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ABSTRACT

Alternating current (ac) losses in conductor-on-rounded-core (CORC) cables of YBCO high-temperature superconducting (HTS) tapes are
a significant challenge in HTS power applications. This study employs two finite element analysis (FEA) models to investigate the contribu-
tions from different ac loss components and provide approaches for reducing ac losses in cables. An FEA model based on the T-A formula-
tion treats the cross section of thin superconducting layers as 1D lines and, therefore, only can predict the ac loss generated by the
perpendicular magnetic field. In contrast, the model based on H-formulation can be performed on the actual 2D rectangular cross section

HTS tapes to provide the total ac losses generated by magnetic fluxes penetrating from both the edges and surfaces of HTS tapes, although g
this model requires more computing time and memory. The 1D and 2D simulation models were validated by cross comparing the results §
from both models and by comparing sub-section and full cross section models. Subsequently, two models relate cable design and opera- 3
tional parameters to the surface and edge losses of a two-layer CORC cable by considering the (1) relative contributions of edge and surface §
losses to the overall ac losses; (2) effect of the current distribution between inner and outer HTS layers on ac losses; (3) impact of the tape &
alignment on ac losses in each HTS layer; (4) influence of the thickness of HTS layers on ac losses; (5) effect of size and number of inter- %
tape gaps on ac losses; and (6) contribution frequency on the ac losses. The research results given in this paper are therefore not only valu-
able to suggest strategies for reducing ac loss in multi-layer cables but also for developing more accurate and effective methods to calculate
ac loss in CORC HTS cables.
Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0162439
I. INTRODUCTION efforts to eve(ihll?te and predict ac loss in CQl}glcables by both
The adoption of conductor-on-rounded-core (CORC) cables experimental and numerical app r.oacbes. Ac losses in
of YBCO high-temperature superconducting (HTS) tapes has great YB co tz?pes are generated by the osc.1llat1ng move.ments of flux
potential to enhance the efficiency and capacity of power transmis- lines during a cycles. Du? to the very hlgh aspect-ratio geometrx of
sion, yielding more reliable and sustainable electrical grid YBCO tapes, the magnetic ﬁel.ds applied pe?pendlcular to the wide
infrastructure.'~ In CORC cables, superconducting tapes are heli- surface of the tapes (perpendicular magnetic field) generate much
cally wound around a round core to form a compact, mechanically ~ higher ac loss than the magnetic fields applied parallel to the wide
robust cable structure that can offer high current capacity and  surface of the tapes (parallel fields). YBCO tapes produced with
excellent flexibility. The helical winding configuration also enables ~ thin substrates (304m) enable the construction of CORC cables
improved current sharing among the tapes, reducing the risk of ~ with well-conformed tapes, as seen in Fig. 1, which presents the
local hot spots and contributing to a more uniform current distri-  cross section of a CORC cable.""” CORC reduces the perpendicular
bution. However, ac losses in those HTS cables are still an impor- magnetic fields applied to the tapes; the field is primarily circum-
tant technical challenge because they reduce cable efficiency and ferential. Perpendicular fields only arise in regions near the gaps
generate thermal instabilities that may damage the HTS cable. between tapes (or near the edges of the tapes). We distinguish
Understanding and reducing ac loss in HTS cables are therefore these losses as the surface loss, generated by flux penetration of the
essential and have been of great research interest, with remarkable parallel field, and the edge loss, generated by flux penetration of the
J. Appl. Phys. 134, 143903 (2023); doi: 10.1063/5.0162439 134, 1439031
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FIG. 1. Cross section of a typical YBCO CORC superconducting cable, consist-
ing of a metal core and HTS tape layers wound around the core. Cable diame-
ter can be varied from one to several centimeters.'°

perpendicular fields. Similar nomenclature was introduced in
Ref. 16 for a CORC cable and'’ for non-inductive coils.

To account for the spiral geometry of the CORC cables when
calculating ac losses in CORC cables, 3D FEM COMSOL
Multiphysics™® simulations have been used."*™' The 3D models
based on the T-A model will underestimate the total ac loss in
CORC cables since the surface losses are ignored in these models
which treat HTS layers as zero-thickness domains. The 3D models
based on H-formulation, however, must artificially increase the
modeled thickness of HTS by tens of times to reduce the mesh and
computational costs to manageable levels. Such treatment overesti-
mates surface loss and results in a considerable error for scenarios
in which surface loss dominates. Ac loss can also be predicted by
2D FEM simulations performed on cable cross sections. Those sim-
ulations can be either 1D models, which treat the HTS layers as
lines””™*° or 2D models based on H-formulation.”’** The 1D
models can only calculate edge losses due to ignorance of the thick-
ness of HTS layers. The 2D models, in the meantime, can compute
total ac losses which is the sum of the edge and surface losses.
Therefore, the use of both 1D and 2D simulations, for the first
time, will enable to distinguish the contributions of the edge and
surface losses individually.

In this paper, the 1D and 2D simulation models were vali-
dated by cross comparing the results from both models and by
comparing sub-section and full cross section models. Subsequently,
two models were used to study (1) relative contributions of edge
and surface losses to the overall ac losses; (2) effect of the current
distribution between inner and outer HTS layers on ac losses; (3)
impact of the tape alignment on ac losses in each HTS layer; (4)
influence of the thickness of HTS layers on surface and edge ac loss
components; (5) effect of size and number of inter-tape gaps on ac
losses; and (6) contribution frequency on the superconducting and
eddy current losses. These results are valuable for minimizing ac
loss in multi-layer cables and improving the calculation of ac loss
in CORC HTS cables.

ARTICLE pubs.aip.org/aip/jap

TABLE I. Properties of YBCO CORC superconducting cable.

Design Cable 1 Cable 2
Number of layers 2 2
Number of tapes per layer 8 16
Former diameter (mm) 33.104 33.104
I of each HTS tape at 77 K (A) 450 225
Inter-tape gap, gap (mm) 0.5,1,1.5,2 0.5
HTS tape width, wyrs (mm) 12.5, 12, 11.5, 11 5.75
Substrate thickness (um) 50 50
Copper thickness (um) 30 30
HTS thickness. tgyrs (um) 1.5-10 1.5

Il. CABLE DESIGN AND FINITE ELEMENT SIMULATION
MODELS

We focus on two-layer cables. Most of our studies are done on
cable 1 in Table I, which consists of 8 tapes per layer. The cable I,
and its former diameter are held constant throughout the studies to
generate the same circumferential magnetic field on HTS tapes for
all the studies. The width of the tapes is varied about 12 mm as
required to adjust the inter-tape gaps. To understand the effect of
the number of gaps on cable ac losses, cable 2 (Table I) was used,
similar to cable 1, but with double the number of tapes, each with
narrower width as detailed in Table 1.

A typical YBCO tape includes three electrically conductive
constituents: the substrate, the superconducting layer, and the
copper/silver stabilizer. All three are considered in our simulations.
We only consider ac losses generated in constituent components of
the YBCO tapes and ignore the losses generated in the core. Such
an approximation is valid if the cable is designed to generate zero
axial magnetic fields or the core is made with non-conductive
materials. The angle B is defined as the angle between adjacent
gaps of the inner and outer HTS layers [see Fig. 2(a)]. With 8 tapes
on each layer, § is bounded between 0° to 22.5°. Angle = 0°

4

FIG. 2. (a) Cable cross section, illustrating the arrangement of HTS tapes. (b)
Enlarged view of the subsector model with periodic boundary conditions impos-
ing on pairs of boundaries, T'4 and .
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FIG. 3. In the T-A formulation, the thickness of the HTS tape is ignored and the
HTS layers were treated as 1D.

represents the fully aligned configuration and § = 22.5° represents
the fully misaligned configuration. Figure 2(b) schematizes the
arrangements of our simulations. Figure 2(a) illustrates the cross
section of a two-layer CORC cable.

A. 1D model (T-A formulation)

A cross section of the HTS layer depicted in Fig. 2(b) is sim-
plified to 1D (a curved line), as shown in Fig. 3. The T-A model
requires the determination of two primary state variables: the
current vector potential (T) in the superconducting layer and the
magnetic vector potential (A) in the entire space.””*°

Within the superconducting layer, the current vector poten-
tial (T) is derived from the curl of the current density (J) and
magnetic flux density (B), as indicated by Eqgs. (1) and (2), respec-
tively. To confine the computational HTS domain to 1D, the
current is permitted to flow solely along the z axis; both J, and J4
are set to zero. The current vector potential is orthogonal to the
HTS wide face at each point, allowing (T) to be computed as
T - n,, where n, is the normal vector of the HTS curve, as formu-
lated in Eq. (3),

J=VXT, (1)

OB

Vx(pVxT):—E,

@)

T
x Yy

The superconducting characteristics of YBCO layers are char-
acterized by the conventional power-law equation,

_E |Jz|)“
~ J«(B) (JC(B) Jo @

3)

n, —

E, = p]z

where E. = 1074 V/m, n is a constant and assumed to be 21. Note
that the specific value of # is not crucial in the computational find-
ings as long as it is sufficiently large to generate a distinct transition

ARTICLE pubs.aip.org/aip/jap

from superconducting to normal state. The critical current density
J«(B) depends on both amplitude and direction of the magnetic
field, as expressed in Eq. (5) below by’ "’

Ju(B) = Jo - (5)

1+ 4/(Bjk)* + B2 /B.
( )

where B and B represent the parallel and perpendicular compo-
nents of the magnetic flux density, respectively. ] is the initial crit-
ical current density of HTS tapes. The parameters k, B;, and b take
the following values of 0.25, 0.1 T, and 0.7, respectively.31

In the entire space, the magnetic field is determined using the
A formulation, as described in Eq. (6). The magnetic field distribu-
tion can be obtained from Eq. (7),

VXGVXA):], (6)

B=V x A. (7)

Here, A denotes the magnetic vector potential, J represents the
sheet current density distribution in the HTS layer, and p signifies
the magnetic permeability.

By solving Egs. (1)-(7), the electromagnetic properties of the
HTS cable can be computed.

The integration of the current density across the cross section
of each HTS tape provides the total transport current flowing
in that tape as described by Eq. (8) and reduced to a 1D form as
Eq. (9),

IHTs:” ]dQ:” V x TdQ:f}; TdQ, ®) ;
Q Q oQ

Inrs = (T — Ta)turs, 9

where Iyrs, ©, and JQ are the transport current flowing in the
HTS layers, their cross section, and their boundaries, respectively.
T; (i = 1, 2), are the current potentials at boundary points 1 and 2
as seen in Fig. 3. Thus, Eq. (9) was used as the constraint in T-A
models.

B. 2D model (H formulation)

In the 2D model, the H-formulation"* is employed. The
governing equations of this model include Ampere’s law [Eq. (10)],
Faraday’s law [Eq. (11)], the constitutive law [Eq. (12)], and the
E-J power law [Eq. (4)]. Notice that J.(B) in Eq. (5) is applicable to
both our 1D and 2D models,

J=VxH, (10)
OB

VXE= —E, (11)

B =uH. (12)
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TABLE II. Comparing 1D and 2D models in the sub-section and full cross section for a general case with 8= 15° and for t=1.5um, gap=1mm, /ll,=0.7.

Types and number of elements

Total ac loss Relative error

Models Quad Edge Vertex Computational time (J/m/cycle) (Quub — Qpun)/ Qpun % 100%
2Dpu 50 592 10 960 352 4h42m 3.2234E x 1073 0.16%

2D, 6324 1494 66 40 m 3.2287E x 1073

1Dy 42432 9008 288 2h31m 2.9433E x 1073 0.03%

1Dy, 5304 1230 54 18m 2.9425E x 1073

From Egs. (4) and (10)-(12), we find the basic relation

OH

VXPVXH:_/“W

(13)

Similarly, as in our 1D models, the integration of current density
over the cross section of each HTS tape domain should provide the
transport current flowing in that tape as seen in Eq. (14). This equa-
tion is imposed in weak constraints in our 2D models,

I = H J. dQ;,
Q;

where I; and Q; (with i = inner or outer layer) are the transport cur-
rents and domains of the inner or outer HTS layers, respectively.

(14)

C. Ac loss calculation

Simulations are performed for 1.5 ac cycles and ac losses in
each domain are calculated by spatially integrating J - E for the last
half cycle,

3/f)
QzZJ J J - EdQdt, (15)
Q

/f

where Q represents the superconducting domain and f denotes the
frequency of the applied ac source.

D. Boundary conditions and meshing

In order to include the surface loss in 2D simulations,
meshing with several nodes along the thickness on HTS layers is
sufficient. In this paper, meshing with four to six nodes along the
HTS layer thickness was used in 2D simulations to accurately cal-
culate the total ac loss in HTS tapes with finite thickness. To
reduce the computational workload, simulations were performed
only in a sub-section of the cross section enclosed by a pair of
boundaries, I'y and I'p as seen in Fig. 2. In special cases of fully
aligned or fully misaligned configurations, boundaries T’y and T'p
can be set as perfect magnetic boundary. For a general case with
arbitrary arrangement of HTS tapes in the two Ilayers
(0° < B < 22.5°), periodic boundary conditions must be set on
those boundaries. Both 1D and 2D models performed on the sub-
section with periodic boundary conditions were compared and vali-
dated to the similar simulations performed on the entire cross
section of the cables. All the simulations were executed on a work-
station laptop equipped with an Intel(R) Xeon(R) W-11855M CPU

@ 3.20 Gz and 128 GB RAM. Table II summarizes the computa-
tional loads and results obtained from both 1D and 2D models per-
formed in the sub-section and full cross section for the general case
with = 15°. The computational times for the 2D models per-
formed on the sub-section and full cross section were about 40 min
and about 4h 42 min, respectively. Relative error of the calculated
losses between the two 2D models was under 0.2%. Thus, for 2D
H-formulation models, simulations on the sub-section with peri-
odic boundary conditions can reduce the computation time by
about 80%-90% while reproduce the same results as the standard
simulations performed on the full cross sections. This statement is
also true for the 1D T-A models as seen in Table II. For 1D T-A
models, computational time reduces from 2 h 31 min in a full cross
section simulation to about 18 min for the sub-section simulation.
The relative errors of the calculated losses between the two 1D sim-
ulations are under 0.05%. In conclusion, comparison confirmed
that the use of periodic boundary conditions enables both 1D and
2D simulations to be performed in a sub-section to significantly
reduce the computational workload without losing the accuracy.

lll. RESULTS

Our analysis focuses on the geometric cases in which ac losses |

are expected to be the highest and the lowest: (1) the fully aligned
arrangement (8 = 0°), wherein the enhanced perpendicular mag-
netic field should generate the highest ac losses and (2) the fully
misaligned arrangement (8 = 22.5°), wherein the reduced perpen-
dicular magnetic field should generate the lowest ac losses. When
is varied from (8 =0°) to (B8 = 22.5°), ac losses are expected to
vary between the values of the two extreme cases; Sec. III E pre-
sents that data. All simulations assume good current distribution
(i.e., the inner and outer layers carry the same transport current),
but for those in Sec. III C where the impact of current distribution
on ac losses is presented. Also, most of the results were calculated
at standard frequency f = 50 Hz, except for the simulations in
Sec. III F where the impact of frequency on ac losses is presented.
The parameters used are described in Table III.

A. Effect of tyrson ac losses

Figure 4 provides a comparison of edge loss Qcgee = Qip (cal-
culated using 1D models) and total losses, Qur = Qzp (obtained
from 2D models) in cable 1, with tyrs varying from 1.5 to 10 um.
We simulate both the fully aligned and fully misaligned cases. We
set a gap of 1 mm. As expected, for the same thickness of HTS
layers, the ac losses generated in the fully aligned arrangement are
significantly higher (more than double) than those generated in the
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TABLE Ill. Description of parameters.

Parameter Description

turs Thickness of HTS layers

gap Size of inter-tape gaps

Qedge OF Ac loss generated near the edges by perpendicular
Qip fields

Qsuurface Ac loss generated by parallel magnetic fields
Qtotal OF Total ac losses calculated from 2D models
Qap

Lipner Current in the inner layer

Lyter Current in the outer layer

I Total current of the cable

trs = 11:5,3,5,10] pm, = [0°,22,5°], gap = 1.0 mm

107 [——Q.6-0" ' =S 1
[ —8—Q,, B=0° ;. = 1.5 pm (ref) / p=0° \
H +Q2D’ 8=0° typg =3 am \l‘ll”}-dllgncd V4
| —v—Q,,, 8= 0°, trg =35 pm
| Q8= 0°, tirs = 10 pm

1072}

Loss (J/m/cycle)
=

— - — o
, ©-Q,, =225

_ o _ i
p// —B—QZD,,B—22.5 ,tHTS—l.S pm (ref) J
— — = o =
/// L4 Q82257 10 =3 pm
_ o _
e -¥-Q,,, #=225 e ——T
- o -
| | IQZD, 8= 22{5 s = 1|o pum
0.3 0.4 0.5 0.6 0.7 0.8 0.9

v

c

FIG. 4. The edge losses (calculated using the 1D model) and total losses
(obtained from the 2D model) in cable 1 with tyrs varying from 1.5um to
10um. Losses are plotted against the normalized current //I; for both cases,
B = 0° (fully aligned) and g = 22.5° (fully misaligned).

ARTICLE pubs.aip.org/aip/jap

misaligned case, indicating that the contribution of the edge
losses is more significant in the fully aligned arrangement. The
contribution of edge losses is expected to increase with increasing
gap and the effect of the gap on ac losses will be further discussed
in Sec. III B.

Because the 1D model only captures the edge ac losses, the
difference between ac losses calculated by our 2D models and 1D
models is the surface loss, Qufce = Qap — Qip- The contribution
of Quurface increases with the thickness of the HTS layers, especially
for the case of fully misaligned arrangement, § = 22.5°. To further
analyze the effect of tyrs on the contribution of Qufuce and Qegges
ac losses plotted in Fig. 4 are normalized to Q,p — 1.5um, the total
loss calculated for a cable with tyrs = 1.5um, close to the actual
thickness of HTS layers in standard commercial tapes. The normal-
ized losses, Q/Qyp — 1.5um, are plotted in Figs. 5(a) and 5(b) for
the fully aligned case and fully misaligned case, respectively. For
the fully aligned case [Fig. 5(a)], the 1D model underestimates the
loss by around 20% when I/I, is equal to 0.3. However, when I /I,
exceeds 0.6, the 1D model only underestimates the loss by 5%.
Artificially increasing tyrs results in a considerable overestimation
of ac loss. For instance, if ty7s increases from 1.5 to 10 um, ac loss
increases by nearly 200% at I/I. = 0.3, by ~40% at I /I, = 0.5 and
by ~5% at I/I. = 0.9.

For the fully misaligned case [Fig. 5(b)], the effect of tyrs on
the cable ac loss is more significant. The 1D model underestimates
the loss by around 80% when I/I is equal to 0.3. However, when
I/I. exceeds 0.7, the difference in loss estimation reduces to less
than 10% [Fig. 5(b)]. Artificial increases of fyrs significantly over-
estimate ac loss in the cable. For instance, increasing tyrs from 1.5
to 10um results in an increase in cable ac losses by 500% at
I/1. = 0.3, by ~330% at I/I. = 0.6 and by ~ 10% at I/I, = 0.9.

Our 2D simulations utilize mesh with four elements along

the thickness of HTS tapes to accurately calculate ac loss for the ¢
cable in any cases. Our computational testing has indicated that :

2D simulations using a one-element mesh along fyrs can signifi-
cantly reduce the computational time and may also decrease
overestimation of ac loss due to artificial increasing tyrs.’®
However, this approach may introduce some considerable errors
by underestimating magnetization loss generated by parallel cir-
cumferential fields. Figure 6 compares losses calculated by 2D
models using one-element and four-element meshing along tyrs.
For the fully aligned case where the edge loss dominates [see
Fig. 6(a)], the loss calculated by the 2D model using one
element for various fyrs is the same as that obtained from the
1D model. However, when I/I. < 0.6, the loss calculated by the
2D model using one element is slightly lower than loss calcu-
lated by the 2D model using four elements for the case with
tyrs = 1.5um (close to the actual tape thickness). In the case of
the fully misaligned configuration, the 2D model using one
element significantly underestimates the total ac loss as seen in
Fig. 6(b). Again, the losses calculated by the 2D model using one
element are very close to those obtained from the 1D model and
significantly lower than the total losses calculated by the 2D model
using four elements for the cable using a tape with tyrs = 1.5um
(close to the actual tape thickness). That underestimation is more
significant in the lower current region where surface magnetization
loss caused by the parallel field is dominant.
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™ [1.5,3,5,10] pm, 8=0° gap=1.0 mm thrs = [1.5,3,5,10] pm, 8 =22.5° gap =1.0 mm
2 T T T T T 6 T T T T T
I ——Q, ——Q,
-8 =Q,p, tyg = 1.5 pm (ref) e A — 8 -Q,p typg = 1.5 pum (ref)
* N —
18+ =& = Qupy typg =3 #m . 57 N =& = Qupy typg =3 #m .
\ — % - Qup typg =5 pm o =¥ = Qpy typg =5 um
\A — A= Qyp tyypg = 10 pm
1.6 - \\
) \\ %\
3 \
b 3 / p=0° \
' \
8 14% A KFully-aligﬂcd /
O .
S hN s ~
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™ - W~ SA_
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‘0—-___6__ TY—-——
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MlD
038 . . . . .
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V44

FIG. 5. Normalized ac losses Q/Qup—1.5,m, Where Q are ac losses plotted in Fig. 4 and Qap_1.5,m is the total loss calculated by the 2D model for a cable of standard
YBCO tapes (tyrs = 1.5um). Losses are plotted against the normalized current //I; for two cases: (a) 8 = 0° and (b) g = 22.5°.
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In summary, it appears that the 2D model using only one
element yields results that are very similar to the 1D model
Consequently, it fails to account for surface losses, which can be a
significant component of ac losses in certain scenarios. On the
other hand, the 2D model using multiple elements along the tape’s
thickness can offer accurate calculations of ac losses in any cases.

B. Effect of the gap on cable ac losses

Figure 7 illustrates the effect of various values of gap ranging
from 0.5 to 2 mm on cable ac losses for the case of fully aligned
arrangement. Results obtained from both 1D and 2D models, along
with Qguface = Qap — Qup are all plotted in Fig. 7 to establish the
contributions of Qegee and Quuface for various values of gap and
transport current. In general, larger gaps lead to higher total losses,
as expected. Ac losses increase by about 4 to 7 times as the gap
increase from 0.5mm to 2 mm, depending on the value of the
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FIG. 7. Ac losses obtained from 1D and 2D models are plotted against the
normalized current //I, for the case of 8 = 0°.
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transport current. The contribution of Qg is calculated by our 1D
model is dominant and increases quickly with increasing transport
current. Qg is roughly proportional to (I /16)4‘5. For gaps larger
than 1.5mm and I/I, > 0.5, edge loss contributes more than 90%
of the total loss. The 1D model can be used to predict ac losses
with acceptable error for these cases. For gap = 0.5 mm, the contri-
bution of Q4 increases from 50% at I/I. = 0.3 to ~95% at
I/1. = 0.9 of the total losses.

The surface 10ss, Quuuces is nearly independent of the size of gap
at I/I. < 0.6. Quuface Slightly increases for larger gaps at high currents,
I/I. > 0.6. Qquface increases with current at a slowlzf compared to
Qedge because Qguuce is roughly proportional to (I /1.)". Based on the
results plotted in the figure, the contribution of Qg is only larger
than ~10% of the total loss when the gap is small (< 0.5 mm) and at
low current (I/I. < 0.6). The 2D model is therefore preferable.

Figure 8 depicts the effect of various gap values ranging from
0.5 to 2mm on cable ac losses for the fully misaligned
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FIG. 8. Ac losses obtained from 1D and 2D models are plotted against the
normalized current //1, for the case of g = 22.5°.
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configuration. Results obtained from both 1D and 2D models
along with Qguface = Q2p — Qip are also plotted. Again, Qface is
nearly independent of the gap for quite a wide range of transport
currents, I/I. < 0.75. The slopes of both Qiee and Quuface curves
change with the transport current. However, in general, Qg
increases with transport current at a much faster rate than Qgce.
For low currents, the ac losses calculated by the 2D model are
significantly higher than those calculated by the 1D model, indicat-
ing that Qgface is dominant. Thus, cable ac losses are independent
of the gap when I/I, < 0.5. At higher currents, the contribution
from Qe becomes more significant when the current increases—
the 1D results approach the results obtained from the 2D model.
Hence, the effect of the gap size on the cable ac losses becomes
more significant as current increases. At I/I, = 0.9, the cable total
ac losses increase 600% when the gap increases from 0.5 to 2 mm.
In conclusion, the effect of gap size on cable ac losses for the fully
misaligned case strongly depends on the transport current, which
determines the relative contribution of the surface and edge losses.

C. Effect of the current distribution on ac losses

Cables are usually designed to have perfectly balanced current
distribution between the layers. However, this condition can be dif-
ficult to achieve, and cables may operate with unbalanced current
distribution as in Refs. 1 and 8. Establishing the relationship
between layer current distribution and loss is therefore useful.
Figure 9 illustrates the analysis of ac losses obtained from the 2D
model for different transport current distribution ratios, Lier/I.
Here, Iiyner is the current in the inner layer and I is the total

= —0° =
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10% : . . : :
gap = 0.5 mm
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current in the cable. We compute losses for three values of gap, gap
= 0.5, 1, and 1.5 mm, and three values of the transport current,
I =0.5I;, 0.7I;, and 0.91. Results for both the fully aligned and
fully misaligned cases are depicted in Figs. 9(a) and 9(b), respec-
tively. In general, the lowest ac losses are identified at or near
Linner/T = 0.5 (well-balanced current sharing) for all the data in
both figures. The effect of the off-balanced current sharing on total
ac losses is stronger at the higher cable transport currents and
smaller gaps, no matter whether the inner layer carries either more
or less than the outer layers. It is well known that the transport ac
losses increase significantly with increasing transport current, espe-
cially when the transport current approaches the critical current of
the conductor. Therefore, the unbalance of current sharing at
higher cable transport current will push a very high transport elec-
trical current in one layer (either the inner or outer layers).
Consequently, that layer will generate significantly higher ac loss,
increasing the cable total ac losses. Therefore, the overall impact of
the off-balanced current sharing on the total cable ac losses is con-
siderably stronger at higher cable transport current. Similar behav-
iors have been observed experimentally in Refs. 33 and 34.

D. Individual contribution of ac loss in the inner and
outer layers

Despite the inner and outer layers carrying balanced current,
they are expected to experience distinct magnetic fields and gener-
ate varying ac losses. Figure 10 illustrates the ac loss curves for both
tape arrangements, obtained from either the 1D model [Fig. 10(a)]
or the 2D model [Fig. 10(b)]. The results from the 1D model

t
HTS
10? w

=1.5um, g =22.5° gap =[0.5, 1.0, 1.5] mm

gap 0.5 mm

S1:€G:€l €20 4990100 0€
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FIG. 9. Ac losses in cable 1 as a function of the transport current distribution ratio li:ne, /1 for both cases, (a) = 0° and (b) 8 = 22.5°.
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FIG. 10. Ac losses generated in the inner and outer layers as functions of the normalized current //1, calculated by (a) 1D model and (b) 2D model.

depicted in Fig. 10(a) show that the inner and outer layers generate misaligned cases. Nonetheless, the discrepancy in ac loss is more %
nearly same edge loss for either 8 = 0° or f = 22.5°. Conversely, notable at lower I/I s, due to the dominance of surface loss in the §
the results depicted in Fig. 10(b) demonstrate that the outer layer low current region, as discussed in Sec. III B. This outcome is to be &
generates slightly higher ac losses in both the fully aligned and fully expected, as the outer layer experiences higher parallel fields, §
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FIG. 11. Distribution of the normalized current density J/J;(B) along the half-width of HTS tapes in both inner and outer layers at several points during an ac cycle for (a)
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yielding higher surface losses. To confirm the results shown in
Fig. 10 and visualize the electrodynamics of the HTS tapes, the
current profiles along the half-width of HTS tapes in both inner
and outer layers at several points during an ac cycle are depicted in
Fig. 11. The current profiles are plotted at 6 points labeled 1-6, as
seen in the insets of those figures. The evolutions of the current
distribution are nearly the same for the inner and outer layers. At
each time step, the current density in the outer layer seems to be
slightly higher, generating higher ac losses as seen in Fig. 10. The
current density reaches or slightly surpasses J.(B) in small regions
near the gaps where they experience the application of the perpen-
dicular magnetic field.

Figure 12 shows the ac loss contribution from the inner and
outer layers when the current sharing is unbalanced with the
current sharing ratio of Iipper : Iouter = 0.4:0.6 and 0.6:0.4 for both
fully aligned and fully misaligned cases. As seen in Fig. 10, the
inner and outer layers generate nearly same ac losses when they
carry the same currents. When the current sharing is unbalanced,
the ac losses are generally higher in layer carrying higher transport
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current, as expected. However, there is a small interesting exception
for the «case of fully misaligned configuration and
Linner : Iouter = 0.6:0.4. In this case, the outer layer carries only two-
thirds of the current carried in the inner layer, but it generates
higher ac loss when I/I. < 0.45. This is explained by the dominant
contribution of the surface loss at lower transport current region in
the case of the fully misaligned configuration and much higher
surface loss generated in the outer layer which is always subjected
to higher circumferential magnetic field. When I/I. > 0.5, the
transport loss becomes dominated and the inner layer generate
higher ac loss since it carries higher transport current.

E. Effect of the HTS tape arrangement on ac losses

To achieve balanced cables, the inner and outer layers are
wound in opposite directions. Therefore, angle 3 varies from 0° to
22.5° as discussed prior. Figure 13 plots the dependence of the
total ac losses on f for several values of transport current and
gap for typs = 1.5um. Generally, the ac losses are the highest near
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FIG. 12. Ac losses generated in the inner and outer layers as functions of the normalized current //l; with finner : louter = 0.4:0.6, 0.6:0.4 for (a) the fully aligned case

and (b) the fully misaligned case.
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FIG. 13. Total ac loss in cable 1 as functions of B for different gaps
(gap = 0.5mm, 1mm, and 1.5mm) and at different values of the transport
current (/ = 0.51;, 0.6/, 0.7, and 0.81;).

B =0° and the lowest when S =22.5°, as expected. For
gap = 0.5 mm, ac losses quickly decrease when S increases, and the
ac losses are minimal for 8 > 5°; perpendicular fields are only
present near gaps, and magnetic flux lines quickly align to the
tapes’ surface away from those gaps. Hence magnetic fields realized
on the HTS tapes are nearly identical for § between 5° and 22.5°.

For larger gaps, the effect of § on the total ac losses is similar.
However, for those larger gaps, maximal ac losses are observed
when f is a few degrees shifted from 0°, suggesting a higher mag-
netic field in this configuration.

The results in Fig. 13 suggested a possible improvement in
predicting the total ac losses in CORC cables. While the calculation
of ac losses at f=0° and S = 22.5° can basically provide the
highest and lowest values, the average ac losses calculated from the
curves in Fig. 13 for the entire range of f would provide a better
estimation of ac losses in cables.

F. Effect of frequency on ac loss in cables

The ac losses in HTS originates from (1) flux-creep loss,
which is hysteretic in nature and dominates at for low transport

ARTICLE pubs.aip.org/aip/jap
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FIG. 14. Ac losses in the HTS layers and normal metal layers at 50, 250, and
500 Hz for the fully aligned case.

currents, and (2) flux-flow loss, which is resistive in nature and
dominates for high transport currents. Induced currents generated
in normal metal layers (substrates and stabilizers) also generate
the eddy current losses. Because these three losses depend differ-
ently on frequency, we simulate three frequencies of 50, 250, and
500 Hz.

Figure 14 plots the total ac losses per cycle in the HTS and
non-superconducting layers at 50, 250, and 500 Hz for the fully
aligned case. Generally, the losses in normal metal layers are signif-
icantly lower than those generated in HTS layers. The eddy current
loss in normal metal per an ac cycle seems to be proportional to
the frequency as expected. The ac losses in the HTS layer slightly
decrease with increasing frequency and that decrease becomes
more considerable at higher currents. This behavior suggests that
there may be a contribution of the flux-flow loss (which is propor-
tional to 1/f), and that contribution is greater with increasing
transport current as expected.
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FIG. 15. Ac losses in the HTS layers and normal metal layers at 50, 250, and
500 Hz for the fully misaligned case.
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Figure 15 plots ac losses in the HTS and normal metal layers
at 50, 250, and 500 Hz for the case of f = 22.5°. Again, the eddy
current loss per cycle of the normal metal layers also increases pro-
portionally to frequency. Though the HTS losses are lower for this
case (8 = 22.5°) in comparison to the case of § = 0°, they are still
higher than the eddy current losses when I/I, > 0.6. The HTS
losses are independent of frequency for I/I. < 0.5, implying that
flux creep loss is dominant. The situation is changed drastically
when the transport current increases to higher values. The HTS ac
loss decreases with increasing frequency for I/I. > 0.7.

To make explicit the effect of frequency on the ac losses in the
HTS, the perpendicular magnetic fields applied along the half-
width of HTS tapes are calculated at the positive peak current of
I =0.7I. and are plotted in Fig. 16 (for the case f = 0°) and
Fig. 17 (for the case 8 = 22.5°). The half-width of the HTS tape of
the inner layer is denoted as arc-length AB and the half-width of
the HTS tape of the outer layer is denoted as arc-length CD (see
Figs. 16 and 17). As expected, the perpendicular fields are only
non-zero at small regions very close to the gaps. The rest of the
tape width experiences no perpendicular fields. In both Figs. 16
and 17, the perpendicular magnetic fields are slightly higher when
the frequency is lower, causing higher ac loss at lower frequencies,
as seen in Figs. 14 and 15. There is no clear explanation for this
observation, but the shielding effect of the HTS layers and metal
layers might contribute. Few studies have been done to measure or
calculate ac losses in CORC cables at several frequencies to mainly
understand the contribution of eddy current losses in the metal
cable cores.””" Our paper reported the interesting effect of frequen-
cies on the superconducting losses and eddy current losses in the
substrate and stabilizers for the CORC configuration.

G. Effect of number of gaps on ac loss in cables

Coated conductors are now commercially available in several
widths. When narrower tapes are used to make a cable, the number
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FIG. 16. Perpendicular magnetic flux density (B,) distribution along the half-width of HTS tapes in (a) the inner and (b) outer HTS layers of a fully aligned cable
(8 = 0°). The cable carries a transport current //I; = 0.7 at various current frequencies: 50, 250, and 500 Hz.
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FIG. 17. Perpendicular magnetic flux density (B, ) distribution along the half-width of HTS tapes in (a) the inner and (b) outer HTS layers of a fully misaligned cable
(B = 22.5°). The cable carries a transport current / /I, = 0.7 at various current frequencies: 50, 250, and 500 Hz.
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FIG. 18. Transport ac losses in cables 1 and 2 for = 0° and g = 22.5°.
Both cables have the same diameter, I; and gap size, but one fabricated by 16
tapes of 12.5 mm width and the other fabricated by 32 tapes of 5.75 mm width.

of tapes (and therefore the number of gaps) must be increased to
achieve the same cable I.. This section compares ac losses in two
two-layer cables of the same diameter, I, and gap size, the first fab-
ricated from 16 tapes of 12.5mm width and the other fabricated

from 32 tapes of 5.75mm width. Detailed specifications can be
found in Table I. The cables have the same winding diameter, so :

their circumferential fields should have the same amplitude if the
cables carry the same transport current. Figure 18 plots transport
ac losses in cables 1 and 2 for both cases, § = 0° and 8 = 22.5°.
The ac losses in cable 2 are higher than those generated in cable 1,
especially in the case of § = 0° when the edge loss is dominant.
For this case, ac loss in cable 2 is about 60% higher for nearly the
entire current range.

IV. CONCLUDING REMARKS AND DISCUSSIONS

We have provided insights into the behavior of the ac losses of
CORC HTS cables by utilizing both 1D and 2D models. Our
results can be summarized as follows:

(1) The ac losses are highest when 8 = 0° (the gaps of the inner
and outer layers are perfectly aligned). The ac losses decrease
and flatten when gaps are not aligned (5° < f < 22.5°).
Because the latter represents a greater angular range, the losses
calculated for misaligned gaps represent better the ac losses in
the cables.

(2) Ac losses in HTS cable are the result of two components: the
surface loss generated by parallel circumferential field and edge
loss generated by the perpendicular fields generated locally
near the gaps. For configurations with misaligned gaps, the
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surface loss is dominant for the low current region I/I. < 0.5.
However, the edge loss increases quickly with increasing
current and becomes a dominant contribution at I/I, > 0.6.

(3) Because the edge loss, which strongly depends on the gap size,
becomes the dominant contribution for high transport cur-
rents, reducing the number of gaps by using wider HTS tape
should reduce ac losses significantly. However, it is challenging
to conform a wider HTS tape to a small former. Flexible, wide
HTS tapes with thin substrates would be beneficial for cables
with lower ac losses.

(4) Gap size should be minimized to reduce ac losses. Besides the
low ac loss target, cables are also designed to have a balanced
current-sharing operation with the lowest cable inductance (or
axial magnetic field). These objectives—the smallest gaps,
balanced current sharing, and low cable inductance—are diffi-
cult to achieve simultaneously, but the availability of HTS
tapes at a larger variety of widths should ease the process.

(5) In the operating current region (I/I. > 0.5) and frequencies
below 500 Hz, ac losses generated in the HTS layer are still
dominant. HTS losses (per cycle) decrease as the frequency
increases; the perpendicular magnetic fields near gaps decrease
when the frequency increases. The shielding effects of the HTS
layers and metal layers might produce this effect.
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