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Abstract—The HTS cable demonstration project, called the
Yokohama Project, supported by Ministry of Economy, Trade
and Industry and the New Energy and Industrial Technology
Development Organization, was initiated in Japan in 2007. The
aim of this project is to operate a 66 kV, 200 MVA
high-temperature superconducting (HTS) cable in a network of
the Tokyo Electric Power Company to demonstrate cable
reliability and stable operation. Total project period was changed
from 5 years to 6 years. Chosen as the demonstration site was the
Asahi substation in Yokohama. Based on the analysis of the
network conditions of the demonstration site, specifications of the
HTS cable system were determined. Element technologies were
developed and various preliminary tests using short core samples
were conducted to confirm the HTS cable design. A 30-meter HTS
cable system was manufactured and tested prior to initial
demonstration tests. Long-term demonstration tests of the HTS
cable system in an actual grid at the Asahi substation are
scheduled to be started in 2011.

Index Terms— High-temperature superconductors,
Superconducting cables, Superconducting transmission lines,
Power cables.

I. INTRODUCTION

IGH Tem perature S uperconducting (HTS) cab leis
expected t o t ransmit larger amounts of el ectric po wer
having lower power loss despite smaller cable size due to the

higher critical current density property of the HTS conductor.
As underground space is almost unavailable and present
space is already congested in populated urban areas in Japan, it
will b ecome h ighly d ifficult to con struct n ew tunn els fo r
underground power t ransmission ca bles t o co pe with the
growing increase in power demand. In addition to this problem,
the need for replacement of over-aged larger capacity cables,
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such as oil-filled cab les (OF cables) and pip e-type o il-filled
cables (POF cables), will grow larger year by year. Replacing
these cables with low-capacity cross-linked polyethylene vinyl
sheath ca bles (XL PE cabl es), however, requires ad ditional
circuits, thereby causing impracticality due to th e difficulties
inherent in constructing new cable tunnels.

IfHTS cables having a diameter small enough to be installed
in existing ducts are reali ~ zed, th ey can o ffer inno vative
solutions to these techn ical bottlenecks. They have th erefore
been id entified as a k ey tech nology for the d evelopment o f
next-generation power transmission lines.

The T okyo Electric Power Com pany (TE PCO)a nd
Sumitomo Ele ctric Indu stries (SEI) h ave b een cond ucting
research and development of HT S cable sy stems since 1990.
Based o nt hese st udies, t hey bega nt hisnew HTS c able
demonstration p rojecti n2 007. T his pa per desc ribes t he
summary and the development status of this project.

To realize the practical use of HTS ca ble systems, several
HTS ca ble demonstration projects ha ve bee n undertaken
around the world [1]-[4].

II. SUMMARY OF THE YOKOHAMA PROJECT

A. Project members

The HTS cable demonstration project, called the Yokohama
Project, funded and supported by Ministry of Economy, Trade
and I ndustry MM ETI)an d New E nergy a nd I ndustrial
Technology Development Or ganization (  NEDO), g ot
underway in 2007. Target of this project is to operate a 66 kV,
200 M VA HTS cabl esy steminareal gridin orderto
demonstrate its reliability and stable operation.

TEPCO provides an actual po wer grid fo r dem onstration
tests and verifies system operation and maintenance techniques.
TEPCO also studied what influences the connecting HTS cable
had on the power grid. At the same time, SEI has developed
element technologies fort he HTS cabl e syste m, and is
responsible for the manufacturing, construction and operation
of the HT S c able sy stem. Also , M ayekawa M FG. Co . has
designed a nd assem bled a co oling sy stem,an di s now
conducting verification tests of the cooling system prior to the
long-term tests. A steering c ommittee, com prising university
professors, researchers of el ectric u tilities an d personnel o f
research institutes, has been holding regular meetings to obtain
opinions, advice and comments regarding this project.

B. Project schedule
The project began in 2007. In order to secure the time for
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verifying th e performance of th e co oling system, th e to tal
project period was given a one year extension from the initial 5
years to the present 6 years. The time schedule is shown in Fig.
1.

During the first two years, technologies were developed for
all elements of the HTS cable system, including the decision of
cable structure. The structure provides large current capacity
with lower AC losses, and withstands short circuit currents. At
the same time, the demonstration site was determined and the
grid cond ition was carefu lly scru tinized. In 200 9 and early
2010, a 30 meter cable system was constructed and assessed at
SEI’s facility to verify its p erformance b efore manufacturing
and con structing the HTS cab le system at the demonstration
site. Performance test of t he cool ing sy stem is scheduled in
2010 in order to con firm syste m ch aracteristics. Finally, the
cable system will be installed and operated at the demonstration
site over a one year period.

FY 2007 |

2008 2009 ‘ 2010 2011 2012
I I
Design Pre-performance|
Cable Cable, Joint, Termination test with 30m
system Preliminary test cable
development| [ AC Iﬁss‘_ Falult current test, Pre-performance test
Mechanical test, etc. of cooling system
‘ y w—
Analysis of grid condition Cable manufacturing ]

Field test

Cooling system
manufacturing

Decision of test code
and test method

'b| Long term test

Fig. 1. Time schedule of the HTS cable demonstration project.

C. System specification

The specifications of the HTS cable system are summarized
in Table 1. Some of't hese specifications are determ ined in
consideration of th er esultso fpow ern etwork analysis
described in the next section.

Since the major target of the development of a HTS cable is
to realize a large power cable having a compact size, the cable
structure was determined t o be the “ 3-in-One” t ype. C able
diameter is designed to make it possible to be installed in a 150
mm conduit. Total length of the cable is to be about 250 meters,
with a cable-to-cable joint box and terminations at both ends.

AC loss target of the cable used for the demonstration tests is
1 W/m/ph at 2 kArms. Most importantly, the project’s ultimate
goal is to reduce AC loss to less than 1 W/m/ph at 3 kArms.

TABLE 1 SPECIFICATIONS FOR THIS PROJECT

Items Specifications

Cable structure Three cores in one cryostat (“3-in-One”)

Rated voltage and current 66 kV, 1.75 kArms, 200 MVA

Withstanding over-current 2.6 kArms
Cable length About 250 m
AC loss 1 W/m/ph @ 2 kArms (for long-term test)

1 W/m/ph @ 3 kArms (final target)
Maximum fault current: 31.5 kA, 2 sec
Maximum through fault: 10 kA, 2 sec

Fault current condition

Accessories Terminations, Cable-to-cable joint

Outer diameter of cable 150 mm conduit

Direct circulation system with sub-cooled

Cooling system 4
pressurized LN2

III. POWER NETWORK ANALYSIS

A. Demonstration site

The demonstration site chose the Asahi substation, located in
Yokohama, in consideration of s pace, c urrent ca pacity and
other factors. Asahi substation is an outdoor type, and has three
set 0200 MV A, 154/66 kV step down tr ansformers wh ich
connect 154 kV bus lines and 66 kV bus lines. As shown in Fig.
2, the HTS cable is connected between the low voltage side of
the transformer and the 66 kV bus lines, with circuit breakers
(CB1 & 2) and line switches (LS1 & 2) on both sides of the
HTS cable. Another line switch (LS3) is added in parallel to the
HTS cable to form a by-pass circuit for emergency use.

Fig. 3 shows the layout of the d emonstration system at th e
Asahi sub station. Installed are two HTS cables connected to
each other with a cable-to-cable joint. Total HTS cable length is
to be about 250 meters. A portion of the cable will be installed
above ground and ap ortion r emaining u nderground w ith
multiple bends in both the vertical and horizontal planes.
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154kV bus lines
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154/66kV

[Additional equipments]
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Fig. 2. Si mplified power network diagram added the HT S cable and other
equipment at the Asahi substation.
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Fig. 3. Layout of the demonstration system in the Asahi substation.

B. Fault current condition

Fault current conditions in the Asahi substation, which will
influence the HTS cab le, were calcu lated by a fau It current
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calculation program. Tim es of fault cur rent d uration were
determined con sidering t he protection se quences ¢ omprising
main pr otection relay w orking and back-up protection r elay
working, for example, failure of a circuit breaker.

Fig. 4 shows the results of calculation. Circle plots represent
the case in which the HTS cable is disconnected from the grid at
the sam e time as the fa  ult point ’s bei ng cuta way. The
maximum fault current condition in this case is about 20 kA for
2 sec. This energy is much less than 31.5 kA for 2 sec, which is
arating sh ort-time with stand cu rrent value defined fo r
equipment of a 66 kV power network in TEPCO. This means
that the HTS cable must be designed to withstand the fault
current flow from the mechanical viewpoint, although the HTS
cable neednot bere quiredrapi dr ecovery int he
superconducting state from the thermal viewpoint, as a certain
amount of time may elapse before the HTS cable is reconnected
to the grid.

On the other hand, triangle plots represent the case in which
the load current flows again to the HTS cable promptly after the
fault point is cut off. The maximum fault current condition of
this case (called the “through-fault”) is less than 10 kA for 2 sec.
In other words, the HT'S cable should operate atits rated current
even after a fault current flow of 10 kA for 2 sec.
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Fig. 4. Simulation results of fault current conditions. Circle and triangle plots
correspond to non rapid re-close case and rapid re-close case, respectively.

C. Surge condition

Lightning surge propagation characteristics in the HTS cable
were ¢ alculated an d co mpared with th ose of co nventional
XLPE cable, since the resistivity and surge impedance of the
HTS cable conductor are both smaller than those of the XLPE
cable having the same capacity, which ¢ ould affect t he surge
propagation characteristics. For example, surge impedance of
the HTS cable used for this project is about 0.11 ohm/m, while
that of XLPE cable is about 0.27 ohm/m. On the other hand, the
propagation speed of the HTS cable is abou t twice of thatof
XLPE cable.

The analysis condition was a lightning strike to a pylon of 66
kV line nearest the substation having a lightning current of 30
kA. Fig. 5 shows the results of the lightning surge voltage wave
patterns in the HTS cable and the XLPE cable. The peak over
voltage of t he surge reached 196 kV about 17 ps afterth e
lightning strike in case of t he HTS ca ble. Its speed was 206
m/psec. There is no significant difference in the lightning surge

characteristics between the HTS cable and the XLPE cable. The
lightning i mpulse wi thstand vol tage (LIWV) o fthe 66 k V
network is 3 50 k V. C alculation re vealed t hat t he m aximum
peak voltage of 196 kV is small in comparison with the LIWV
value, indicating that superconducting properties do not affect
insulation design of the HTS cable.
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Fig. 5. L ightning sur ge voltage wave forms of HT S cable and conventi onal
XLPE cable. Propagation speeds of HTS cable and conventional XL PE cable
are 206 m/ps and 121 m/ps, respectively.

IV. DEVELOPMENT OF ELEMENT TECHNOLOGIES

Various el ement technologies were developed and various
preliminary tests were conducted to determine the cable system
designs, such as the HTS cable itself, the joint, the termination
and the cooling system in the first two years. In this section, the
major technologies regarding electrical properties of t he HTS
cable are summarized. Other element technologies have been
described in detail by Ohya, et al [5].

A. HTS cable design

Fig. 6 show s the structure of the “3-in-One” HT S cable.
Three cores are housed in a stainless steel double corrugated
cryostat. Eac h core ¢ onsists ofa  former made of ¢ opper
stranded wires, an HTS conductor, electric insulation, an HTS
shield and a co pper shield, all o f which are co axially wound
around the former. HTS conductor and HTS shield consist of 4
layers of Bi-2223 HTS wires and 2 layer s of the same wires,
respectively. In the steady-s tate, a transm itted curre nt fl ows
through the HTS conductor layers. Current nearly identical to
the HTS condu ctor but oppo site in phase flows in the HTS
shield layers. The copper former and copper shield layers work
as by-pass circuits of over-current in case of fault.

Stainless Steel Double Corrugated

Copper Stranded Cryostat

Former

Electric Insulation
(PPLP +LN,)

Copper Shield

HTS Conductor (4 layers)
HTS Shield (2 layers)

ﬁu” st AR
Fig. 6. HTS cable structure to be installed at the Asahi substation.

B. AC loss measurement
In order to reduce AC losses of an HTS cable, low AC-loss
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type wires, “Type ACT”, and high critical current type wires,
“Type HT”, were used as the HT S conductor layers. Fig. 7
shows the res ults of AC | oss m easurements. AC 1 oss was
reduced to 0.8 W/m/ph at 2 kA rms, which meets the required
specifications of 1 W/m/ph.
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Fig. 7. AC loss test results for hybrid HTS cable core. AC loss of the h ybrid
core is much smaller than that of conventional cable core.

C. Withstanding fault current

Fault current withstanding tests were conducted using short
length sample cores in a saturated liquid nitrogen bath. Fig. 8
shows the temperature rise (AT) both of the HTS conductor and
the HTS sh ield. AT of the conductor and t he shield reached
120K and 110K, respectively, in the case of 31.5 kArms for 2
sec, with both falling within the expected range of simulation
results. Fu rthermore, no deterio rationi n critical cu rrent
characteristics was obse rved in both th e conductor andthe
shield after th e tests. Th s indicates th at the sample possesses
the required over-current withstanding characteristics.

Other tests which sim ulated through-fa ult accide nts were
also conducted. (1) Continuous rated current of 1.75 k Arms
was applied to the test sample immediately after a fault current
flow of 10 kA for 2 sec. (2) A continuous rated ground-to-phase
voltage of 38 kV was applied to the test sam ple immediately
after a fault current flow of 10 kA for 2 sec. In bath cases, AT of
conductor and shield were less than 5 K immediately after the
fault current flow, and their temperatures rapidly returned to the
bath temperature. No thermal runaway or electrical breakdown
was observed during the tests.

150

Experimental results
10kA

Conductor layer
Shield layer
kA

Conductor layer
Shield layer
31.5kA

Conductor layer
Shield layer

Numerical results
1.5kA

—— Conductor layer
--=--Shield layer

1. a ‘ élOkA
2.5 3 3.5

Duration (sec)
Fig. 8. Fault current test r esults of HTS cable core sample. Temperature rise

(A4T) was measured at the over- current flows of 10 kA, 20 kA and 31.5 kA
under various time durations.

D. Electrical insulation characteristics
Polypropylene laminated paper (“PPLP”) impregnated with

pressurized 1 iquid ni trogen wa s c¢ hosen as an electrical
insulation layer. Th is structure h as worked well in many
voltage impression tests, and exhibits good heat cycle (cooling
and heating) characteristics.

In order to verify the electri cal insulation performance, a
model cable having an insulating layer of 6 mm in thickness
was prepared to conduct the voltage impression test. An AC
withstand voltage of 90k V for3 h ours an d a ni mpulse
withstand voltage of 385 kV for 3 t imes were ap plied to the
model cable. No partial discharges were observed in the AC
withstand voltage tests, and electrical breakdown did not occur
in the impulse withstand voltage tests. Considering margin, the
thickness of the electric in sulation layer of the demonstration
cable was determined as 7 mm.

V. PERFORMANCE VERIFICATION TESTS

A. 30-meter cable system tests

In order to evaluate and verify the characteristics of the cable
system in its final form, the cable and each piece of equipment
were combined and a 30 m-long cable system was developed.
Fig. 9 gives an overview of the cable system. The cable has a
ninety-degree bend of 5 m in radius, terminations at both ends,
and a cable-to-cable joint. By using this system, various electric
tests, mechanical tests, thermal tests and tolerance confirmation
tests were conducted [6]. Temperature a nd pres sure
characteristics during and after fault current flows were also
measured. The test re sults are being analy zed in detail and
being compared with simulation results [7].

As an example, Fig. 10 shows the test r esults of a 30-day
long-term operation. During the test period, a ground voltage of
51 kV was continuously applied as an accelerated test condition
to simulate thirty years of operation, while at the same time a
current application cycle test was conducted. Namely, a rated
current of 2 kA was applied for 8 hours and then turned off for
16 hours. During the test, no significant change was observed in
the temperature of the cable or other sections, and the 30-day
long-term operation was completed successfully.

[ rerminatons 1

Fig. 9. Overview of the 30m

eter HTS cable system.
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Fig. 10. Status of long- term operation test. 30 day long-term operation tests
were completed successfully, with no significant changes in the temperature of
the cable or other sections.

B. Cooling system tests

In this project, the direct cooling method has been selected as
the refrigeration system. In this system, liquid nitrogen flows
out from one cable termination, through the circulating pumps
and refrigerators, and then back to the other cable termination
directly. The number of pumps and refrigerators is determined
by system conditions and redundancy factors. Fig. 11 shows the
flow diagram of the cooling system for the Asahi substation. A
Stirling type cryocooler, having the capability of 1 kW @77 K
or 0.8 kW @67 K, is applied. The number of cryocoolers was
determined to be 6. Four are used in normal operation and two
are retained in a stand-by state. Two liquid nitrogen pumps are
placed in parallel and driven alternatively for a set pe riod of
time.

Prior to the long-tem test at the Asahi substation, the minimal
cooling system, which consists of two refrigerators and a pump,
was tested by connecting it to the 30 meter HTS cable system
[8]. After this element test, as shown in Fig. 12, the cooling
system consi sting o f t hree r efrigerators and t wo pumps was
constructed at a factory of Mayekawa. The configuration of this
cooling system is same as t hat for Asahi substation. Dummy
load made of a heater inserted in a short length insulation-pipe
is used instead of connecting an actual HTS cable to the cooling
system. Using this ¢ ooling system, various performance tests
are being carried out.

~
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Pump
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Fig. 11. Flow diagram of the cooling system for the Asahi substation.
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Fig. 12. Overview of the cooling sy stem constructed at Mayekawa’s factory.
This cooling sy stem has the sa me configuration as th at for Asahi subst ation,
though the number of refrigerator is three instead of six.

VI. CONCLUSION

Prior to th e co nnectiontoth eactu al gridinth e Asahi
substation, performance veri fication t esting of t he 3 0-meter
HTS cab le syste m was co mpleted in April, 20 10. Fo llowing
that, pe rformance ve rification t esting of t he 1 iquid nitrogen
cooling system is now underway. After completing the test, the
cable system will b e in stalled an d con structed at th e Asahi
substation for the long-term demonstration test to be started in
2011.
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