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Measured-loss Analysis of Superconducting Power Transmission Cable

Tsutomu Hoshine, Norifumi Yamaji, Itsuya Muta, Taketsune Nakamura,
Graduate Schoo] of Engincering, Kyoto University, Sakyo-ku, Kyoto G06-8501, Japan

Noboru Higuchi, Naotake Natori, Shuichire Fuchino and Kazuaki Arai
Electrolechnical Laboratory, Ibaraki 305-8568, Japan

Abstract-- In the former work [6], the eddy current
loss in the former due to pitch difference between cur-
rent conductor and shield conductor was studied. The
calculated value was negligible small which does not
explain the measured value. The eddy current loss
due to radial component of the magnetic field become
comparable with the measured value.

In this paper, the reason of the increased lass is re-
vealed. The disturbance of the conductor pitch yields
different strength of the axial magnetic fleld, The dif-
ference of the axial flux toward the radial direction
as the radial component of the flux. The Hux causes
eddy current loss in the copper for stabilizer. It is well
matech with the measured value.

{. INTRODUCTTION

Recently some clectric power companies began to fab-
ricate the single-phase power cable core witlt high Te su-
perconducting tapes, Their first target is 66 kV, 500 MVA
class superconducting power transmission line cooled with
sub-cooled liguid-nitrogen.

The authors made five 10 m-long NbhaSn superconduct-
ing power transmission cebles in the 1980s (1,2]. Current
tests of those cables were carried out cooled with liguid
or supereritical helium. Cable conduetors congist of two
layers of helical-wound tapes, one for transport current
and another for shield. DElectrical insulation consists of
wrapped plastic tapes. Countermeasure against thermal
contraction is one of the major factors in the design of
this type of the cables, ospecially when superconducting
materials in use are hrittle,

The latest cable “N” is desighed to suppress the stress
inside the cable caused by thermal contraction, with a
compromise between ideal design and restriction of cable
assemnbly. AC losses of the latest cable “N” are reduced to
about 1/5 to 1/10 of that of the other cable. Nevertheless,
they were ten times larger than those of material tapos
were.

To investigate the causes of the higher AC losses in ca-
ble, cable “N" was disassembled after the AC loss mea-
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surement. The cable “N” is free from such degracdation.
In this paper, we deseribe curvent distribution analysis
of the cable and equivalent magnetic ficld analysis.

II. DEsigN oF THL: CABLES

Cables are composed of two layers of conductors, one for
the transport of current, the other for the shield current
to reduce eddy current losses in the cooling chanmels [3]
as shown in Fig. 1. The conductor tapes and insulator
in the cable are to be helically wonnd at appropriate lay
angles, For the conductor tapes, the most appropriate lay
angles ave defined by the following equation.

taniy /Ry = tany /R, 1

where R), Ry arc radius of shield and transport condue-
tor, ¥, ¥y are lay angle of shield and transport conductor,
respectively. If conductors are wound on this condition,
the magnetic flux density at the center of the cable he-
comes zero, The eddy current losses inside the transport
conductors can be climinated. The dimensions of cable
“N" are shown in Table I.

II. ANALYSIS oF MAcGNETIC FIELD aAND EDDY
CunneNT Loss

A, Azmial component of the magnetic fleld

Assuming that the shield conductor fed counter current
of the transport conductor current, Ampére’s law tells us

cable center

Fig. 1. Lay angles of the cable,
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TABLE T Dimensions of Cable “N”
a.n

No. of  contents and materials winding tape size
layers direc. & pitch thickness » wicdth
(x pleces)

1 former, S8US corrugate tube with SUS mesh 27,0

2-8 diameter adjuster, tyvek 286 LH 110~ 124 0,125 x 7D

9 stabilizer performed OIFFHC tape 2.4  RH 250 0.3 % 65 x 13

10 - 300 [LH - -

11 superconductor, NbaSn tape 30.24  RII - 012 x 645 x 13
12-21 insulator, Lyvek 224 LI 112 0.125 x 70
22-75 -, every 6 layer RHE/LH 64 ~ 70 0.1256 x 27 x 2
7680 - LH - -

B1-83 - 45 LH G9 0,125 x 59

86 - superconductor, NDBaSn tape 4534 RH 250 017 x 5 x 23

87 stabilizer performed OFIIC tape 4594 LH - 0.3 x 6.5 x 19

88 - 468,54 RH - -
£9-93 insulator, tyvek LIT 66 0.125 % K9
94-117 -, every 6 layer RH/LH 70 0.125 x 27 x 2

1IR - 5268 RII - -

118120 - 0.125 »x 27 » 1/2

that there is no @ direction magnetic field in cylindrical
coordinates {r, 8, z). The current —! through the shield
conductor flows innor surface along with the lay angle 4.
Tho (surface) current density J; was expressed as follows

I'=—Fhcosy(2nR) — Ndy) (2)

where N7 is the number of shield conductor tapes and d
is the gap between shield conductor tapes.

Define {3 as the direction of outer surface current den-
sity Ja through the transport conductor, & as the direction
of inuer surface cwrrent density J3 through the transport
conductar. The relation

Jy ain{ahs — §3) = J; cos(pg -+ £) (3

I= Jg (27rR20 — NQ(EQ)COS Cg

Sill(ﬂ!z - Cz)

cos{1g - @
Yo +£)

is obtained. Where Ny is the nuinber of transpert con-

ductor tapes, da is the gap between transport conductor

tapes, Fia,, Hy; are outer and inner radius of transport

conductor.

Analyzed magnetic ficld are described in the former
work [6], When the pitch of the transport conductor is not
equal to that of the shield conductor, the axial magnetic
field within the transport conduetor described as follows:

H. — J2 S]‘.n(’g’)z — Cg)
7 cos(a - £)
Naody sin i sin{yg + £)
L B
X {coaf 57, {B)
Then the eddy emrvent loss F; in the copper stabilizer is
expressed as
Pe = péd2wiNw?H,i cos s /{32p(d? + w?)} ()

where w is the angular velocity of the current, d,, g,
N,, s, p are thickness, width, number, lay angle and
resistivity of the stabilizer, respeciively.

—+ Jg(Zﬂ‘Rg,‘ — .ngdg)

B. Raodial component of the magnetic field

As shown in Fig. 2, I is the current through the trans-
port conductor, {7 and Is are the winding pitch of the
transport conductor and theshield conductor respectively.
The radial component of the magnetic field is described
as follows,

1/
Hx(r) = { I/Efif/.!g

ng z :‘)< Ry) )

where, Ry iz inner diametor of transport conductor, Ry is
outer diameter of shield conductor, Ry is inner diameter
of shield conductor. If therc is pitch difference between
region A and region B, there is difference of axial flux
density. The difference of axial fiux become radial com-
ponent, because of continuity of the flux as shown in Fig.
2. The rolations between fiux are described as follows;

D1 = P14 — P15 (8)
By = P3p — Bay + P1r (9)
The flux &;; and &3, through the butt gap of supercon-

ducting tapes. Assuming that the radial flux distribution
describes as a function of Gaussian distribution as follows

. Dy .
region A a7 region B

1t ;

b

R by =7 o

1 A (D]'.\ i(Dh.
—_ s :

R, ( Ly, —r oo

R, @, P!

AN n

transport i shield

border

Fig. 2. Flux Mow in the single phase cable.



TABLE 11 Measured Pitches of the Cable “N™.

2 m point

4 m point

& m point

8 mn point

1225

layer A B A B A 13 A B

antor layer of 1st insulator 121 — 20 —- 120 120 —
Lst layer of inner copper 248 248 251 240 230 280 255 2RO
2nd layer of inner copper 247 253 248 251 248 - 230 240 250
inner NbaSn 249 M6 298 247 250 249 254 246
10th layer of 2nd insulator 102 104 101 102 102 102 102 |02
50th layer of 2nd insulator G4 — 63 64 64 -

outer layer of 2nd insulator GR 88 18] 69 ;o 8 Go [643]
outer NbhaSn 248 b3 3R 253 246 250 2RD 247
1st layer ol outer copper 251 248 253 251 252 250 240 251
2nd layer of outer copper 250 248 282 250 252 251 261 250
Sth layer of drd insnlator 67 67 66 67 67 67 67 G6
onter layer of 31d insulator 63 - 64 - €6 - G2 -

A assomble, B disassemble, units in min.

—n(z— zg).2 } (10)

1

fz) = i oxXp { I
with length Ry or Bg which is same as conductor radius.
Under the condition the flux density is less than lower
critical field of Nh3Sr, there is no radial component flux
in the conductor. Using this formula, the eddy current
logs in the inner copper layer is ohtained. Similarly, the
Hux $y; gives the eddy current loss in the outer copper
layer.

IV. Evarvarion ov Ebny CURRENT L.oss

Measurcd pitches of the cable “N" are listed in TA-
BLE II. The pitches were measured during assembly and
disassembly after all tests. The pitch distribution of the
conductor after all tests are shown in Fig. 3. Substituting
the velues of NbySn superconductor pitches to the equa-
tion (G) for each pitch scetion, the eddy current loss in

260 T T T T T T T T T
E 250 o
= !
=2 \
A \
240IO 100040

position / tim

T

Tig. 3. Piteh distribution of eable "IN”, solid line: conductor piteh,

braken line: shield pitch.

the former due to axial flux is negligible small as shown
in Fig. 4, Assmning that the resistivity of the copper for
stabilizer is p = 1.6 % 107 Qm, the cddy current loss in
inmer copper and outer copper obtained. Short sample AC
loss vaiues are also indicated. All values are eonverted to
one meter cable base. (short sample AC loss of transport
conductor) is proportional to (transport current)**7, and
(short sample AC loss of shield conduetor) is proportional
to (transport enrrent)®80, (eddy current loss) is propor-
tional to {transport current)?, but the eddy current loss
in the copper is neglected (not indicated in the figure), as
smatler than 107% W/m,

The measured pitches were distributed with the stan-
dard deviation listed in TABLL III. The pitch difference
of the two superconducting Iayers are shown in IMig. 5.
The axial fiux shall change its direction to radial dirce-
tion. The radial flux makes eddy current on the surface
of the stabilizor and conductor and changes the direction
¢z of surface current .J», Substituting the values of NbiSn

T T .
L
measurcd @
10 f L4
®
=) ] inner Cu
S
@
= 10-3 | calculated
e
o "auler Cu - . .
100¢ 2000 5000

current/ A

Fig. 4. Measured and cateulated loss of cable “N”.
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TABLE III
TR STANDARD DEVIATION OF MEASURED PITCHRS.
assernblo dizassemble
layer set 1 set 2 sel 1
st layer of inner copper 2,40 193 0.55
2nd layer of inner copper 2,17 1.91 L97
inner Nba8n 2.04 203 1.94
outer NhaSn 1.87 1,73 3.28
1st layer of outer copper 1.66 L.56 1.77
2nd layor of cuter copper 1,56 1.75 144
T T T T T T T T T
(mm)
10 1
N
oJ
5
]
£ o .
=
=
E
&
_1 D - 4
1 1 1 L 1 1 1 1 1
0 5000 10000
{mim)

axial position
Fig. 5. Piich Dilference Distribution of the Supercanducting Lavers.

superconductor pitches to the equation (7), (10) for each
pitch section, the eddy current loss in the capper layer due
to radial flux obtained as shown in Fig. 4. In Fig. 6, the
relationship between the current direction ¢ on the outer
surface .J; of inner superconductor and oddy eurrent loss
I, The loss was caleulated as peak current density is 500
Afem. The loss of 1.5 107* W/m corresponds to the 8,7
% deviation of g/ which is comparable to the loss of
short sample test.

V. CoNCLUSION

The eddy eurrent loss in the former and the stabilizer
was caleulated using the disassemnbled data of cable “N".
The pitch effect of the difference between transport layer
and shield layer was one-tentl: order of the material tape
loss, The pitch difference is not a dominant reason to
increase the AC losa.

From a viewpoint of the current distribution, the cur-
rent flow direction on the outer surface of the transport
conductor affects remarkably on the eddy current loss.
The difference of axial flux yiclds radial flux and change
the current direction from lay angle of the conductor tape
at 8,7 percent.

10 - T f
£
Z
123
g
g 107F .
g
!
)
v
o
average pitch
RRR=300
~3 1 1 ] 1 1
1o 0.8 1 1.2

Chy

Fig. 6. Relationship betweoen eurrent direction on the outer surface
of innet superconductor and eddy current loss,

The mechanism of the radial flux generation is revealed
in this paper. The sum up caleulated loss 15 1/5 of the
measured less. The remaining (not evaluated) loss is the
eddy current loss of the metals clad on superconducting
tape. The remaining difference shows us to reduce way
with manufacturing scheme.

REFERENCES

[1] N. Higuchi, N. Natori, K. Arai, and " Hoshino, “NbaSn Su-

perconducting Power Transmission Cable,” Mmiternational Sym-

pesivm on New Devclapments in Applied Superconductivily,

World Seientific, pp. 668-673, 1058,

I{. Arai, N. Natori, N. Higuchi, and I, Hashino, “AC Loss Char-

acteristics of Snperconducting Power Transinission Cable,” 11th

International Canference on Magnet Technology, Flsevier Ap-

plied Science, pp. 485-460, 1086,

(3} J. Sutton, and D. A. Ward, “Design of flexible Coaxial Coves
for AC 8C Cables,” Cryogenics, vol. 17, pp. 405-500, 1977,

{4] E. B. Forayth, R. A. Thomas, “Performance Summary of the
BrookhavenSuperconducting PoworTransmission System,” Cryo-
genies, vol, 26, pp, BA9-G14, 1086,

[5] T. Hoshine, M., Shibayama, S. Itol, L Muta, N. Tliguchi, N.
Natori, 8. Fuchino and K. Arsi, “Conductor Pitch Effect on an
Eddy Current Loss of Lthe Superconducting Power Cable Using
the Disassembled Cable “M* Data,” Proceedings of the Scuen-
teenth Mmierpational Cryogenic Kngineering Conference, pp. 375
-- 478, July 1908,

[6] T. Hoshino, N. Shibayama, 5. Itoh, I Muta, N. Higuchi, N.
Natori, 8. I'uchino, XK. Arai, “Cenductor Piteh Effect on an Fddy
Cwrrent Loss of the Superconducting Power Cable Using the
Disassembled Cable ¥N* Data,” [ERE Transoctions on Applied
Superconductivity, vol. 9, no. 2, pp. 1277 — 1280 June 1999,

[7] 8. Ito, T. Hoshing, N. Yamaji, . Muta, Radial fiux componenl.
cauged by piteh difference of superconducting power transmis-
sion cable” The 60th Meeting of Cryagenics and Supereonduc-
tivity, F1-11, pp. 124, June 1999,

[2



