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Abstract—Dynamic resistance is observed in type-11 supercon-
ductors carrying a DC transport current while simultaneously ex-
posed to an alternating magnetic field. The appearance of a non-
zero resistance is attributed to the interaction between the
transport current and moving fluxons. This effect is relevant to
many superconductor applications such as high-temperature-su-
perconductor (HTS) flux pumps, DC / AC magnets, synchronous
machines, and persistent current switches. Here, we present a fi-
nite element method (FEM) analysis of both the time averaged dy-
namic resistance and the instantaneous current sharing behaviour
in a cable comprised of a stack of four YBCO thin films connected
in parallel. Numerical modelling was performed using the H-for-
mulation method implemented in the commercial software COM-
SOL. The model employs experimentally measured values of the
angular dependence of the critical current I¢(B, 8) and the flux
creep exponent n(B, 8). A single threshold field is observed, above
which a finite dynamic resistance is observed in all tapes simulta-
neously. The time-averaged dynamic resistance of individual tapes
tends to be larger for the exterior tapes than the interior tapes, but
this difference decreases as the total transport current in the cable
increases. We attribute this to shielding currents flowing in the ex-
terior tapes during the majority of the cycle, which displace net
DC current into the interior tapes. However, the relative propor-
tion of DC transport current flowing in the exterior and interior
tapes is also observed to vary periodically once per half cycle of the
applied field. This is due to the periodic trapping of return screen-
ing currents in the interior tapes.

Index Terms—Dynamic resistance, H-formulation, HTS model-
ling, HTS Cable, Parallel Stack

. INTRODUCTION

T HE commercial availability of km+ lengths of HTS coated
conductor allows for the production of HTS devices such as
HTS transformers, DC and AC magnets, flux pumps [1-5], mo-
tors/generators and persistent current switches [6, 7]. In some
of these applications, a coated conductor carrying a DC
transport current is exposed to an oscillating magnetic field.
These conditions are known to cause a non-zero resistance to
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Fig. 1. FEM model architecture detailing the orientation of coordinate axes,
and direction of transport current, J, (into the page) and applied magnetic
field, Bapp, relative to both the single wire and parallel-connected stacks.

arise in a superconducting material, due to dissipative interac-
tions occurring between the transport current and moving flux-
ons [8-11]. This effect is termed the dynamic resistance. The
dynamic resistance is often treated as a DC effect [12-16], but
the time dependence of the voltage waveform along single tapes
has also been measured [17-19] and simulated [20]. A clear un-
derstanding of dynamic resistance in HTS tapes and cables is
important as the associated losses with this effect must be ab-
sorbed by the cryogenics of the system to avoid heating and
possible damage to the HTS components. To date, most work
on dynamic resistance has focused on single tapes, where ana-
Iytical and finite-element (FEM) models have been shown to
deliver close agreement with experiment. However, there has
been little work on stacks of parallel-connected tapes such as
occurs within high current cables. In such stacks, interacting
self-fields from adjacent stacks in the tape can be expected to
play a significant role — and experiments on series-connected
stacks [21,22] diverge substantially from the expected analyti-
cal behaviour. In this work, we probe the dynamics and current
sharing at play in a parallel-connected stack of tapes under dy-
namic resistance conditions, by utilizing an FEM model that has
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been previously validated against experiments on a single tape
[20,23]. Our results illustrate that naive application of existing
analytical solutions do not describe this situation well, and that
current sharing between the tapes in the stack varies signifi-
cantly over the AC field cycle. It is important to note that ex-
perimental ‘short-sample’ measurements of this type of paral-
lel-stack arrangement are not practically possible, (due to the
difficulty in obtaining perfect current sharing at parallel sol-
dered joints). Therefore, FEM modelling represents the only
feasible approach to undertake this investigation.

Exact analytical solutions can be obtained for the magnetic
field and current density within a single superconducting strip
supporting a DC transport current while exposed to a perpen-
dicular oscillating magnetic field [24-27]. These solutions are
used in [8, 28] to explain the underlying mechanism for the dy-
namic loss. A superconducting strip carrying a transport current
distributes the current primarily at the surface of the material (ie
the edge for thin films) so that the bulk of the material is
shielded from a change in magnetic field. When an alternating
magnetic field is superimposed, screening currents occupy the
edge regions and the DC transport current is driven towards the
center. If the amplitude of the oscillating magnetic field is less
than some sample dependent threshold field B, the screening
currents shield the interior regions from a change in magnetic
flux. As a result, any transport currents flowing in this central
region flow with no resistance. However, once the amplitude of
the external field exceeds Bin, the entire conductor experiences
a change in flux density during the applied field cycle. In this
case a non-zero dynamic resistance is observed, due to work
done by the power supply in applying a Lorentz force to flux
that traverses the transport current carrying region of the film.

Both [8,28] state that, for a superconducting thin film of width
2w and thickness d, critical current I, in an alternating perpen-
dicular field of amplitude Bs and frequency f, the time-aver-
aged dynamic resistance Rayn IS given by:

Rayn 4
—2t = = (Bao — Bu) (1)

However, these two papers give differing expressions for the
threshold field B as a function of the reduced current i = Ipc /
IcO

O L @
B = 22t frin () + in (7)) ®

Equation (2) is obtained from [8], whilst (3) is from [28].These
expressions yield broadly similar results when the reduced cur-
renti = 0.1 but diverge once i < 0.1. In this low current region
equation (3) delivers better agreement with experiments on sin-
gle tapes [16]. The geometry of a stack of tapes is significantly
different to that for which equations (1), (2), and (3) are derived,
although the stack still exhibits a high-aspect ratio conductor
cross-section. It is therefore not readily apparent whether these
equations remain a valid predictor of the behaviour of the par-
allel stack. In order to investigate this, an FEM model has been
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Fig. 2. Experimentally measured 1¢(B, 6) data obtained at 77K for the Super-
Power studied in this work. This data was used as an input for the FEM models.

4x10*
—_ —— Single Wire Experiment
E Single Wire FEM
= Cable FEM
e
o 2x10*
L
o Y
£ 1 uV/em | criterion
A SRR St -
Q@
w
0 1 I 1 I L
—_ | 1
< ) | /T |
e -
8  sof— L
[ - —T, 1
b 60 |— — T !
o | ]
£ sl :
[
= - I
5 |
20—
o | I
0 PR T I I |

o

50 100 150 200 250 300 350
Total Transport Current (A)

Fig. 3. (a) I-V curves for a ingle tape as measured experimentally in self-field
and simulated using our FEM model. This is shown alongside the simulated
1-V curve for the cable in self-field. The horizontal dashed line shows I as de-
fined by the 1 pV/cm criterion. (b) DC current within each tape of the cable
during the DC ramp. The vertical dashed line indicates the critical current ac-
cording to the 1 pu\V/cm criterion.

used to numerically calculate the local current density, field and
dynamic resistance values within the cable stack and compare

with the analytical expressions.

Il. MODELLING METHODOLOGY

Numerical calculations of the dynamic resistance were com-
puted using the finite element method (FEM) commercial soft-

ware COMSOL. The model architecture is shown in Fig. 1. for

both a single coated conductor tape, and a cable comprising a



stack of four tapes. We employed a 2D H-formulation model in
the xy-plane (assuming an infinitely long tape in the z-direc-
tion). Numerical solutions were obtained through solving a
combination of Faraday’s law and Ampere’s law.

O H
VX E= —py ZE0 (4)

VxH=] )

Here H = [Hy, H,] represents the magnetic field strength, J =
[J-] is the current density and E = [E;]. The constitutive rela-
tionship between E and J for the HTS cross-section is gov-
erned by an E-J power law [29, 30] of the form

_ _Eo
Jc(B,6)

(6)

7 n(B,08)—1
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The resistivity of the superconductor is thus the coefficient of
J. Eo is the standard electric field criterion of 1uV/cm. J¢(B, 8)
and n(B, 0) are the critical current density and flux creep ex-
ponents. These are a function of the local magnetic field mag-
nitude, B, and orientation, 6, as shown in Fig. 2. Values for
these two variables were obtained experimentally from meas-
urements on a SuperPower SCS4050- AP tape using the ‘Su-
perCurrent’ measurement system at Robinson Institute [31,
32] at 77K. Measured values were corrected for self-field ef-
fects using the technique given in [33] and incorporated into
the model using a two variable interpolation function [34,35].

The current and field within the tape are computed in two
stages during the model. Solutions were stored every 1 ms and
0.01 ms for the two stages. First, a DC transport current, Ipc , is
introduced under zero applied field and is ramped at a constant
rate of 100 A/s from zero until the desired transport current is
reached. In the case of the four-tape stacked cable, the current
is injected using the constraint Ipc = It1 + It2 + It3 + I14 to rep-
resent an ideal parallel connection between the four tapes in the
stack. Here I, Iv2, Iv3, and l14 represent the total DC current
contained in the cross-sections of each tape in the cable. Once
the desired current is reached, a sinusoidal perpendicular field
of the form Bayp = Baosin(wt) is then applied to the magnetic
field boundary condition on the outer edge of the surrounding
circular air sub-domain. By is increased in 5 mT increments
from 0 up to 100 mT and the applied field frequency is 65 Hz.
These oscillations are run for two and a half cycles to ensure
periodicity in the calculated current and field distributions. In
the following analysis, we neglect the first cycle of the applied
field where the films are magnetized from their virgin state.

Time-averaged values for the DC dynamic resistance are
computed for each individual tape in the stack over the full cy-
cle of the applied field, as follows. First the spatially averaged
electric field Er, is determined over the cross-section A, of a
given tape.

Era(®) = 5= [, Ea(x,y, )dxdy U]
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Fig. 4. Model cross-sections displaying the current density as a function of po-
sition at different times during the DC ramp. Plots (a), (b) and (c) show J; / Jeo
at 140 A, 270 A and 334 A. The tape aspect ratio has been adjusted to assist
the viewer.

where Tn denotes the position of the tape in the stack (ie Ty,
Ta, T3 or T4). The spatially-averaged electric field is then di-
vided by the DC current, I+, contained within that cross-sec-
tion to produce the time-averaged dynamic resistance for a
given tape over a single cycle of the applied field

1
RaynTn _ 7 ETn(t) d
= t 8
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The dynamic resistance of the full parallel connected stack is
then obtained from:

1 1

_ = _ _— 9
Rdyn,cable Zn =14 RaynTn ( )

We assume that losses occur only in the HTS material, thus
the model consists of the HTS layer of each tape which is 4 mm
wide and 1 um thick, each separated in the y-direction by a cen-
tre-to-centre distance of 100 um. The entire stack is then sur-
rounded by a circular air domain, as shown in Figure A.1 (see
Appendix). The HTS layer meshing is a uniform grid consisting
of 100 elements along the width of the conductor (x-axis) and 3
elements over its thickness (y-axis). This approach minimizes
the computational time for the simulation whilst retaining reso-
lution at the surface of the HTS domain. A free triangular mesh
(determined by COMSOL) is used in the surrounding air sub-
domain. The spatial resolution of this free mesh increases in the
vicinity of each HTS layer, in order to match nodes at the layer
boundary. The air domain boundary has a radius of 4 cm and
is sufficiently far away from the stack that the normal compo-
nent of the magnetic field due to the superconductor is negligi-
ble at the boundary, and is hence set to zero. In the air sub-do-
main, we solve Ohms law with the resistivity set to 1 Qm.



I1l. MODELLING RESULTS

A. 1-V curves and current sharing in zero applied field

Fig. 4(a) shows the numerically calculated I-V curves obtained
when ramping the DC current in both a single tape and the ca-
ble under zero applied field (ie self-field). Experimental data
obtained from a self-field transport measurement on a short
sample of the SuperPower SCS4050-AP YBCO tape [36] is
also shown. The experimental ¢ of the Superpower tape stud-
ied in this work is 105.6 A and the power law exponent n is
27. Jois determined by dividing I by the area of the HTS
film cross-section. A small non-zero voltage is experimentally
measured for the single tape at currents below I, which we at-
tribute to a combination of instrumental drift and non-ideal
tape behavior. Nonetheless, at currents approaching and above
I, experimental results and model agree well.

It is not generally possible to make experimental measure-
ments on a short sample (e.g. less than several meters) of a
parallel stack of tapes, as small variations in the soldered con-
tact resistance to each tape significantly affect current sharing
between the tapes [37]. Instead we must rely on numerical
modelling to determine behavior in this arrangement. The ex-
perimentally measured and FEM model results for the single
tape I are in close agreement at 100.5 A and 102.6 A, respec-
tively. The stacked cable FEM model gives a cable critical
current, lccante, Value of 334.6 A, which is ~ 80% of the critical
current of four isolated coated conductor tapes. We attribute
this relative reduction in I¢ cable to the increased self-field due
to the other tapes in close proximity within the stack. This has
also been observed in a series-connected stack of tapes re-
ported in [21].

As DC current is injected into the cable, it must distribute it-
self amongst the four tapes. This is shown in Fig. 3(b), where
we observe that at first current is injected primarily into the
outer tapes in the stack (T1 and Ta). As the total current in the
cable increases, the share of the total current carried by the inner
tapes (T2 and Ts) increases. Once Ipc reaches approximately
90% of the I¢caple, @ crossover occurs such that the current car-
ried within the inner tapes then exceeds the current carried by
the outer tapes. Above l¢canie any additional transport current is
then distributed evenly between the four tapes - as can be seen
by the equal linear gradients for each tape beyond this point.

Further understanding of the evolving current distribution in
the stack during the initial current injection can be obtained by
examining the current density across the full cross section of the
stacked cable. Figs. 4 (a), (b), and (c) show the current density
as a fraction of Jeo at three moments during the current ramp;
when Ipc is 140 A, 270 A, and 334.6 A. The parallel connected
stack can be considered to behave similarly to a superconduct-
ing bulk, in the sense that when Ipc is well below I¢capie, the
current density is largest near the surface. This manifests as cur-
rent flowing largely across the entire width of the outermost
tapes, T1 and T4, as well as at both edges of the interior tapes, T»
and Ts. As the total transport current is increased, the outer tapes
become saturated with DC transport current across their entire
cross section, leaving a small shielded region which exists only
in the central regions of tapes T, and Ts. At l¢canle this shielded
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Fig. 5. Time averaged values for the dynamic resistance and thresh-
old fields. Plots (a), (b), (c), and (d) show the time averaged re-
sistance for four different values of i = 0.3, 0.5, 0.7, and 0.9 in AC
field amplitudes up to 100 mT.
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region disappears, and each tape carries a critical current deter-
mined by its Jc(B, 8) properties and the local magnetic environ-
ment. The inner tapes experience a smaller field contribution
from their neighbouring tapes than the outer tapes, which is why
the inner tapes carry a slightly larger proportion of the total cur-
rent. The reason for this is that the inner tapes have neighbour-
ing tapes both above and below and this symmetry leads to the
normal contribution from each neighbor being partially can-
celled out. By contrast the outer tapes experience the full con-
tribution from their single neighbouring tape, and hence expe-
rience a larger perpendicular field at I¢ caple.

B. DC Values for the dynamic resistance and threshold
field

Figs. 5(a)-(d) show the values calculated from egn. 8 for the
DC dynamic resistance, Rayn per cycle, for each tape and the
cable using the FEM model. Analytical values for the cable
obtained from equations (1), (2), and (3) are also shown. Rgyn
is calculated for four different values of the reduced current i =
0.3,0.5,0.7,0.9, and for a single frequency f = 65 Hz. The Rayn
values are plotted as a function of the applied field amplitude
Bao.

For all reduced currents, there is a single threshold field
value below which the DC values for the dynamic resistance
in each tape is negligible. Only once the applied field ampli-
tude exceeds this threshold value, does the time-averaged re-
sistance for each tape begin to linearly increase. This is be-
cause the parallel connection of tapes in the stack ensures that
trans port current is dynamically redistributed such that the po-
tential drop along each tape is identical. This situation differs
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from a series-connected stack of tapes [21], where the
transport current in each tape is constrained to be equal and
hence shielding effects mean that dynamic resistance emerges
in the outer tapes well before it is observed in the inner tapes.
For all values of i, the individual exterior tapes in the paral-
lel stack have a larger DC dynamic resistance compared to the
interior tapes. This is because they carry a greater proportion
of shielding currents, and consequently a smaller proportion of
the total transport current than the inner tapes. When i = 0.9,
the difference between the dynamic resistance of each tape de-
creased significantly. This reflects the fact that the cable can
support less screening currents at highly elevated values of i.
Fig. 6 shows values for By, of the total stacked cable, calcu-
lated using (2), and (3). These are shown alongside values ob-
tained from the FEM model. The FEM model values for B
were obtained from the x-intercept of linear fits to the non-
zero section of Rgyn in each tape, which were then averaged.
We obtain values of surprisingly similar magnitude from the
analytical equations for a superconducting strip and the FEM
results for the 4-tape stack, despite the different underlying ge-
ometry. This reflects that the 4-tape stack has a total height of
only ~300 um and a width of 4 mm, so its aspect ratio remains
large and can be approximated by treating as currents flowing
in a single plane. It should be noted that larger cable stacks
containing more tapes in parallel should not be expected to
display the same close approximation to strip behaviour.

C. Transient electric field and current sharing in a sinusoi-
dal perpendicular field

The DC values for Rgyn presented in section I11.B are calcu-
lated from the transient instantaneous values for the transport
current density and average electric field in each tape in the
cable. These transient quantities vary over the alternating field
cycle. In particular, screening currents redistribute during the
cycle which causes the net DC transport current component to
also move between the exterior and interior tapes. This is illus-
trated in Fig. 7(b) which presents the time-dependence of the
ratio of transport current carried by the outer and inner tapes
respectively when i = 0.5 and By = 100 mT . This is expressed
as louter / linner = (I1 + I74) / (It2 + I13). Fig. 7(c) shows how this
varying ratio also corresponds to the transient electric field
across the stack, Ecaie. (Note that the ideal parallel connection
between every tape in the stack means that Ecanie= Et, for all
tapes).

In Figs. 7(b) and (c), we see the evolution of these quantities
over 1.5 cycles of the applied AC field.The dashed lines show
the window in which the applied magnetic field decreases
from its peak value of By to approximately Bao-2Bw (calcu-
lated using egn. 3),. This is the point in the cycle at which the
Bean model predicts screening current reversal is no longer
capable of shielding the interior from the changing external
field [21], and hence holding the interior electric field at its
minimum value. Immediately following this window, we then
observe a sharp rise in Ecale and simultaneously a greater pro-
portion of the DC current moves into the interior tapes. This
occurs as the screening currents are driven in the outer tapes to
oppose the rapidly changing applied field and hence the DC
current component is driven into the inner tapes. The ratio of

o

inner

0.8p4

IULItEF ’I!

1.0 15 2.0 25
Completed AC Field Cycles

Fig. 9. Time dependence of (a) louter / linner and (b) Ecapie for a range of By val-
ues over 1.5 cycles of the applied magnetic field for i = 0.5.

DC current louter/ linner, then steadily increases until the applied
field reaches the opposite polarity peak and the process then
repeats in the next half-cycle.

This narrative is presented visually in Fig. 8 with colour
maps of J, / Jeo across the entire cable cross-section in the
same fashion as Fig. 3. Here, eight separate moments during
the AC applied field cycle are shown, which correspond to the
numbered points in Fig. 7(a).

Fig. 8(a) shows the current density after a single full cycle
of the applied magnetic field. At this moment By, =0 mT and
is increasing. Screening currents of opposite polarity to the
DC current flow on the left-hand side of the cable and pene-
trate slightly further into the exterior tapes. The right-hand
side of the cable accommodates the sum of screening currents
and the DC transport current. At this instant in the cycle, dissi-
pation is occurring across the entire conductor and Ecapie iS in-
creasing.

Fig. 8(b) shows the current distribution by Bap, = 100 mT af-
ter 1.25 cycles. At this moment Ecanie has fallen from its peak
value and almost decayed to zero. The total induced screening
currents flowing in the stack have decreased since Fig.8(a).
This is evident from the reduced area of the return path on the
left-hand side of the cable, along with the global reduction in
the magnitude of the current density.

Fig. 8(c) shows the moment shortly after the applied field
has reached its maximum, where Bay = 86 mT and is now de-
creasing, . (This occurs after 1.333 complete cycles in Fig.
7(a)). Now, Ecanic is at its minimum value whilst louer is just at
its maximum. Interestingly, this is occurring sometime after
dBapp/dt = 0. Fig.8(c) shows new return paths for negative po-
larity screening currents appearing now on the opposite edge
of the tape. At the same time, negative currents which were
previously flowing on the left side are now being gradually
erased by positive currents encroaching from the left edge.
These residual screening currents vanish first in the exterior
tapes leading to a short-lived peak in the DC current contained
in the exterior tapes (see Fig 9(a)). Shortly afterwards the re-
sidual ‘island’ of screening currents is also erased from the in-
terior tapes, which are then able to accommodate a greater
proportion of the transport current.



By Fig. 8(d), the applied field has dropped to Bap = 53mT,
and 1.41 AC field cycles have passed. At this moment, the
negative screening currents on the left-hand side have van-
ished entirely. This coincides with the rapid increase from
zero of Ecanie and a sudden decrease in louer. It should be noted
that this the applied field at this moment is approximately
equal to Bx-2Bw. After this moment current distributions
which are the mirror image of those in fig. 8(a-d) are ob-
served in fig.8 (e-h) as the AC field goes through the negative
half of the AC field cycle.

The time-varying distribution of transport current between
tapes is observed at all applied field amplitudes. Fig. 9 shows
the time dependence of loyter/ linner and Ecapie for a range of Bao
values (with B > Bw). At increasing values of B, the maxi-
mum value of louer/ linner inCreases, indicating that a greater
proportion of the interior tapes are taken up by reversing cur-
rents during the period between Bao and Bao-2Bw (equivalent to
Fig. 8(c)). We also observe that the peaks in the Ecanie Wave-
form broaden and increase in amplitude with increasing Bao.
This directly causes the DC value of Rayn to also increase as
shown in Fig. 5.

IV. CONCLUSIONS

We have modelled the dynamic resistance in a cable com-
prising a stack of four YBCO coated conductors connected in
parallel. Our numerical model employed the H-formulation
and included the dependency of the critical current on the lo-
cal magnetic flux density and orientation relative to the plane
of the coated conductor film.

When the transport current flowing through the cable is held
constant and an alternating field applied, we observe a single
threshold field above which the time-averaged values for the
dynamic resistance increases linearly from zero for all tapes.
The FEM values for the time-averaged dynamic resistance and
threshold fields have poor agreement with those from the ana-
Iytical model (egs.1-3). While the cable retains a high aspect
ratio, it’s behaviour cannot be described by single strip with a
constant critical current density.

When we examine the transient behaviour of the cable elec-
tric field, we see that the transport current moves between
flowing primarily in the exterior or interior tapes, depending
on the phase of the applied magnetic field. When the rate of
change of the applied field changes polarity, screening cur-
rents appear on the edges of the tape which act to erase the
screening currents from the previous half cycle. During this
period, the electric field goes through its minimum values and
most of the transport current flows in the exterior tapes. After
the screening currents are completely erased, the electric field
rapidly increases due to a combination of the suppression of
the critical current and the increasing presence of screening
currents. In these moments, the DC transport flows mostly in
the interior tapes.

For all values of the reduced current i, the calculated value
for the time-averaged DC dynamic resistance exceeds 1
pViem for samples with length in excess of 1 m. Utilizing this
as a switching mechanism in an HTS transformer rectifier is
prohibited by the need for a large AC magnet bore to house

such a long sample length. Other possible solutions include in-
creasing the amplitude of the AC magnetic field, or winding
the cable to make several passes through the bore of the excit-
ing magnet.

Our results provide interesting insights into the complex
current redistribution behavior that can be observed in non-
transposed parallel connected cables of multiple ReBCO
tapes. They also illustrate the utility of H-formulation FEM
models to study parallel connected cable arrangements which
cannot easily be measured as short samples in the laboratory.
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Fig. Al. Finite element meshing used for total COMSOL model (air +
HTS). (a) Total domain isa 2D circle with radius 4 cm, mesh resolution
increases towards tape stack. (b) Magnified mesh in region of tapes (de-
noted by red rectanale in (a)). showina fine meshina around each tape. (c)
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