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Two-Dimensional Finite-Element Analysis of
Pinning-Induced Stress in HTS Power Transmission
Cables Made of 2G Superconducting Tapes
With and Without Magnetic Substrate

Muzaffer Erdogan, Siikrii Yildiz, Ahmet Cicek, and Fedai Inanir

Abstract—In a two-layer superconducting cable, we numeri-
cally investigated the effect of magnetic properties and alignment
of the substrates of the tapes on the stress distribution induced
by a very high transported electric current. The calculations are
carried out for two tapes, with one being on top of the other.
Sharp peaks of induced stress very close to the edges of the tapes
are observed. When nonmagnetic substrates are used, the stress
distributions on the tapes are almost identical, as well as being
much lower than those in the cases involving ferromagnetic (FM)
substrates. When the tapes are arranged face to face with FM
substrates on the outer sides, the stress distribution arisen in the
outer tape is considerably higher than that in the inner tape. In
contrast, flipping both layers, so that the tapes are back to back,
gives rise to a much lower stress over the outer tape than that over
the inner tape.

Index Terms—Finite-element method (FEM), magnetic sub-
strate, stress distribution, superconducting tapes, superconducting
wires.

1. INTRODUCTION

IGH-CURRENT superconducting (SC) cables combine

many parallel coated conductors with current-carrying
capabilities larger than 250 A - cm™" in self-field at 77 K [1].
In such cables, the tapes can be wound spirally around a central
former [2], [3]. In cables consisting of more than one tape, each
tape is exposed not only to its self-field but also to the combined
magnetic field from other tapes [4]. Since SC cables work under
very high self-magnetic fields created by the transport current,
they are always subject to very high magnetic forces, which
can result in internal stress in the cable, being strongly related
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to the distribution of the current and magnetic flux [5]-[8].
High internal stress levels may lead to performance degradation
of the cables. In order to ensure a secure cable operation, it
is necessary to predict their magnetoelastic behaviors such as
internal stress or strain.

For almost two decades, numerous works have been dedi-
cated to investigating magnetoelastic effects generated by the
flux pinning in superconductors under magnetic field. In order
to explain the giant magnetostriction on the order of 107
measured on the SC BSCCO, the first model was developed by
Ikuta et al. [9] based on the flux-pinning-induced stress. Later,
the magnetoelastic problem was theoretically solved within the
critical state model for different SC geometries, such as slab,
stripe, disk, etc., under electromagnetic forces [10]-[13]. In ad-
dition, various flux line dynamic effects on stress and strain re-
sulting from the pinning-induced forces have been extensively
studied [14]-[17]. Considerable attention has been paid on the
fracture behaviors resulting from the pinning-induced force in
the SC slab and cylinder geometries employing the linear elastic
fracture theory [18], [19]. Mints and Brandt [20] and Gao et al.
[21] examined the crack inclusion and collinear crack problems
in superconductors. Consequently, these studies deal typically
with theoretical calculations of the flux-pinning-induced stress
and strain distributions or cracking behavior in different SC
geometries under parallel or perpendicular magnetic field.
However, Inanir and Erdogan proposed a model calculation for
strain in an SC specimen in the presence of transport current
[22]. Yong and Zhou calculated the stress and magnetostric-
tion induced by flux pinning for a flat SC strip of a type-II
superconductor subject to a transport current [23]. Jing et al.
proposed a theoretical model to analyze the transverse normal
stress and interfacial shearing stress induced by the electro-
magnetic force in the SC coated conductor in increasing and
decreasing transport current [24].

To the best of our knowledge, there is a lack of information
on the pinning-induced stress due to the Lorentz force created
by the interaction of the transport current and self-magnetic field
in multilayer SC power transmission cables carrying transport
current. In SC devices, internal stress induced by Lorentz force
occurs when they are subject to a transport current or an exter-
nal magnetic field. They may be vulnerable to internal deforma-
tion, such as microcracks, which degrade both the mechanical
and electromagnetic characteristics of superconductors.
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Fig. 1. Three different cable designs proposed in the calculations: (i) nonmag-
netic substrate; (ii) face to face (FF), in which the SC tapes face each other; and

(iii) back to back (BB), such that the FM substrates face each other. Elements
are not drawn to scale for clarity.

In this paper, we study the stress behaviors of two-layer
second-generation (2G) high-T,. SC (HTS) power transmission
cables consisting of coated SC tapes with or without a ferro-
magnetic (FM) substrate through finite-element method (FEM)
simulations. The calculations are restricted to the constant
critical current density and constant permeability for the SC
layer and FM substrate, respectively.

II. MODELING

The two-layer HTS SC cable model employed in numerical
modeling, which is composed of multiple HTS coated super-
conductor tapes with a rectangular cross section is depicted in
Fig. 1. The tapes lie along the z-axis, and the transport current
flows in this direction.

The magnetic field is taken to be uniform in the z-direction;
therefore, the current density, electrical field, and the magnetic
vector potential have no x- or y-components. FEM simulations
are performed with COMSOL Multiphysics software via the
ac/dc module, in which Maxwell equations are implemented
successfully in the A—V formulation, the name referring to the
electromagnetic potentials used as state variables. In the A—V
formulation, the governing equation for the dynamical analysis
is given by Ampere’s Law

1 - -
Vx( V><A>:j (1)
Hr Lo
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TABLE 1
CHOSEN GEOMETRICAL AND PHYSICAL PARAMETERS FOR HTS CABLES
AND IN THE IMPLEMENTATION OF FEM SIMULATIONS

Quantity Description Value
(Unit)
1.(A) The critical current per SC tape 100
a winding pitch ©
E.(V/m) Electric field criterion 1x10*
By Critical current density parameter 0.36
B Critical current density parameter 1.2
7 Relative permeability of FM substrates 500
Wy (mm) Width of a SC tape 4
hye (Lm) Height of a SC tape 2
Wy, (mm) Width of FM substrate 4.2
hg, (Lm) Height of FM substrate 80
R; (mm) Radius of the inner layer 19.95
R, (mm) Radius of the outer layer 20.93
d (pm) Distance between two layers 980
Rcp (mm) Radius of the computational domain ~25xR,
N Number of SC tapes in each layer 17
f(shH Frequency of applied current 50
with
- 0A
E o~V )

where p, is the relative magnetic permeability; o is the

magnetic permeability of vacuum; X is the magnetic vector
potential along the z-axis; j is the overall current density; and
VYV represents the potential difference per unit length of tape
along the z-direction, which is uniform across the tape cross
section. The total magnetic vector potential A is composed
of the contributions from the self-magnetic field and external
magnetic field generated by the current in the surrounding
conducting tapes. It can be expressed in the integral form as
[25], [26]

N
pol
A=S"__H" [
z; 8mwschsc / a(r) dS ©
= S

where N is the number of tapes in a layer, [ is the current
flowing in tapes, and r is the distance from the source. All
parameters used in FEM simulations are listed in Table 1. The
integration is taken over the complete cross section of the tapes.
The vector potential expression given by (3) is established as
the boundary of computational domain [25]. The employed
boundary condition (BC) can be defined by using the “magnetic
potential” BC in the ac/dc module of COMSOL, thus ascer-
taining the vector potential at the outer boundary of the model
depicted in Fig. 2. The characteristics of the current density in
the SC part is governed by [27], [28]

Ji = e tanh (EE) @
where j, is the current density in the SC tape, j. is the critical
current density, F is the electric field, and E. is the electric field
criterion (e.g., 1 pV/cm). Since the electromagnetic problem
involves discrete rotational symmetry due to the geometry of
the cable, FEM simulations are conducted by considering only
two tapes in Fig. 1, with one on top of another.
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Fig. 2. Calculated magnetic vector potential and magnetic field distributions
around the two SC tape layers for I, = 75 A, in computational domains,
depicted on the left of each plot, comprising a 27/N angular section of the
cable, for the (a) nonmagnetic, (b) FF, and (c) BB cases. The arrows represent
the magnetic field, whereas contours of the magnetic vector potential are color
coded on the right of each plot.

The SC layer and substrate are considered to be isotropic
and elastic. The basic equations for evaluating the stress in the
coated conducting tapes under transport current were already
derived by Jing et al. [24]. The stress distribution inside the SC
layers is calculated following similar procedures to those given
in [24] and [29], which may be summarized as follows. The
Lorentz force density f = Moj x B acting on an SC tape and
the interfacial shearing stress ¢(x) between the substrate and
the SC tape satisfy the equations [24]

x

— / l9(€) + F(€)] de -

_w:;c/2

d =0
7TEsb / § -z 5
wsc

/ ¢(€)dg =0 ©)

7wsc/2

where x is the distance from the edge of the SC tape satisfy-
ing wsc/2 << wsc/2 sc — sc/( SC) sb = sb/
(1 —12); E is the Young modulus; and v is Poisson’s ratio.
The subscripts sc and sb stand for the SC tape and the FM
substrate, respectively.
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After appropriate transformations, (5) and (6) can be rewrit-
ten in the form

/{(1 —t2)’% +h (thﬂ dt —2cT(r) =0 (7)
/1(1 — %)

with the following definitions:

%F(r)dr =0 (8)

I(r) =

wg(r) TWse hee Bse 1 — 1/52
s 4 (T5) = pla), o= 4m= 2,
/,I/QJC hsc 2 Wse Esb 1—v

The solution to the integral equation (7) is of the form p(r) =
(1- t2)71/ ? g(r) [24]. The constant c has a strong influence on
the stress distribution, which, in turn, depends on the stiffness
of the SC tape and FM substrate. The transverse normal stress
distribution in the SC tape is given by [24]

%} =] {(1 — ) 0(r) + h (t“;)] dt 9

where

_ MOJEhgc

10
Ty (10)

We took the Young modulus of the SC tape as Ey. = 50,
which is large enough so that the normal stress distribution for
the SC tape is consistent with that of the FM substrate.

In all figures, three configurations are illustrated in the fol-
lowing order: (i) nonmagnetic substrate; (ii) FF, in which the
SC tapes with FM substrates face each other; and (iii) BB, such
that the FM substrates face each other.

III. RESULTS AND DISCUSSION

The calculated magnetic vector potential and magnetic field
distributions around the two SC tape layers in the computational
domain, which are depicted on the left of each plot, comprising
a 27 /N angular section of the cable, are shown in Fig. 2 for
the instant current value I, = 75 A. The figure reveals the
following qualitative observations: 1) in the FF configuration
[see Fig. 2(b)], the self-magnetic fields created by the inner
and the outer SC layers are in the same direction and stronger
normal field components occur at the edges of the conductors,
whereas 2) in the BB configuration [see Fig. 2(c)], they are in
opposite directions; therefore, the FM substrates between the
two SC layers experience a smaller resultant field. In this case,
the stress distributions on the SC tapes are lower than that in the
FF configuration.

Fig. 3 depicts 1-D stress distribution for the nonmagnetic
case [case (i) in Fig. 1], which is induced on a single SC tape in
the outer layer for different amplitudes of the applied current.
We only show the outer one on the layer since the behavior of
the inner layer is similar. We apply an ac current of 75-A am-
plitude. After passing through the maximum current magnitude
of 75 A, an outward (negative) electromagnetic stress occurs
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Fig. 3. Widthwise normalized stress distribution of the SC tapes with nonmag-
netic substrate (- = 1) for intermediate values of the applied current of 75-A
amplitude.

at the edges of the SC tapes. Moreover, the stress becomes
maximum in the proximity of the edges and then decreases
monotonically toward the center of the sample, around which
it is almost constant.

We attribute the existence of the maximized stress at the
edges to the influence of the magnetic fields generated by the
neighboring SC tapes and to the demagnetization effect due to
the present geometry, as indicated in Fig. 2(a). Lorentz force
f = uof x B becomes maximum in the region close to the
surface area due to the penetration of the vortices into the
conductor in this region. The reason for the plateau of the stress
near the center of the sample is the cancelation of the forces
generated by the two vortices penetrating from the right and
left edges of the sample.

It is also shown in Fig. 3 that the stress throughout the sample
falls down sharply as the intermediate current value decreases
and that at least two kinds of stresses act on the sample. For in-
stance, when the current decreases down to I, = 37.5 A, a neg-
ative stress occurs at the edges of the sample, while a positive
stress occurs at the central region. This is attributed solely to
the direction of the induced current in the negative z-direction.
While most of the cross section of the sample is acted by a
positive stress, a small section close to the edges experiences
negative stress. When the current is reduced to Iiax/2, the
stress is halved, as well. The difference between the stress
distributions in the cases I, = 37.5 A and I, = —37.5 A arises
from the fact that they are in the second (decreasing) and in the
third (increasing) quadrants in a cycle of the applied current. Al-
though the two current values have the same magnitude, differ-
ent regimes lead to different current distributions [22]. The two
distinct peaks in the sample for very low current values are also
related to the current distribution in the sample. The same stress
distributions are observed for the extreme values I, = £75 A,
as expected. The behavior of the stress distribution computed
in the SC tape with nonmagnetic substrate is in agreement with
the case of a coated SC [24]. This ensures the validity of the
computational model, in terms of the simulation strategy.
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Fig. 4. Widthwise stress distributions on the SC tapes for the three cases;
(a) with a nonmagnetic substrate (u,r = 1)), (b) with an FM substrate
(pr = 500) in FF arrangement, and (c) with an FM substrate in BB arrange-
ment. Here, the stress is normalized by o9 = poJ, CQ h?c /7 Esc. The calculations
are for only Imax = 75 A.

The stress distribution in both inner and outer SC tapes is
shown in Fig. 4(a), where a nonmagnetic substrate [case (i)
in Fig. 1] is employed, when the applied current amplitude is
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I, =75 A. As observed in Fig. 4(a), the stress distributions
are very close in the two layers. Note that the stress increases
abruptly from the sample center toward the edges.

Fig. 4(b) compares the two stress distributions occurring in
the inner and the outer SC tapes for the FF configuration [case
(ii) in Fig. 1] with an FM substrate for which p, = 500. Here,
we see that the stress in the outer tape is considerably higher
than that in the inner tape, unlike the case in Fig. 4(a). The
reason for the observed effect is stronger localization of the
magnetic field, particularly at the edges of the SC tapes. This
excess field causes penetration of a larger current into the SC
layer, yielding a larger structural force.

The stress distributions for the BB configuration are shown in
Fig. 4(c), where the stress in the outer SC tape is significantly
lower than that in the inner one. This is because the perpen-
dicular component of the self-magnetic field experienced by
the outer tape is smaller than that in the inner tape. Note that
the inner SC tape is subject to minimum structural stress in
this case.

Current density distributions on the SC tapes for all config-
urations are illustrated in Fig. 5. The curves correspond to the
current density distributions along the widthwise center line of
the SC tapes, while the insets show the cross-sectional distrib-
utions. In Fig. 6, the calculated Lorentz force distributions for
all configurations are shown. Comparing the figures, we may
deduce that, 1) in the FF configuration, high current density
[see Fig. 5(b)] together with a high normal magnetic field
component at the edges [see Fig. 2(b)] cause the accumulation
of the Lorentz force at these regions, particularly on the outer
SC tape, as shown in Fig. 6(b). 2) The resemblance of the
current [see Fig. 5(c)] and the force density [see Fig. 6(c)]
distributions on the outermost surface of the outer SC tape in
the BB configuration is attributed to the uniform and parallel
magnetic field to this surface, as shown in Fig. 2(c). The peaks
in the force density distribution at the edges of the inner SC tape
are because of the high normal component of the magnetic field
here, as indicated in Fig. 2(c).

We observe in Fig. 6 that, 1) in the FF arrangement [see
Fig. 6(b)], the force density distribution has peaks at the edges
of the inner and outer SC tapes, which is consistent with
Fig. 4(b); 2) in the BB arrangement [see Fig. 6(c)], the force
density accumulates on the outermost surface of the outer SC
tape, while it has peaks at the edges of the inner SC tape.

IV. CONCLUSION

The stress analysis of an HTS two-layer power transmission
cable employing 2G SC tapes is numerically investigated within
a 2-D computational scheme via FEM simulations through the
COMSOL Multiphysics software. Although the calculations
are performed for the values given in Table I, the following
qualitative conclusions are assumed to hold true for different
values of the parameters, such as N, I,/I., R;, R,, due to
the rotational symmetry of the computational domain, while
quantitatively different results are expected. In this paper, stress
distributions of three cases are considered: (i) nonmagnetic
substrate; (ii) FF, in which the SC tapes face each other; and
(iii) BB, in which the FM substrates face each other.
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Fig. 5. Current density distributions on the SC tapes for (a) a nonmagnetic
substrate, (b) the FF arrangement, and (c) the BB arrangement. Insets, which
are not drawn to scale for clarity, show the distributions of the current density
on cross sections.

Our findings may be summarized as follows:

1) In all cases, sharp peaks of the stress distribution very
close to the edges of the SC tapes are observed, indicating
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Fig. 6. Lorentz force density distributions acting on the two SC tapes for
(a) a nonmagnetic substrate, (b) the FF arrangement, and (c) the BB arrange-
ment. Dimensions are not drawn to scale for clarity.

2)

3)

4)

5)

[1]

[2]

[3]

[4]

[5]

an elevated risk of fracture following the application of a
current.

For a nonmagnetic substrate, the stress distributions on
the two SC tapes are almost equal at every point.

The stress occurring in the tapes with nonmagnetic sub-
strates is much lower than in the tapes with FM substrates
with g, = 500, except for the outer tape in the BB
configuration.

For the FF arrangement with an FM substrate, the stress
distribution arisen in the outer tape is considerably higher
than that in the inner tape.

For the BB arrangement, on the other hand, the stress
distribution in the inner tape is much higher than that in
the outer tape.
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