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Results of Japan’s first in-grid operation of 200 MVA
superconducting cable system

O. Maruyamj S. Honjd, T. Nakand, T. Masud3 M. Watanab& M. Ohy&,
H. Yagucht, N. Nakamurdand A. Machid&

Abstract—A high-temperature superconducting (HTS) power discusses the results of long-term, in-grid operation.
cable demonstration project was started in 2007 to evaluate the
cable’s performance, stability and reliability. This project aims to II. OUTLINE OF THE PROJECT

operate a 66 kV, 200 MVA HTS cable system in a real power grid . . .
of the Tokyo Electric Power Company. A 240-meter-long HTS  This project was started in 2007 to evaluate the performance,

cable was successfully installed and other system components —stability and reliability of an HTS cable system. During the
such as a cable-to-cable joint, terminations and a cooling system first two years, the fundamental technologies were developed
— were also constructed at the Asahi Substation in Yokohama. for all elements of the HTS cable system, including the cable

After several completion tests and performance tests on the : : ;
system, the HTS cable was connected to a real grid from October structure. The str.ucFure provides a large current Capac_l.ty with
29, 2012 to December 25, 2013. The in-grid operation had reduced transmission losses, and offers the ability to

continued for more than one year without any accidental Withstands short-circuit currents. At the same time, the
interruption of the operation or troubles of this system. The demonstration site was determined and the grid conditions
temperatures and pressures of liquid nitrogen flowing in the HTS carefully scrutinized. In 2009, a 30-meter cable system was
cable were controlled to within the target values. After the in-  manufactured to verify the design and several tests were
grid operation, the critical current of the HTS cable was completed successfully [7]. Then the cable for the Asahi

measured and it was confirmed that there was no degradation : . .
compared to the initial one. In addition, no partial discharge was Substation was manufactured and shipped to the site in 2011.

observed in periodical measurements. It is concluded that the Simultaneously, at the same time, a cooling system was
HTS cable system has good performance and stability for long- developed and tested to check its operation, maintenance
term, in-grid operation. requirements and efficiency. Both the HTS cable and the
cooling system were installed at the site in 2011, followed by

Index Terms—High-temperature superconductors, power performance tests on the HTS cable in combination with the
transmission cable.Superconducting devices, Cooling cooling system in 2012. After these completion tests and
performance tests on the system, in-grid operation began on

|, INTRODUCTION October 29th 2012 [8]- [10].

H igh-temperature superconducting (HTS) cables can Hl. HTSCABLE SYSTEM DESIGN
transmit large amounts of electricity while having a

compact size and incurring minimal losses. They can thls Layout of HTS cable system

reduce the construction cost of underground lines in urbanFig. 1 shows the circuit diagram of the HTS cable system at
areas and decrease transmission losses. Several HTS cablesdsahi Substation. The HTS cable was connected between
have recently been demonstrated in networks around the wosldower voltage side of a 154/66 kV transformer, whose
[1]-[4]. In Japan, the development of compact HTS cablampacity is 200 MVA, and a 66 kV bus line. The rate current
suitable for urban deployment has been underway since #ied short-circuit current of this line are 175Q.4/&nd 20 KAy,
early 1990s. In 2007, a national project was begun to verifgspectively. Fig. 2 shows a layout of the HTS cable system in
their operational performance and long-term reliability in ththis substation. The two installed HTS cables are connected to
grid [5]. After construction of a 66 kV - 200 MVA HTS cableeach other with a cable-to-cable joint and the total length of
system at the Asahi substation of Tokyo Electric Powdhe HTS cable is about 240 meters. The cooling system
Company (TEPCO), it was connected to the grid for the firgcluding 6 refrigerators and, 2 pumps and the reservoir are
time in Japan. Although, the intermediate condition of in-gritbcated in a house near the HTS cable.

operation has been reported [6], this paper describes a@_d Alarm and protection system for HTS cable

Manuscript received August 12, 2014. This work was supported by the Critical failures of the HTS cable system are listed in Table
New Energy and Industrial Technology Development Organization (NEDO).l. |f one of these critical failures occurs, the critical alarm will
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T. Masuda, M. Watanabe and M. Ohya are with Sumitomo Electric In Fig. 1, the protection system of the HTS cable is shown.
Industries Ltd., Osaka, 554-0024 Japan. If a short circuit or ground fault occurs in the transformer
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Fig. 1. Circuit diagram and protection system for HTS cable
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Fig. 2. Layout of HTS cable system in Asahi Substation.

TABLE |

LIST OF THE CRITICAL FAILURE INHTSCABLE SYSTEM

Critical failure item

Conditions

LN, temperature
rise
LN, pressure fall

LN, volume fall in
reservoir tank

LN, circulation
pump failure

Power failures of
cable system
controller and
monitor

Monitor erro
Errors of cooling
system controller
anc monitot
Cooling system
emergency stop
HTS cable fault
detection relay

A total of 2 of the 13 pressure sensors indicate more
than 83 K at the same time.

A total of 2 of the 4 pressure sensors indicate IessA

than 0.1 Mpa at the same time.

The following accidents occurred at the same time.

-LN, volume sensors which are set in reservoir tank
indicate less than 15%.

-Temperature sensor which is set in reservoir tank
indicates more than 85 K

The following accidents occurred at the same time.

-Trouble at circulation pump A or B.

-Volumetric flow is less than 30 liters/min

Power failures of cable system controller and

monitor continuing for more than 5 minutes

Communication and alarm fail
Communication and control failure

Pushing the emergency button

Short or ground fault is occurred in HTS cable

circuit breakers CB1 and CB2 which are connected to the
higher voltage side of the transformer and the 66 kV bus bar
respectively. Furthermore, if this fault occurs in the HTS cable,
it will be detected by the HTS cable-fault-detection relay and
only HTS cable can be separated from the grid by the circuit
breakers S-CB1 and S-CB2 which are connected to both ends
of the HTS cable. After separating the fault point, the power
will be transmitted by connecting the bypass circuit.

In the case of the cooling system alarm, since the HTS cable
can be continue operating for about an hour after an alarm has
sounded, the HTS cable can be separated from the grid after
the bypass circuit is closed. Accordingly, in this case, the HTS
cable can be separated without any power transmission break
by using the bypass circuit.

C. Design of cooling system

To operate the HTS cable in a superconducting state, the
HTS tapes must be stably kept below 77 K with,LM this
project, LN, was selected for the coolant. The LN cooled
by refrigerators and circulated by pumps to the HTS cable as
shown in Fig. 3 [11]. After the cooled LMlows into one HTS
cable termination, it passes through the HTS cable, the joint
and another termination. Finally, it returns back to the cooling
system and is re-cooled and circulated again. In this
circulation, LN is sub-cool status by these refrigerators so as
to avoid vaporization and maintain dielectric properties. In this
cooling system, six Stirling-type refrigerators of 1 kW at 77 K
class are employed and one or two of them are standbys. The
cable inlet temperature is regulated to within +/-1K of the
target value by controlling the number of refrigerators in
operation. Furthermore, the flow rate is maintained by the
circulation pumps. The layouts of these refrigerators and
pumps were designed in a way that make it possible for them
to be replaced without shutting down the whole cooling
system during maintenance or repair.

IV. HTSCABLE SPECIFICATIONS

HTS cable structure

A photograph of the HTS cable is shown in Fig. 4 and the
specifications of this cable are listed in Table Il. The three

Py
@

valve Pump

Reservoir

Ref.: Refrigerator
@ :Flow meter
@ :Thermometer

detected by the transformer protection relay and the protection
area will be separated automatically from the grid by openingig. 3. Diagram of the liquid nitrogen cooling system..
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= TABLE Ill
Gopper  Dislsétiic Copier . RECORDS OF GRID CONDITION INHTS CABLE ‘S OPERATION PERIOD
former (PPLP® +LN,) tapes ltem Details

Operation period in grid 2012.10.29-2013.12.25
About 400 days: Excluding maintenance

Nhaeeee”

HTS Conductor (4 Iayers)\ . . term
) Maintenance period 2013.6.10-6.21 2013.7.22-7.31
HTS Shield(2 layers)
' Max current 1127 Ans(2013.8.10
Tersonmembor Voltage in grid 63.9-67.1 kV
] Unbalanced currentr: ~ About 6.9 %
Fig. 4. Photograph of HTS cable. Shielding current rate About 89 %
Network switching More than 50 times
TABLE Il Overloading Not detected
SPECIFICATIONS OFHTS CABLE Impulse Not detected
ltem Contents Fault current Once (Caused by ground fault in external
Cable geometry 3 cores in one pipe part of the HTS cable)
HTS conductor layer 4 layers,= about 6400 Aat 77 K
HTS shield layer 2 layers \ T
HTS tape Bi-2223 I - R L - 4 80
Dielectric material Laminated paper o Tempe’a‘“fe of LNz §,
Capacitanc€ 0.267 nF/m-ph g 12 ”**WW ‘ ***f***f
Relative permittivitys 2.29 T 1 UL S N I I K I 170
tano 0.08 % E Uk | =%
g€ o8- f : -7 048
cable cores are housed in one cryostat pipe in order to reducg | ‘ ! 23
. . = . Q =
the size of the structure. The cable core consists of a formeg ! 50 =
made from stranded copper wires, an HTS conductor, arg 04 Ww [ [Feyre i Fu
electrical insulation layer, an HTS shielding part, and a copper o2 s P
shielding part, all of which are coaxially wound around the Pressure of LN, inreservorrtank } %
former. A thermal |qsulat|on layer is provided with a.hlgh 1028 12027 226 427 627 826 1026 12075
vacuum between stainless double-corrugated cryostat pipes. Day
B. HTS cable’s performance Fig. 5. Transitions of loading current and Adtharacteristics.

The measured critical currerit)(of the HTS cable installed transitions of voltage, current, LNemperature at the cable
in the Asahi Substation is about 6400 A at 77 K. Ttheas  jpjet, LN, flow rate, and pressure in the reservoir tank. The
designed to have a value large enough to handle the maximigByts of characteristics of the cooling system are listed in
current of an overloading transformer which is about 260f5pje |v. In the first two months, the LNemperature was

Arms controlled to within the pre-set temperature range of 69 K +/-
The capacitanced) of the HTS cable installed in the Asahi1k even though the current fluctuated from about 3QQ %
Substation was measured by the Schering Bridge method gpd, 1 kAms in a day. To verify the stability at higher kN
its value was 0.262 nF/m/ph. This measured value aggmperatures, the inlet temperature was increased to 75.5 K.
designed value, which is calculated by the relative permittivityhis raised the outlet temperature to near 80 K, a temperature
(&) of the laminated paper measured in a 30-meter-long Htat is close to the highest allowable operating temperature
cable test [2], are in good agreement each other. which is limited by the critical temperature of the cable and
The tané measured by the Schering Bridge method wage boiling point of LN (83 K). As shown in Fig. 5, the cable
0.08 %. Since the designed value of the laminated paper is lggsismitted the load current stably under these temperatures.
than 1 %, it was confirmed that the characteristics of th&yrthermore, the pressure in the reservoir tank was controlled
dielectric material satisfied with the required specifications. to between 0.2 MPa and 0.25 MPa, and the flow rate gf LN
was maintained at 40 liters/min, for the entire in-grid

V. EVALUATION OF IN-GRID HTS CABLE OPERATION operation time.
A. Records of in-grid operation of HTS cable system TABLE IV
Table 11l shows the records of the grid conditions during the RESULT OF COOLING SYSTEM CHARACTERISTICS
HTS cable’s in-grid operation. The in-grid operation was Items Details

continued for about 400 days with unattended operation in tr LN temperature  Controlled to within +/- 1K of the target value
Asahi Substation. During this operation time, none of the 2tinietof HTS — Operated between 69 to 75.5 K in-grid operation

- . . . - cable system of HTS cable
critical failures listed in Table | happened. The maximum |N,pressurein  Controlled in between 0.2 and 0.25 MPa
current transmitted to the HTS cable was 1127 And its reiservoirtank o ters/mi
H H Flow rate Kept at 40 liters/min
value was much less than theof the HTS cable which is Pressure drop Required pump head: 145 kPa
more than 6000 A. (HTS cable; 31 kPa, Cooling system; 114 kPa)

Verifying the long-term stability of the cooling system is Velocity of LN, About 8 m/min
one of the themes of this in-grid operation. Fig. 5 shows th —_€9P 0.04
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B. Fluid characteristics of LN Table Ill, it was confirmed that stable operation of the HTS
While the HTS cable was connected to the grid, the Li¢able system had continued in all cases.

had been flowing in the HTS cable system at a flow rate of 49 |xflyence of ground fault in external transmission line

liters/min and the velocity of LNwas 8 m/min, so that about

30 minutes was required for the Lb flow from the cable During the !n-grld operation, Ilghtrjlng caysed a ground
inlet to the outlet fault to occur in an overhead transmission line connected to

The measured pressure drops of ,Lof the HTS cable the 66 kV bus line in the Asahi Substation. An outline of this

. : o : -~ fault is listed in Table V. The ground fault current flowed into
including terminations and cooling system are shown in Fig. §. A .

i HTS cable as shown in Fig.8 (a). Fig. 8 (b) shows the
The values of the HTS cable and the cooling system were aveforms of each phase voltage observed at the 66 kV bus
kPa and 114 kPa at 40 liters/min, respectively as shown in F P g

6, S0 that the required pump head was 145 kPa, in the case and of the zero- phase current _observeq at the neutral point
this flow rate fthe transformer in the substat_lon. Unt|l_the_ ground fault

) pomt was separated from the grid by a circuit breaker, the
C. Effect of sudden change in the current on cooling systemsound phase voltages were rising from the rated 38.1 kV to

The effect of a suddenly fluctuating in the current by the TABLE V
network switching on the cooling system was evaluated. Fig. GROUND FAULT
shows the operation records of the time of re-connecting tt ltems Details
HTS cable to the grid after the cable had undergon Datand time 2013/8/1219:36:38
. Type of fault One line ground fault by lightning
maintenance. Although a current of about 800 A and 66 k\ Fayit place 66 KV overhead transmission line
suddenly flowed in the HTS cable, the temperatures an Duration of fault 0.48s (24cycle of 50 Hz) _
pressures of LN at each part of the HTS cable hardly WorkingCB CB for 66 kV transmission fine in Asahi
f d. M lthough the HTS cabl ienced th Supstation
uctuated. oreover, although t e cable experience t. (10 s later, CB was re-closed successfully
suddenly fluctuating current 50 times or more as shown il Prase voltage Phase 1: 38.1 k\o> 54.5 KV
(before fault> Phase 2: 38.1 k\> 64.6 kV
200 during fault) Phase 3:38.1 k\> 7.2 kV (Fault phase)
o Cooling system o Line voltage No change (66 kV)
A Cable Ground fault current 415 A
150 X _Pump head Loading current About 1000 A (Each phase)
g ()
§100 C;’Asahl substation 154766 KV
round
g fault current [ Transformer
§ D el Neutral 3:
& point - 1 HTS cable
50 =

) Movmg 66kV

50 { circuit, Bus line
' breaker
Flow late [liter/min] Y--Ii-»
Fig. 6. Pressure drop of LMowing in HTS cable Ground
U fault by
lightning
Distributing Distributing
1000 90 Substation Substation
(b) Occurence CB was
900
Current for HTS cable 4 g5 of fault 0.48 sec opened
800
Ranssaeas RANES arararararsperLRARAE T T J e
Phase TRy \ ( “\f' !" ‘Hw ”HH LA
—_ | ‘”i'l ‘ V‘ \\\ H ‘H‘ “”w‘\‘
T 700 A o 1ao voltage “!“\M“‘\ \ \HH‘ “M/M“ hil ‘M"‘\J\g‘\\‘\,
=3 'Iirrperature of LN, in cable (Outlet-side) (Phase 1) / | M U i‘ ) ‘l \v “ “\ i ~\‘ ‘“ | H 0 J “ il “‘ / U ~\ ‘ i Y d iy
® 600 | - Lt \Ji“%l 1] \HH ) :
5 e — . QS Y W A AL AL L1 i
a Temperature of LN, in cable (Inlet-side] > p IR (TR \ M \ WINE]
500 b _l.mp ) N ( < 75 S Phase .\\"!‘\“‘H“H\‘\'\/ ’H\MM.“\(M“‘\M ‘ “\‘H\“.MHMM
o falnle e = i |1
< 2 vottage H“\ Ul;‘ M“ MW\\ “W‘ i U\‘ “\‘ M \‘\\Wl“u‘
= 2 (Phase 2) Al H iy ’ ! / ‘ L i
& 400 i L»_‘vrv )
S Pressure of LN, in cable (Inlet-side) 70 g P - 4 "4—‘—““ L [ sRAs v
S 300 1 ) 1 = Fault phase ] [\ y\ (‘w i VR '/‘ ‘
© AR AR S T W voltage ‘W\w,‘ W” ad il HNW
200 Pressure of LN, in cable (Outlet-side) (Phase3) |V by Y ' ' yyy j
-4 65 ' '
HTS cabe was ;
100 7maimenan:led HTS cab ted to the grid Zero phase '.(\/\‘/\ AAA AR AR A AN
" | cabe was reconnected to the gri current \} J \/V w\/v\ ! \) \’ V \f ‘1\“ —
0 L == L L L =1 60 3 ;
12:00 1312 1424 15:36 1648 18:00  19:12 *Phase voltages were measured at 66 kV bus line
. Zero phase current was measured at neutral point
Time (2013/7/31)

Fig. 8. (a) Schematic of ground faulfb) Waveforms measured
Fig. 7 Effect of sudden current fluctuating onAfiéwing in HTS cable. oscilloscope during the ground fault.
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55-65 kV and a ground fault current of about 400 A was 300 | | |
flowing into the HTS cable. After this fault, no partial —o Meaured (from W a- Wo- W) 112
discharge (PD) was observed in the HTS cable system and t X~ Designed (from 2-meter-long cable)
in-grid operation of the HTS cable continued stably. The AC losses measured at more than o1
measured values of capacitance dandl, of the HTS cable = _ 200 +——— 500 Aus were plotted. 3 s 5
after the in-grid operation were not changed from the initial 2 &% | T2
ones measured before the in-grid operation, respectivel é ] 06 4
Accordingly, it was confirmed that the characteristics of the Q o g
electric insulation and of the superconductivity of the HTS 100 104 <
cable were not impaired by this ground fault.
, 402
E. Heat loss of HTS cable / ’
The total heat loss of the HTS cable,(\\tan be divided 0] ‘ ‘ ‘ ‘ 0
into the heat intrusion from the outer wall of a cryostat pip¢ 200 400 600 800 1000
(W,), the dielectric lossW,), and the AC lossW), as follows: Current [Aum]
Fig. 9. AC loss characteristics of HTS cable.
Wiy = Wo+ Wy+ W, (1) improve the power transmission efficiency of the HTS cable

system.
W, can be determined by the LNemperature difference F. Coefficient of performance of cooling system
between the inlet and outlet, specific heat of,l&d mass

flow rate of LN, as follows: The coefficient of performance (COP) of cooling system

was evaluated as follows
Wa = (Tou- Ti M 2

all ( out m) Cp ( ) COP :WH/WE (3)
Tout @andT;, are LN, temperatures at the inlet and outlet of the
HTS cable respectivelf, is the specific heat of LNandM is
the LN, mass flow rate. In this calculation, aft@, was
measuredT;, which was measured 30 minutes later was us
because that time is required for the,Lfd flow from a cable
inlet to an outlet.

WhereW, is the total heat loss of the HTS cable system and
W is the total electric power consumption of the cooling
e@/stem. TheWy andWe are divided into the losses generated
at' each part as listed in Table VI. Tié, andWg are 2.53 kW
and 60.32 kW respectively. The COP calculated by (3) was

W, was measured while the HTS cable was separated fr out 0.04. This vglue was half that required for the H.TS
the grid for maintenance, because the AC loss and ol le system to gain a cost advantage over the conventional

ﬂé‘(ggle. To improve the COP of the cooling system, the
fis

dielectric loss are not generated under zero current and z .
voltage. Furthermore, the measured values during the ni yton-cycle refrigerator system for HTS cables whose COP
f 0.1 has been developed by Mayekawa Mfg. [12].

when there is no solar radiation were adopted. The res
showed the measurétl, at the straight part of the HTS cableG. Electrical insulation characteristic

was about 3 W/m. The PD was measured five times periodically, until the in-
Wy was calculated using measureddamd capacitanc€  grid operation was over. Although the sensitivity was 50 pC in
of this HTS cable, as listed in Table II. The calculaddvas  this measurement, a PD signal more than the sensitivity was
0.3 W/m - 3phase at 66 kV and 50 Hz. , not observed within the HTS cable in any measurements.
Wji was calculatgd by (1), usit, Wo andWy which were Accordingly, it was confirmed that the electrical insulation
obtained as described above. These results were plonedp@ﬁormance of the HTS cable was not decreased.
Sh(.)wn. in Fig. 9. The obtained, and the designed value . The measured tan after in-grid operation showed no
which is the measu.red AC loss of a 2-meter-long cable Wered@gradation compared with the initial one listed in Table I,
good agree.m('ent with each ther. Alt.hOUQh the A(.: loss of t%fld so the good characteristics of the electrical insulating
HTS cable is influenced by disorder in the spiral pitch of HT

. ' aterial over operations of more than for one year were
tape caused by cooling and degradation of the tape P y

characteristics, the measured AC loss of a cable that was mc TABLE VI
than 200 meters long was in good agreement with th ELECT;EAPTOb‘VDES gg;gf;;ﬁ;i?flgg i
designed value. It was confirmed that there was no problel tems Loss (kW)
with pleagq gnd manufacturlng qugllty of the HTS cgble. Total heat loss of the HTS cable systéfn 253

It is clarified that thew,, which is about 3 W/m, is much (HTS cable) 12)
lager than the value &%,andW;. It indicates that most of the (Bofial'(‘gowgﬁoli"\\/"; (HTS terminations) (13)
heat loss generated at the HTS cable is heat that intrudes frc B (HTS joint) (0.02
the outer wall of the cryostat pipe. Since Wgis generated at Total electric power consumptiok 60.32
any time regardless of whether or no there is current loading (Refrigerators) (55.38)

. ; . . : Breakd A LN 0.2¢
reducing this heat intrusion would be an effective way tc reakdown olfte §W;t§r” {:‘;‘jﬂng) 54.66))
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confirmed. the lightning, no degradation of the characteristics of the
The capacitanc€ of the HTS cable was also measured ansluperconductivity and electrical insulation, such asl{fand

it was confirmed that there was no degradation compared wkRb, was seen in a residual performance test after in-grid

the initial one listed in Table Il, although a contractile tensioaperation.

of about 3000 kgf was applied to the HTS cable due to theAccordingly, it was concluded that the HTS cable system

cooling of LN,. It was confirmed that there was no negativlas good performance and stability for more than one year in-

influence of the cooling on the electrical insulation layer. grid operation.

However, it was clarified that most of the heat loss
o ] ] ) _generated at the HTS cable is heat that intrudes from the outer
| was measured five times in the main part of this project {fl5)| of the cryostat-pipe. Furthermore, the COP of the cooling
order to confirm the_ HT_S cable’s superconductwny. Thes@ystem was not enough to give the HTS cable system a cost
results are shown in Fig. 10. The first measurement wWggyantage over the conventional cable. Accordingly, as the
carried out when the HTS cable was cooled first after it haghy; step, this heat intrusion need to be reduced and the

been installed in the Asahi Substation. The secoqgm“ng system improved in order to move toward
measurement was conducted after the HTS cable mercializing the HTS cable system.

experienced one thermal cycling between room temperature
and 77 K. The third measurement was taken after HTS cable
experienced the second thermal cycling. The fourth
measurement was conducted 9 months after from the in-gri
operation had started. And the last measurement was talIeEH:
after the in-grid operation had continued for 14 months.
Although the design value of, was about 6400 A, the

measured values at any time were in good agreement with thle M. Stemmle, F. Merschel, M. Noe and A. Hobl, *AmpaCity —
desi d | dinalv. i fi d th h Installation of advanced superconducting 10 kV system in city center
esigned value. Accordingly, it was confirmed that there wWas |epjaces conventional 110 KV cables?013 IEEE International

no degradation in the characteristic of superconductivity at all Conference orpplied Superconductivity and Electromagnetic Devices
time such as the shipping, the installation, the thermal cycling Pp: 323 - 326, 2013.

. J.F. Maguireet al, “Progress and Status of a 2G HTS Power Cable to
and the long-term operation, after the HTS cable w Be Installed in the Long Island Power Authority (LIPA) GridEEE

manufactured at the factory. Trans. Applied Superconductivityol. 21, pp. 961-966, 2011

[3] Sohn. Song-Het al, “Installation and Power Grid Demonstration of a
22.9 kV, 50 MVA, High Temperature Superconducting Cable for
KEPCO,” IEEE Trans. Applied Superconductivityol. 22, 5800804,

An HTS cable system was designed and constructed at the 2012.

. . . [4] V.E. Sytnikovet al, “HTS DC Cable Line Project: On-Going Activities
Asahi Substation in Yokohama to evaluate the Cableé in Russia,”IEEE Trans. Applied Superconductivityol. 23, 5401904,
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