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Dependence of Current Carrying Capacity and AC
Loss on Current Distribution in Coaxial Multi-Layer
HTS Conductor

M. Tsuda, Y. Ito, T. Harano, Y. S. Kim, H. Yamada, N. Harada, and T. Hamajima

Abstract—We had developed a simulation method of current critical current of cable by taking—I characteristic of HTS
distribution in coaxial multi-layer HTS conductor and investigated tape into account. Since homogeneous current distribution can
influence of the n.onlllnear voltage-current characteristic of HTS be realized by many sets of cable parameters, influence of
tape on current distribution. It had been reported that homoge- . . . .
neous current distribution, especially the same layer current, is ef- man_Ufa(_:tu”ng error 9f tW'_St'ng pitch and ,rad'us On. current
fective in terms of reducing AC loss. There are, however, many sets distribution has been investigated to determine the suitable sets
of cable parameters to achieve homogeneous current distribution of cable parameters [5]. The suitable parameters for homo-
in such the coaxial multi-layer cables. Therefore, using our devel- geneous current distribution in terms of minimizing AC loss,
oped evaluation method, we numerically investigated the relation- however, has not been discussed sufficiently yet. Therefore, we

ship between AC loss and the cable parameters such as twisting. . . .
pitch, radius, and direction in coaxial three- and four-layer con- investigated the relationship between AC loss and the cable

ductors. We evaluated both hysteresis loss and flux flow loss as AC Parameters using our developed theoretical method takinlg

loss using the Norris’'s model andV'—I characteristic of HTS tape, characteristic of HTS tape into consideration.

respectively. The critical current of whole cable and current den- We assumed three- and four-layer cables in analysis and cal-
sity of each tape are key parameters in terms of reducing AC 10ss. ¢ |ated hysteresis loss and flux flow loss using various sets of
The larger twisting pitch is better for increasing the critical cur- S

rent of cable due to the greater number of usable tapes and the cable pargmeters for homogeneous current dlstr|but|on._lnflu—
shorter tape-length per unit length of cable in longitudinal direc- €nce of critical current of whole cable and current density of
tion. Alternate twisting pitch, however, is ineffective for increasing each tape on total AC losses was investigated numerically using
the critical current due to small twisting pitch and small number of  the following assumptions: 1) constant total volume of HTS
tapes for realizing homogeneous current distribution. There is no tapes; and 2) constant total number of HTS tapes. In the as-
effect of the degradation of the critical current caused by magnetic . )

field generated by the other layers on AC loss in the cable with the S“mPt"?” Of_ con.stant total vqumg of HTS t_aPes’ erendences
current carrying capacity of the order of at least 1 kA. of twisting direction and the magnltude of twisting pltCh on total
AC losses were investigated in terms of permissible maximum
number of tapes. In the assumption of constant total number of
HTS tapes, we investigated influence of the number of tapes for
each layer and tape-length for each layer on total AC losses.

|. INTRODUCTION It is considered that HTS tapes are exposed to magnetic field

OWER application of HTS cable is expected to be realizéienerated by the operating current in the other layers and the
Pdue to the improvement of HTS-tape performance such gdtical current decreases according to the magnitude of the ex-
critical current density. In HTS power cable, it is required to rd20sed magnetic field. The larger number of tapes is desirable for
duce AC loss as small as possible. For the reduction of AC 106§ layer exposed to large magnetic field to compensate the crit-
in HTS cable, coaxial multi-layer conductor has been investfal currentin whole cable for the degradation of critical current
gated both experimentally and analytically [1]-[5]. It has bee?f €ach tape. Therefore, we investigated influence otthe3
revealed that homogeneous current distribution has an effect@igracteristics of HTS tape on total AC losses. We also investi-
reducing AC loss and is achieved by controlling cable paran@ated the suitable sets of cable parameters in four-layer cable to
ters such as twisting pitch, radius, and direction [2]-[5]. compare with those of three-layer cable.

We had developed a theoretical method based on magnetic
flux conservation between adjacent layers to evaluate the
cable parameters for homogeneous current distribution in
coaxial multi-layer HTS cable. We have applied this method Many kinds of simulation methods have been adopted to eval-
to evaluate current distribution at the operating current aroundte current distribution in coaxial multi-layer cable [1]-[3]. In

terms of cable design, itis very important to estimate the suitable
cable parameters satisfied with required conditions such as AC
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In a closed contour composed bth andk + 1th layers, TABLE |
Maxwell’s equation is satisfied as follows: PARAMETERS OFTHREE AND FOUR-LAYER CABLES
/ E.-dl— — 0Protal ) Conductor : Silver-sheathed Bi2223 tape
ot thickness [mm] 0.2
where® .., is the total magnetic flux through a loop composed width (mm] 4.0
of adjacent layers. The left-hand side of (1) is the Ohmic-voltage critical current  [A] S0
drop in the loop given by: n-value 10
Cable : Coaxial multi-layer conductor
/E -dl = Ryir — Rpqrip41 2 layer radius [mm]
' 1+t layer 20.0
whereR;, is the equivalent resistance in theh layer. Consid- Indjayer 20.5
eringV—I characteristics of HTS tape and the magnetic flux in 3 Jayer 21.0
axial and azimuthal directions, we finally derived the following 4 layer 215
governing equation based on an equation of Kirchoff’s circuit

current in the loop okth andk + 1th layers:
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. . . . Magnetic flux density (T
wherei; is the current in theth layer;r; is the radius of the agnetic flux density (T)

kth layer; L; is the twisting_pitch in theith layer; n is_the Fig. 1. Dependence of critical current of Bi2223 tape on magnetic flux density.
total number of layers and, is the length of conductor in the

Io_ngr:tudina}l %iridi%n' corr]responds to L'fC'M' of t!_e tWisting e shown in Table 1. In real cable, each layer is exposed to
pitches.; Is defined as the parameter of twisting direction iy, ynevic field generated by the other layers and critical current

th_e ith layer and it take_s 1 (_)Fl'_ corresponds_ to the CIOCI('density of each tape may be decreased according to the mag-
wise and counterclockwise directions, respectively. Note thatr'lri}ude of exposed magnetic field. Therefore, we considered a
this paper,”Z” and *S” correspond to the clockwise and countely _p characteristic shown in Fig. 1. Since length of HTS tape,
clockwise directions, and *ZSZS” means that HTS tapes wegg,ands on both twisting pitch and radius, is different for each

twisted in the clockwise direction in the first and third Iayerqayer we took the effect of the difference of tape length into

while the counterclockwise direction in the second and fourfysjgeration in analysis. Equation (1) was solved numerically
layers. In (3), we assumed that total operating current is sin; the Runge—Kutta—Gill method

soidal even if waveform of each layer current may be distorte
by nonlinear characteristics such as flux flow resistance of a

. . . I1l. ANALYSIS AND DISCUSSIONS
HTS tape. Therefore, we can obtain the following equations to

solve the differential equation of (3): Using (1), we calculated various sets of twisting pitch and
direction for realizing the same layer current. Then we evaluated
n . .
Z . .. total AC loss for each set of cable parameters and investigate the
ij(t) = iy sinwt 4)

— suitable cable parameters in terms of AC loss.
]:

wherei, is the total operating current. We evaluated hysteredls Total Volume of HTS Tapes

loss using the Norris’s model [6] and flux flow loss was calcu- |t is very important for HTS-cable application to reduce not
lated using the voltage-current characteristic of Bi2223 tape @gly AC loss but also cost of HTS cable. This means the total
follows: amount of HTS tapes is also one of the important parameter in
i \" design of HTS cable. Moreover, the dependences of twisting di-
Vi=W. (I—]> (5) rection and the magnitude of twisting pitch on total AC losses in
¢ terms of permissible maximum number of tapes should be clar-
where I, is the critical current)V, is the voltage drop at the ified. Therefore, we investigated the suitable cable parameters
critical current ofl.; 4; andV; are the operating current andin three-layer cable based on the assumption of constant total
voltage drop injth layer; andn is n-value. In analysis, we volume of HTS tapes; it is assumed in analysis that the largest
adopted the cable parameters of coaxial three- and four-lap@imbers of HTS tapes are wound for each layer.
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Fig. 2. Twisting pitches in a three-layer ZZZ cable for homogeneous currefig. 4. Influence of twisting direction on AC loss &; = 800 mm as a

distribution. function of total operating current.
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Fig. 3. Dependence of AC loss on the magnitude of twisting pitches fig.5. Influence of twisting direction on AC loss in three-layer cablg at
three-layer ZZZ cable at = 1 KA. 300 A as a function of twisting pitch in the first layer.

Computed results of twisting pitches for realizing the santBose of ZSZ and ZZS. Therefore, hysteresis losses in ZZZ and
layer currentin ZZZ cable at = 1 kA are shown in Fig. 2. The SZZ cables become smaller than ZSZ and ZZS cables, because
twisting pitches of the second and third layers increase with tHige ratios of operating current to critical current in ZZZ and
of the first layer. Since there are many sets of cable paramet8&Z cables become smaller than those of ZSZ and ZZS cables.
for the same layer current, we investigated the relationship fgom these reason, current carrying capacities in ZZZ and SzZZ
tween the magnitude of twisting pitch and total AC losses. Ti§@bles become larger than those of ZSZ and ZZS cables. On an
calculated total AC losses at= 1 kA as a function ofL,; are assumption of acceptable total AC loss of 1 W/m, the estimated
shown in Fig. 3. In Fig. 3, AC losses tend to decrease With current carrying capacities &fin ZZZ and SZZ are about 1070
This reason is that the number of tapes for each layer increafegvhile 520 A in ZSZ and ZZS cables. It can be considered
with the magnitude of twisting pitch; the number of tapes in tH&om the AC loss evaluation that ZZZ and SZZ are desirable
first, second, and third layers are 19, 20, and 2@at= 100 under the condition of a limited total volume of HTS tapes.

mm and 31, 31, and 31 dt = 800 mm, respectively. There-
fore, total critical current for each layer increases and total A& T0tal Number of HTS Tapes
loss decreases with the twisting pitch in the first layer. As discussed above, AC loss strongly depends on the total

To investigated influence of twisting direction on the total AGiumber of HTS tapes. In this section, we investigated influence
loss, we compared total AC loss in the following four types aff only the magnitude of twisting pitch on AC loss in the four
cable: 1) 777;2) 7SZ; 3) SZZ; and 4) ZZS. Note that computetypes of three-layer cables based on an assumptioi, tise00
AC lossesinZZZ and ZSZ cables become the same with thoséirand the number of HTS tapes for each layer is eight; total
SSS and SZS cables, respectively. In this analysis, we seleatadhber of tapes is twenty-four. The purpose for this analysis is
the twisting pitches of second and third layerd.at= 800 mm, to investigate which of the factors, number of tapes and magni-
because total AC loss tends to decrease \ithas shown in tude of twisting pitch, is more closely related to total AC loss.
Fig. 3; flux flow loss becomes much larger than hysteresis lo€®@mputed AC losses @t = 300 A as a function ofL; are
at the smaller twisting pitch aof;. shown in Fig. 5. In spite of the same number of HTS tapes, total

The calculated total AC losses as a function of total operatiddC loss differed with each type of cable. This may be caused by
current are shown in Fig. 4. Total AC losses strongly depettitce difference in tape-length per unit length of cable in its lon-
on hysteresis loss di; = 800 mm and total AC losses in the gitudinal direction. The tape-lengths in ZSZ and ZZS cables are
cable of ZZZ and SZZ became smaller than those of ZSZ aladger than those of ZZZ and SZZ cables, because of the shorter
ZZS. The twisting pitches and the numbers of total HTS tapesisting pitch of ZSZ and ZZS cables than ZZZ and SZZ. At
in the second and third layers of ZZZ and SZZ are larger thdn = 800 mm, the tape-lengths in the third layer per unit length
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D. Suitable Cable Parameters in Four-Layer Cable

L P N l_=_g_{c_9p_s_ti_) _____ L We investigated the relationship between AC loss and cable
i \ I N,=8 (const) ST parameters in eight types of four-layer cables to verify that the
]‘qu ‘ | \’ “ larger twisting pitch and the smaller difference of the number
""""" of tapes between layers, i.e., the larger critical current of whole

. cable and the greater homogeneity of current density of each

tape, are effective for reducing AC loss. We assumed that total

- volume of HTS tapes was constant and maximum length of

ACloss (W/m)

-2 0 2 4 6 8
Difference of the number of tapes between layers

twisting pitch was 10 m. It was clarified in this analysis that
minimum total AC losses were obtained in the cable of ZZZZ
and Szzz, while the larger AC loss in the cable of ZZSZ and

ZSZS. Total AC loss was almost the same £gr > 2500 mm
Fig.6. Dependence of AC loss on the different number of tapes between layg{s; 777 cable and for,; > 1900 mm in SZZZ cable because

in three-layer ZZZ cable with twenty-four tapesiat= 300 A.

of cable are 1.06 m, 2.23 m, 1.07 m, and 2.34 m in the cable%
777,7S7Z,SZZ, and ZZS, respectively.

C. Influence of/.—B Characteristic on AC Loss

Critical current of HTS tape decreases with the magnitude of
exposed magnetic field generated by the other layers. Therefare
it is important to consider the effect of.—B characteristic of I
HTS tape on current distribution and AC loss. It is considere
that number of tapes should be larger in the layer exposedato
the larger magnetic field for reducing total AC loss, especial
hysteresis loss, because the ratio of tape-current to the criti
current should be as small as possible. This means that nurq%
of tapes for each layer should be controlled taking the magni-
tude of exposed magnetic field into consideration. Thereforg
we calculated total AC loss in the above four types of cables as
a function of the number of tapes for each layer. In this analys
we assumed the maximum operating current of 300 A and to
number of tapes in whole cable of twenty-four to investigate in-
fluence of the different number of HTS tapes for each layer on
not total loss but hysteresis loss.

The computed results of total AC losses of ZZZ cable at
L1 = 800 mm are shown in Fig. 6. Horizontal axis shows the
difference of the number of tapes against the average of eight,
Minimum total AC loss was obtained in the cable with eight
tapes for each layer and the AC loss increased with the differ-
ence of the number of tapes between layers. In ZZZ cable with 3]
the same layer current, the maximum magnetic fields expose
to HTS tapes at; = 1 kA are 1.86 mT, 3.44 mT, and 6.35 mT 4]
in the first, second, and third layers, respectively; critical-cur-
rent degradations due to exposed magnetic field are 0.24 per-
cent, 0.45 percent, and 0.82 percent in the first, second, and thir%]
layers, respectively. These results imply that total AC loss is al-
most independent of magnetic field at the total operating current
of the order of at least 1 to 2 kA. The difference of the number
of tapes between layers is much more important thar/th&
characteristic of HTS tape for reducing AC loss.

(1]

total number of HTS tapes reaches the maximum. It is consid-
]ed from the results of three- and four-layer cables that alter-
nate twisting-direction of Z and S makes total AC loss larger.

IV. CONCLUSION

We analytically investigated dependence of AC loss and cur-
refit carrying capacity on current distribution in coaxial multi-
%yer cable. The magnitude of twisting pitch is very important
nd the larger twisting pitch can realize the lower AC loss. It
ay be considered that alternate twisting-direction is ineffec-
e because of the larger AC loss due to the smaller number of
pes and twisting pitch. The difference of the number of tapes
F each layer should be minimized; this implies that the same
current density in all layers may be effective for minimizing AC
I65s. Total AC loss is almost independent of degradation of crit-
Ecal current due to magnetic field generated by the other layers
g:t"ltotal operating current of the order of at least 1 kA.
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