooler body and the moving parts was measured simultaneously using the two laser vibration detectors. The test was also conducted without operating the
FU\RFRROHU)LJXUHVKRZVWKHUHVSRQVHPDJQL¿FDWLRQDQGWKHSKDVHZLWKUHVSHFWWRWKHLQSXWRI
WKHFRPSUHVVRUPRYLQJF\OLQGHU$QDWXUDOIUHTXHQF\RI+]ZDVREVHUYHGDQGWKHPD[LPXP
UHVSRQVHPDJQL¿FDWLRQZDVDERXW)LJXUHVKRZVWKHUHVSRQVHPDJQL¿FDWLRQDQGWKHSKDVH
RIWKHH[SDQVLRQGLVSODFHU$VVKRZQLQ)LJXUHWKHUHVSRQVHPDJQL¿FDWLRQKDVDEURDGHUSHDN
LQFRPSDULVRQWRWKHFRPSUHVVRU$QDWXUDOIUHTXHQF\RI+]ZDVREVHUYHGDQGWKHPD[LPXP
UHVSRQVHPDJQL¿FDWLRQZDVDERXW)LJXUHVKRZVWKHPHDVXUHPHQWUHVXOWVRIWKHUHVSRQVH

Figure 67KHUHVSRQVHPDJQL¿FDWLRQIDFWRURI;D[LV WUDYHOLQJGLUHFWLRQ 

Figure 77KHUHVSRQVHPDJQL¿FDWLRQIDFWRURI<D[LV FU\RFRROHUD[LDOGLUHFWLRQ .

Figure 8. The response magnification factor of Z-axis (vertical direction).

5

644

CRYOCOOLER DURABILITY INVESTIGATIONS

C19_024

6

Figure 9. The response magnification and the phase delay of the compressor moving cylinder.

Figure 107KHUHVSRQVHPDJQL¿FDWLRQDQGWKHSKDVHGHOD\RIWKHGLVSODFHULQH[SDQGHU

Figure 117KHUHVSRQVHPDJQL¿FDWLRQDQGWKHSKDVHGHOD\RIWKHYLEUDWLRQDEVRUEHU

PDJQL¿FDWLRQDQGWKHSKDVHRIWKHYLEUDWLRQDEVRUEHU$VVKRZQLQ)LJXUHWKHUHVSRQVHPDJQL¿FDWLRQKDVDQREYLRXVSHDNDWDQDWXUDOIUHTXHQF\RI+]DQGWKHPD[LPXPUHVSRQVHPDJQL¿FDWLRQ
ZDVDERXW7KHFRPSDULVRQRIWKHWHVWUHVXOWVDQGWKHQDWXUDOIUHTXHQF\DQDO\VLVZKLFKZDV
calculated in advance is shown in Table 1. Differences between analysis and experimental results
were considered to be due to imperfections in the analysis model, such as the viscosity of the gas
and the constraint conditions. The measurement results will be utilized as data for next vibration
analysis in our future work and will be feedback to the next design step.
Finally, the cooling capacity reduction rate due to vibration during cryocooler operation, was
measured. The reduction rate was measured while a sinusoidal wave acceleration of 1 g in the
range of 10 to 100 Hz was applied to the cryocooler. However, in the axial direction of the cryocooler, the displacer knocked the cylinder wall around 33 Hz when 1 g vibration was applied to.
Therefore, for the axial direction, 0.3 g vibration test with full output and 1 g vibration test with
RXWSXWRIFU\RFRROHUZHUHFRQGXFWHG)LJXUHVKRZVWKHFRROLQJFDSDFLW\UHGXFWLRQUDWHDW
HDFKIUHTXHQF\FRPSDUHGWRWKDWXQGHUQRYLEUDWLRQ$VDUHVXOWLPSDFWRQFRROLQJFDSDFLW\GXH
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Table 1. The comparison of the test results and the natural frequency analysis.

Figure 127KHFRROLQJFDSDFLW\UHGXFWLRQUDWHDWHDFKIUHTXHQF\

to vibration was found to be small in the radial direction of the cryocooler (X-axis and Z-axis). In
the cryocooler axis direction (Y-axis), cooling capacity reduction rate reaches its maximum around
DYLEUDWLRQIUHTXHQF\RI+]7KHUHDVRQIRUWKHSHUIRUPDQFHGHJUDGDWLRQDURXQG+]LVVWLOO
under investigation. Causes of knocking between the displacer and the cylinder wall around 33 Hz
may affect the displacement and phase of the displacer and the cylinder wall. Figure 13 shows the
state of the transmitted vibration to the displacer and the cylinder from vibration exciter. Table 2
VKRZVWKHUHVSRQVHPDJQL¿FDWLRQDQGWKHSKDVHGHOD\RIWKHFU\RFRROHULQHDFKIUHTXHQF\:LWK
WKLVLQIRUPDWLRQWKHYLEUDWLRQRIWKHGLVSODFHUDQGWKHF\OLQGHUZDOODWHDFKIUHTXHQF\DUHVKRZQ
LQ)LJXUH,QWKHORZIUHTXHQF\UDQJHIRUH[DPSOHDURXQG+]WKHGLVSODFHUZLOOQRWNQRFN
the cylinder wall since there is no phase difference between the center position of the displacer
and the cryocooler wall despite the large displacement. On the other hand, the displacer will also
QRWNQRFNZLWKWKHF\OLQGHUZDOOVLQFHWKHYLEUDWLRQDPSOLWXGHDURXQG+]LVTXLWHVPDOO,QWKH
LQWHUPHGLDWHUHJLRQWKHUHLVDULVNRIWKHGLVSODFHUNQRFNLQJ6LQFHWKHQDWXUDOIUHTXHQF\RIWKH
cryocooler's compressor cylinder is 33.1 Hz, the stroke of the compressor cylinder is increased in
WKLVIUHTXHQF\UHJLRQ+HQFHLWLVEHOLHYHGWKDWWKHVWURNHRIWKHGLVSODFHULVLQFUHDVHGGXHWRDQ
increase in the compressor net input power.

Table 2. Response magnification and phase delay of the cryocooler in each frequency.
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Figure 13. The state of the transmitted vibration.

Figure 14. Vibrations of the displacer and the cryocooler wall.

SUMMARY AND FUTURE WORKS
This paper reports the reliability evaluation test results of a cryocooler for cooling a superconGXFWLQJPRWRUV\VWHP7KHFRROLQJV\VWHPLVFRQ¿UPHGWREHRSHUDWHGVDIHO\7KHGHFUHDVHLQWKH
cooling capacity was only a few percent after the system was continuously operated over 5,000 hours.
Vibration tests were conducted, and the basic performance of the vibration resistance was obtained.
In the future, a contamination measurement and anti-vibration design is scheduled to be performed.
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