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ABSTRACT

Interactions between inhomogeneous magnetic fields and a superconductor lie at the heart of several
high-temperature superconducting (HTS) devices. An example is the situation where the magnetic
field from a small permanent magnet (PM) is applied to a coated-conductor HTS tape, such that
flux penetrates the superconductor. The PM field is highly spatially inhomogeneous, such that there
is significant variation in the applied field magnitude and direction across the tape. This leads to a
varying local critical current density, J (B, 6), across the tape, and consequently different ‘shielding’
(magnetic flux penetration) behaviour than is the case for a uniform applied field. Here, we report
results from measurements and numerical simulations of the penetrating magnetic field within an
HTS coated-conductor tape which occur as a PM dipole approaches from a distance. Electromagnetic
simulations were performed using a finite-element model based on the H-formulation, and which
incorporated experimentally-measured anisotropic J,.(B, ) properties from a coated-conductor tape.
This showed good agreement with experimental measurements. The effects of varying key modelling
assumptions and parameters were then studied, including changing the widths of the PM and HTS
tape and the magnitude of J.(B, 0).

The inhomogeneity of the PM field leads to a characteristic gull-wing distribution of magnetic flux
across the superconductor at elevated applied fields. Close approach of the PM to the tape suppresses
J.. in the centre of the tape, and this results in the observation of a characteristic maxima for the total
shielding currents circulating in the tape. A figure of merit is introduced which uses this effect to
provide a threshold definition for ‘full flux penetration’ of an HTS tape by an inhomogeneous dipole

field.

1. Introduction

The interactions between a permanent magnet (PM)
and a superconductor are integral to several types of high-
temperature superconducting (HTS) devices. The applied
field from a PM is typically highly spatially inhomogeneous,
with flux concentrated at the centre of each pole face and
large field gradients occurring near its edges. As the ba-
sis for levitation applications, where strong magnetic field
gradients occur perpendicular to the thrust direction [1],
the PM-bulk superconductor interaction has been studied in
great detail [2-7]. However, there have been relatively few
detailed studies of the interactions between an inhomoge-
neous applied magnetic field of a PM and a thin HT'S coated-
conductor tape [8—11].

Recent detailed studies of the interaction between an
HTS tape and a PM narrower than the tape width have been
motivated by advances in understanding the HTS dynamo
device [12—-15]. In that device, a narrow PM traverses a
coated-conductor with a flux gap of the order of a few
millimetres [16]. When connected to a circuit, HTS dynamos
produce a time-averaged DC voltage and can be used to
inject current into a superconducting coil [17]. An inter-
esting feature of experimental HTS dynamos is that there
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is a maximum flux gap between the PM and tape beyond
which the device no longer exhibits a measurable output
[10, 11]. This corresponds to the flux gap beyond which
shielding currents in the tape prevent the applied flux from
fully penetrating the tape. In an HTS dynamo, the lateral
motion of the PM across the tape complicates matters, as
the locally-induced emf causes overcritical eddy currents
(J > J,) to also flow within the tape [13]. As a result, this
situation does not directly correspond to the quasi-static flux
penetration limit of the tape.

Analytical critical-state models of the behaviour of su-
perconducting strips, such as the Brandt model [18-21],
provide useful tools to describe the behaviour of HTS tapes
in the presence of uniform applied magnetic fields. However,
key underlying assumptions of these models (the Bean limit,
n — oo; and J, = constant) are not generally experimentally
valid. For example at liquid nitrogen temperatures (77 K),
commercially available HTS tapes exhibit typical n-values
between 20 and 40 [22] and thus are not well-described by
the Bean limit. Even at 4.2 K, the n-values of many commer-
cial tapes do not exceed 60 [23]. Common analytical models
also assume a constant critical current density, J,, but real
HTS tapes are affected by the local applied field such that
the critical current has a magnetic field-angular dependence,
J.(B, 6) [22]. Predicting flux penetration behaviour in this
case requires a numerical model that has been validated by
experimental data.
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In this work, a numerical finite-element (FE) model
has been constructed to capture the magnetic field and
current behaviour of real coated-conductor tapes during the
quasi-static approach of a PM dipole, which applies an
inhomogeneous perpendicular applied field component to
the tape. This has been constructed using the commercial
FE modelling software COMSOL Multiphysics®. The FE
model utilises n-values and J (B, ) data extracted from
experimental measurements of real coated-conductor tapes.
Results from the FE model are then compared to experimen-
tal data, validating the qualitative features of the model and
providing useful insights into the physical origin of the ex-
perimental observations. This work also compares computed
results from a ‘constant J.” FE model, as this is a commonly
used simplifying assumption when modelling HTS tapes.
The effects of changing the relative size parameters of the
PM and HTS tape are also examined, as these impact on
shielding behaviour and are of interest in the context of the
HTS dynamo [24, 25].

2. Modelling Methodology

The geometry of the inhomogeneous PM model is shown
in Figure la, with the 2D case (infinitely long in the z-
direction) assumed for simplicity. A PM of remanent flux
density || B,|| = 1.5 T, corresponding to a strong N52 grade
PM, is centred at a flux gap d beneath an HTS coated-
conductor tape, such that the axis of the PM is perpendicular
to the wide face of the tape.

A segregated H-formulation FE model as used in [6, 26]
was employed. This comprises a magnetostatic PM model
and a time-dependent H-formulation [27, 28] model of the
HTS tape. The two models are coupled along the outer
boundaries of the H-formulation domain by summing the
applied field from the PM, H.,,, and the self-field of the
tape, H.;r, caused by flow of the induced currents within the
tape. Variation of the flux gap is implemented by applying
a translation operator to H,,;. At each time step, the 2D
Biot-Savart law is integrated numerically over the HTS tape

a) y b) y
? ? .
HTS tape i
o 1 X 0
Flux gap X

Permanent
magnet

Figure 1: a) Geometry of the inhomogeneous applied field
model. A permanent magnet is centred under an HTS tape,
and the flux gap between them is reduced. b) Definition of 6
using the same axes.

Figure 2: Example of logarithmic meshing in the tape sub-
domain to enhance definition at the centre and edges. The
thickness of the tape is artificially expanded in the vertical
direction for visualisation purposes.

subdomain, Q, to calculate Hg:

1 LY 0 v=y) o,
Hse]f,x(x? Vs = E //Q (x — X,)2 N (y_ y,)z dx dy , (D
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The behaviour of the tape is dependent on the ramp
rate of the applied homogeneous field/approach speed of the
PM. For consistency and to reduce time-dependent effects,
a slow ramp rate of 5 mTs™! and magnet approach speed of
0.5 mms~! was used throughout.

The non-linear behaviour of the HTS material is captured
using the E-J power law [29-31]

n—1

T, 3)

J,

C

£y
J,

C

E=

where E; = 1 uV/cm and E = pJ. The other equations that
govern the model are Faraday’s and Ampere’s laws, solving
for the independent variables, the magnetic field strength
H=[H, H].

To avoid the logarithmic singularity that occurs when
modelling superconductors in 2D [18] and thus improve
convergence, the superconducting layer of the HTS tape
was modelled with a thickness of 10 um, as opposed to its
actual thickness of 1.3 pum. This approximation has been
used previously under both homogeneous [32] and inhomo-
geneous [12, 13, 26] applied fields, and the accuracy of this
assumption was confirmed through comparison with limited
simulations using a thickness of 1.3 uym. The HTS subdo-
main was meshed using two logarithmic meshes meeting at
the centre of the tape to give greater resolution at the tape
centre and edges, as shown in Figure 2.

The numerical model employed experimentally-measured
1.(B, 0) data measured from two different HTS tapes using
the SuperCurrent Facility in New Zealand [33]. These
parameters were converted to equivalent critical current den-
sities, corrected for self-field effects using the technique pre-
sented in [34] and input into the model via a two-variable, di-
rect interpolation [35]. Figure 3 shows the measured I (B, 8)
and n(B, 6) values at 77 K from a 12 mm wide copper-plated
SuNAM SCN12700-210222-01 GdBCO tape, that was used
in the experimental flux-penetration measurements. Figure 4
shows measured data for a SuperPower SF12050CF tape,
which was used for other numerical modelling comparisons.
For the SuperPower tape, a constant n-value of 20 was
employed, which is a reasonable approximation for the
measured values [12]. To enable full 360° angle-dependence
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Figure 3: Experimental in-field I.(B,6) (top) and n(B,0)
(bottom) data of the 12 mm wide SUNAM SCN12700-210222-
01 HTS tape used in this work. The data was measured at 77 K
at the SuperCurrent facility [33], and is used, after correction
for self-field effects using the technique presented in [34], as the
input data for J (B, ). Note that 8 = 0° denotes field applied
parallel to the tape and the n(B,#) data has been smoothed
using the Savitzky-Golay method.

of I to be utilised within the model, the data in each of these
figures was mirrored around 6 = 180°.

The N42 grade PM used for experimental validation in
this work had a specified remnant magnetisation of || B, || =
1.3 T at room temperature. However the performance of Nd-
Fe-B magnets is temperature dependent, so the || B.||(T =
77 K) value used in the model was taken to be 87% of the
room temperature value, in accordance with the manufac-
turer’s data [36].

In this work, numerical simulations have been performed
to investigate and compare the significance of various pa-
rameters on the shielding behaviour of a tape. A useful pa-
rameter for these comparisons is the total absolute shielding
currents flowing within the tape at any moment, which is
defined herein as:

I =// .1 - g, @
Q

where Q denotes the cross-sectional area of the tape.
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Figure 4: Experimental in-field I.(B,6) data of SuperPower
SF12050CF HTS tape at 77.5 K in magnetic fields of up to
1 T measured at the SuperCurrent facility [33]. The data is
used, after correction for self-field effects using the technique
presented in [34], as the input data for J.(B, ).

3. Experimental Methodology

Experiments employed a scanning Hall probe arrange-
ment in liquid nitrogen to measure the penetrating magnetic
field profile behind a HTS tape (12 mm GdBCO tape,
SuNAM SCN12700-210222-01). The apparatus is shown
in Figure 5. A length of HTS tape was supported on a
0.5 mm thick aluminium shim atop three machined alu-
minium plinths, screwed into a non-conductive base. The
displacement of a PM below the tape was varied by translat-
ing a supporting aluminium bar using nylon lead screws. A
set of 1 mm thick glass composite (G10) spacers were used
to define the flux gap between the tape and PM. The tape
was connected to copper blocks at each end for mechanical
stability, and the position of the middle plinth adjusted as
necessary to ensure the physical centres of the magnet and
tape were aligned.

An N42 grade Nd-Fe-B PM, of dimensions 6 X 12 X
12 mm? and magnetised normal to two of its 6 X 12 mm?
cross-sections, was used in the experiment to validate the
model. In the experiment the south pole of the magnet was
facing the bottom of the tape and the shortest dimension
of the magnet was parallel to the width of the tape. The
perpendicular magnetic field component near the top sur-
face of the tape was measured using a P15A Hall-effect
sensor (Advanced Hall Sensors Ltd), via an analogue-to-
digital converter from National Instruments. This sensor was
initially calibrated across a range of cryogenic temperatures
and applied magnetic fields of up to 1 T using a Physical
Property Measurement System from Quantum Design Inc.

The Hall sensor was attached to a boom that could be
electromechanically translated along three orthogonal axes
with an accuracy of 50 um. Prior to the experiment, with
the tape in the normal conducting state, the sensor was
placed just in contact with the tape surface, and then raised
0.2 mm to ensure no contact with the tape at any later
point in the procedure. The gap between the sensor and
tape increased slightly as the apparatus was cooled due to
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Figure 5: Apparatus used to measure penetrating field from a
Nd-Fe-B permanent magnet applied to an HTS tape. (1) A
Hall sensor is mounted on a movable boom. Nylon lead screws
(2) are used to raise the magnet assembly (3) towards the
tape.

thermal contraction of the plinths and insulating base. This
contraction was not measured, but is estimated to be in the
order of 1 mm.

To initialise each experimental run, the magnet was
lowered as far as possible below the tape (approx. 90 mm),
before the magnet, tape, and sensor were then immersed in
liquid nitrogen. This closely approximated zero-field cooling
of the tape. The magnet was then slowly raised until the
aluminium support bar came into contact with the stack of
G10 spacers. The perpendicular component of the magnet
field was then measured at 0.2 mm steps across the width
of the tape (above the centre-line of the magnet). Each field
measurement comprised the mean of 1000 samples taken
over 1 s. After each measurement profile across the tape was
completed, a single spacer was removed and the process
repeated at the next smallest flux gap. This continued until
all spacers were removed.

To measure the applied field from the PM alone, similar
measurements were undertaken under liquid nitrogen with
the HTS tape removed.

4. Results and Discussion

4.1. Numerical modelling results for a uniform
applied field
4.1.1. Homogeneous field applied under J.(B, 0)
assumption
Before exploring the interaction of a coated-conductor
with a PM applied field, it is first important that the homo-
geneous (uniform) applied field case is well-understood. The
calculated flux penetration and current density distribution

within a 12 mm wide SuperPower SF12050CF (I, data
shown in Figure 4) HTS tape is shown in Figure 6.

When a uniform magnetic field of magnitude B, is ap-
plied perpendicular to the wide face of an HTS tape of width
2a, flux penetrates the tape starting from the edges, as shown
in Figure 6a. Shielding currents flow in each edge region
whilst the central region remains flux free due to shielding
effects [18, 37]. As Bapp is increased, flux penetrates further
into the tape (Figure 6b) until B,,, = B,,. This represents
the minimum threshold applied field at which flux penetrates
throughout, so that there is no longer a shielded region within
the tape where B = 0 T [38]. At B, the tape is saturated
with shielding currents such that J(x, y) = J at all points,
except for a narrow, finite current reversal region in the
centre of the tape, Figure 6d. As B,,, is increased further
above B, the field profile across the tape flattens, and the
current reversal region narrows (Figure 6e-f).

4.1.2. Comparison of J.(B,0) vs. constant J,
assumption

The suppression of J (B, @) at higher applied fields
directly affects the total shielding currents flowing within
the superconductor. This is illustrated in Figure 7, which
shows the variation of I ; (defined in Eq. 4) with increasing
applied field. We see that for the J_(B, 8) model (red line),
I' initially increases with B,,p as current extends deeper
into the superconductor. However, a maximum in I ; exists
at B,,, = 27 mT. We denote the position of this maxima as

Biax(rz) = argmaxp ). 3)

At applied fields < B,y 17)> any increase in By, causes
a narrowing of the current reversal region and hence an
overall increase in I!. However once Bipp > Brax( ) the
suppression of J (B, 0) by the increased applied field now
causes a greater reduction in I/ than can be gained by further
narrowing of the current reversal region. Comparison with
the measured transport I (B, §) behaviour of the tape (dotted
green line) shows that I/ follows the same declining trend for
By > Biax(rr)- Note that 1 ! is always slightly less than
1. throughout the region plotted, because a finite n-value
means there is always a small finite current reversal zone
wherein |J,| < J... The field profile and current distribution
corresponding to B,y 17y are shown in Figure 6c.

For the purposes of comparison, Figure 7 also shows the
evolution of I for a tape with a constant I of 283 A (the
self-field value of the I, data). In this case an idealised
n-value of 120 has been used to closely approximate the
Bean critical state model [39, 40]. It is notable that in this
case (black line) no maximum is observed and instead [ ;
asymptotically approaches I . The maximum in / ; in the
field-dependent model occurs near the crossing point of the
lines denoting I for the constant-J, model and I.(B, 6), as
this is approximately where the decrease in I ; caused by field
suppression of I.(B,8) outweighs the increase in I} from
current filling.
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Figure 6: Homogeneous applied field case: Plots showing normalised magnetic flux density averaged over the thickness of the
tape and sheet current density across an HTS tape assuming measured J (B, 8) dependence when a homogeneous field is applied
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Figure 7: Applied field dependence of I’ in a 12 mm x
10 pm HTS tape, for both angular field- dependent (J.(B,9))
and independent (J, = constant) critical current density
assumptions. The homogeneous applied field is increased from

0T to0.1T ata rate of 0.5 mTs™!

The fact that the maximum in 1 ; is only observed when
J (B, 0) suppression of areal HT'S tape is considered, means
that this effect cannot be reproduced by analytical (or nu-
merical) models that assume a constant J,.. It is instructive
to note thatat By, (), flux has not fully penetrated the tape.
This means that the shielding currents flowing in a real tape
(and the corresponding shielding field) reach a maximum
value at an applied field which is significantly lower than that
required for full flux-penetration of the tape, i.e. B ) <
B

pen*

max([]

4.2. Numerical modelling results for a PM dipole
applied field
4.2.1. Inhomogeneous field applied under J (B, 0)
assumption
The FE model described in Sec. 2 is now used to examine
the flux penetration behaviour arising from the inhomoge-
neous applied field profile imposed by a PM dipole. As

above, shielding currents and penetrating flux are calculated
for a 12 mm X 10 um HTS tape assuming the I.(B, 0) data
from Figure 4 and n = 20. The flux gap between the tape and
a 6 mm wide and 12 mm thick PM was gradually reduced
from 50 mm to 0.5 mm at a rate of 0.5 mms~!.

The applied field from a PM is concentrated at the centre
of each pole face, and diverges with increasing distance from
the PM. This is readily seen in the flux line plot shown in
Figure 8f where the PM lies within the plotted field of view.
However, at large axial displacements the field gradients
are low. In this case the applied field approximates to the
homogeneous applied field case, and shielding currents flow
to prevent flux from penetrating the central region of the
tape, as shown in Figure 8a. As the flux gap between the PM
and tape decreases, the applied perpendicular field increases,
and flux penetrates progressively further into the tape, see
Figure 8b and c. By this point the inhomogeneity of the field
applied by the PM across the tape has become increasingly
apparent, with the perpendicular component of the applied
field at the centre of the tape now significantly higher than
at either edge. Eventually flux penetrates throughout the tape
such that there is no shielded region, at a threshold flux gap
denoted here as d = d,,. (This situation is analogous to

B, for the uniform applied field). Atd = d,, (Figure 8d),
the tape is saturated with critical currents ﬂowmg throughout
except for a small current-reversal region. Close examination
reveals that this current-reversal region is located slightly
off-centre in the tape due to the minor asymmetry observed
in the I.(B,0) data for the SuperPower tape used in this
simulation.

Significant differences to the homogeneous case are ob-
served in the fully flux-penetrated region where d < d,,.
Most notably, the profile of the perpendicular field across the
tape for d < d,,,, exhibits a gull-wing shape, with the field at
the tape edges dropping below the field at the centre, due to
the lower applied perpendicular field component at locations
away from the PM centre line. This contrasting behaviour is
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Figure 8:

Inhomogeneous applied field case (PM dipole): Plots showing normalised magnetic flux density averaged over the

thickness of the tape and sheet current density across an HTS tape assuming measured J,(B, ) dependence when a PM is

situated at a flux gap, d. (a) d > d; (b) d > d,i (c) d 2 d

pen ,

(d) d = d,.; (&) d < dpeys (f) d < d,. Flux line plots (contours

of constant A) are shown for each of these gaps to illustrate shielding effects within the tape, and the inhomogeneity of the PM
field. The thickness of the tape is artificially expanded in the current plots for visualisation purposes.

most clearly apparent when comparing the flux contours in
FIGs. 6e and 8e.

4.2.2. Comparison of J.(B, ) vs. constant J,
assumption for inhomogeneous applied PM field
As in the homogeneous applied field case, shielding
currents in the J.(B,#) model are suppressed at higher
applied field magnitudes. This is illustrated in Figure 9.
Initially, as the PM approaches the superconductor from
a distance, [ ; (red line) increases due to shielding currents
extending further into the tape. A maximum is reached at
d = 19.0 mm. We denote the position of this maxima as

dmax([é) = argmax, //Q |J,| - dQ. 6)
Further decreasing d to < dp, ) leads to suppression
of I (B, 6) (dotted green line) which outweighs the increase
in shielding currents from further narrowing of the current
reversal region. This situation is analogous to that observed
in the uniform field, and in this case occurs at a similar max-
imum applied central field (28 mT versus 27 mT). Similarly,
we also observe that the maximum shielding currents flow at
a flux gap which is significantly larger than required for full
flux penetration to the centre of the tape, i.e. dy,x( > dpen-
As before, Figure 9 also shows I ; for a tape with constant
1 of 283 A (the self-field I, of the I (B, #) data) and n =
150. For this case there is no maximum observed and instead
I ; increases with decreasing d to asymptotically approach
1. Field suppression of J, throughout the tape also means
that the penetration gap, d,,,,, is smaller for the constant-J,
model than for the J (B, #) model (12.2 mm vs. 13.5 mm).

4.3. Experimental Validation of Permanent
Magnet Applied Field Model
To validate the model, the simulated results are com-
pared to measured values from the experiment described in

300 T T T T
d ., =12.2mm
) - pa] -
< 2501 B oo =56 MT
®]
d
=200 .
c
=
1l
T\N
150 —— Constant J, model -
—— J. (B, 6) model
I. (B, ) referenceling
00k [ | o reference line .
0 10 20 30 40 50
Flux gap (mm)

Figure 9: Variation of I in a 12 mm x 10 ym HTS tape as
a 6 mm x 12 mm N52 grade PM is moved from a flux gap
of 50 mm to a flux gap of 0.5 mm at a rate of 0.5 mms™'.
The model was run with a field dependent J (B, 6) using data
from Figure 4 with n = 20, and again with a constant J,

corresponding to I, of the same tape with n = 150.

Sec. 3. The field measured experimentally by the Hall probe,
Bror. 1s the y-component of the penetrating field behind the
tape, and can be expressed as the sum of the y-components
of the PM field, Bpy;, and the field due to screening currents
flowing in the HTS tape, Byrs:

)

Bror = Bpm + Burs-

The coercive field of Nd-Fe-B is much greater than any
shielding fields induced in this experiment [41], hence it is
assumed that Bpy, is constant and does not vary with Byrg.

Figure 10 shows the experimentally measured field pro-
files (Brot) across the HTS tape, for a range of flux gaps
between the PM and tape. Profiles computed from the FE
model are also shown for comparison and show generally
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Figure 10: Experimentally measured field profiles behind the
12 mm coated-conductor tape (Bygy) for a range of flux gaps,
d, from 3.5mm to 14.5mm. Also shown for comparison are
profiles computed from the FE model. The grey shaded area
denotes the extent of the 12mm wide tape. In particular,
note the gull-wing profile within the tape that is most marked
between d =4.5 mm and d = 8.5 mm.

good agreement. In particular, note the characteristic gull-
wing shape to the field profile within the boundaries of
the tape (grey shaded region) that is particularly noticeable
for flux gaps from about 5.5 mm to 8.5 mm. This clearly
shows the magnitude of the penetrating field reaching a
local maximum at the centre of the tape (rather than falling
off monotonically from the edge as expected for a uni-
form applied field). The gull-wing appears upside-down here

compared to Figure 8, because the opposite magnet pole was
positioned closest to the tape experimentally, making the
observed fields negative.

The gull-wing profile is not visible in either the field of
the PM alone or the field of the tape alone, but is rather due
to the superposition of Byrg and Bpy;.

Furthermore, the gull-wing profile cannot occur unless
the applied field is inhomogeneous; the tape characteristics
alone do not account for it. To understand why this is so,
consider just the left half of the tape and the component of
current that is in the z-direction. By Ampere’s law this is
(VXB), = pyJ, = 0B, /0x—0B, /0y (displacement current
is neglected). By, is the perpendicular component of the field
(corresponding to Btgp above). The gull-wing implies that
as we move from the left edge towards the centre, 0B, /dx
is at first negative, then positive. But the shielding current
J, is only positive throughout this domain (as is confirmed
by the FE model). Therefore, d B, /dy must be negative,
and its magnitude must be relatively large when 0B, /dx
is most negative. This behaviour is due to the divergent
curvature of the applied inhomogeneous field. The field
becomes more parallel moving towards the edges of the tape,
and the curvature is sufficient to outweigh the simultaneous
weakening of the field with distance from the centre of the
magnet.

While the shape of the field profile is consistent between
model and experiment, the absolute magnitudes are slightly
higher in the model than in the experiment. This is attributed
to experimental uncertainties including: absolute measure-
ment error of the flux gap; parallelism of magnet, tape,
and sensor; and the exact cryogenic magnetisation of the
full permanent magnet. Another factor that may contribute
to this effect is that in order to reduce the model to 2D,
the magnet is assumed infinite in the z-direction. In reality
the magnet is finite, and field divergence at the point of
measurement will cause the measured value to be lower than
that calculated in the model.

Although the total current within the HTS tape, I ;
cannot be measured directly in the experiment, the field due
to the shielding currents flowing in the HTS tape, Byrs,
can be calculated from Eq. 7. This is a dipole field with
a central peak. Figure 11 shows the evolution of this peak
shielding field, max,(Byrs), as a function of flux gap. Both
experimental measurements and the FE model show that
this peak shielding field initially increases as the flux gap
decreases, but eventually reaches a maximum value beyond
which it then declines. This occurs because initially critical
currents gradually ‘fill up’ the tape from the edges inwards,
shielding the inner regions of the tape from flux until the
tape is fully saturated. However, as the magnet gets closer,
the incident field magnitude becomes large, which results
in J.(B,0) suppression. This reduces the total shielding
currents flowing in the tape, and hence reduces the peak
shielding field. The highest value of max  (Byrg) occurs at
a flux gap of (7.5 + 1) mm in both the experiment and the
model.
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Figure 11: Maximum Bypg by flux gap. This corresponds to
the absolute currents flowing in the tape. Note that currents
reach a maximum well before the magnet reaches the tape.

4.4. Critical Comparison of Common Modelling
Assumptions
This section discusses the advantages and disadvantages
of different modelling assumptions, and summarises key
points mentioned in the previous sections.

4.4.1. Modelling using J.(B,0) vs. a constant J,
assumption

A constant J, is commonly assumed to reduce simu-
lation time. The inhomogeneous PM approach model de-
scribed in this work, with the parameters used in Sec. 4.2.2,
took 54 min to run with a constant J_, and 56 min when us-
ing experimentally measured data. This difference is slight,
however could become significant in a system of many tapes
and/or multiple PM arrays.

Another reason for this assumption is that I.(B, #) data
can be difficult to measure, leading to limited access, partic-
ularly at temperatures other than 77 K. This makes it difficult
to incorporate realistic tape behaviour at the lower tempera-
tures more appropriate for real engineering applications. An
online repository containing I.(B, #) data with temperature
dependence for numerous commercial HTS tapes can be
found here [42].

There are numerous disadvantages to assuming that J,
is constant. Sections 4.1.2 and 4.2.2 describe the flow of
shielding currents within the tape for homogeneous and
inhomogeneous applied fields respectively, and in each case
significant differences were observed between models with
constant J, and J (B, 8) dependence. It is important that
the effects of J,, suppression are considered in context when
designing models. For example, consider Figure 9. If a
device requires the largest possible shielding current, the
constant J,, data implies that as small a flux gap as possible is
desirable, however experimentally this would lead to almost
half of the expected current due to suppression effects.

Assuming that J is constant also ignores any asymmetry
that occurs within the tape. In the J.(B, ) case the elec-
trical centre was found to be marginally off-centre, but this
does not occur when J,, is assumed constant. There is little
asymmetry in the I.(B, 8) data of the tapes considered here,
however significant asymmetry is possible, for example in
SuperPower’s Advanced Pinning tape.

4.4.2. Infinite, constant or field-dependent n-values

It is common to assume the Bean limit (n — ©0),
within which the current reversal zone is infinitesimally
small [39, 40]. However, real superconductors have finite
current reversal zones, which become narrower as the ap-
plied field is increased in magnitude. The current density
over this region is continuous, and therefore in this region
|J| < J., which reduces the total current capacity of the tape
by an amount dependent on n. To investigate the significance
of this n-dependent current limiting without interplay from
field inhomogeneity effects, the constant J. model under
a homogeneous applied field from Sec. 4.1.2 was repeated
with n = 20, 120 and 150. For n = 20, I ; , which quantifies
the current carrying capacity, only reached 89.7% of I.. As
n was increased, the current reversal region at saturation
became narrower, leading to [ ; values of 98.2% and 98.5%
of I, for n = 120 and 150 respectively. This shows that
assumption of the Bean limit can significantly overestimate
the current carrying capacity of HTS tapes.

The extent to which the field-dependence of n affects
current carrying properties of tapes is considered by com-
paring results of the model from Sec. 3 when using the
angular field-dependent n(B,8) data from Figure 3 with
results when using constant values of n. A constant value
of n = 20 was considered, as this is commonly used in
modelling, and n = 35 was also chosen, corresponding to the
n-value measured for the tape under an applied field equal to
that exhibited at the tape position when the PM is halfway
through movement. There is little qualitative difference in
I ; as a function of flux gap for these values, as the tape
saturates at large flux gaps, and the maximum of 1 ; occurs at
the same position to an accuracy of 0.1 mm for each n-value
considered. The magnitude of the peak differs however,
corresponding to the differences in current reversal region
size. When n = 35, max(I ’Z) is < 1% below the value for
field-dependent n, and even when n = 20 this only extends
to an ~ 3% difference.

4.4.3. Homogeneous vs. Inhomogeneous Applied
Fields

To compare the homogeneous model results from Sec-
tion 4.1.1 with the inhomogeneous model results in Section
4.2.1, the applied field magnitude at the tape centre, By, . »
is determined at the threshold flux gaps in the PM approach
model. In the homogeneous model, the threshold values are
B, = 52 mT when J, is assumed constant, and By, m=
27 mT and B, = 40 mT when suppression effects are
included. In the inhomogeneous model, the corresponding

values are B = 56 mT, B = 28 mT and

app, t.c. app, t.c.
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Bypp, 1. = 48 mT respectively. For each figure of merit, a
slightly higher field is calculated at the tape centre in the
inhomogeneous model than is applied in the homogeneous
model.

When the applied field is above the threshold values,
significant differences emerge between the homogeneous
and PM applied field cases. The inhomogeneity of the PM
causes a gull-wing shape to appear in the field profile across
the tape, which becomes more pronounced the closer the PM
moves to the tape (and thus the larger the inhomogeneity of
the applied magnetic field from the PM at the tape position).
This differs to the homogeneous case, where the field profile
becomes increasingly flat as the magnitude of the field is
increased.

The extent to which inhomogeneity affects results de-
pends on the context, and whether or not a simplifying
assumption is valid should be considered for the desired
application.

4.5. Extension Studies
4.5.1. Effects of changing tape width

To investigate the effects of tape width on the current and
field distribution, the model was run using a 6 mm X 12 mm
N52 grade PM and repeated for HTS tapes of widths 1 mm
and increasing in 3 mm increments from 3 mm to 30 mm,
using J..(B, ) data from Figure 4. Figure 12 shows how I’
changes as the PM approaches the tape for each tape width
considered.

For tape widths of less than 18 mm, the behaviour is as
before, with the peak becoming sharper as the tape width
increases. However as the tape becomes much wider than
the PM a second maximum starts to form in I”. This occurs
due to the inhomogeneity of the PM. The return path of
flux lines from the PM start to pass through the tape, with
the magnitude of the field strength in regions of opposite
flux being much less than in the central outward flux region,
see Figure 13. This leads to less suppression of J.(B, ) in

——1lmm ——3mm 6mm —— 9mm 12mm——-15mm
18mm——- 21mm—— 24mm——- 27mm—— 30mm
T T T T
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% 400 - .
-
2 300 - B
]
=
1}
- 200 3
100 k /\
///\
0 —_— 1 1 T

0 10 20 30 40 50
Flux gap (mm)

Figure 12: Variation of I/ in a HTS tape as a function of flux
gap for a range of tape widths (1-30 mm) with a 6 mm X
12 mm N52 PM.
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Figure 13: (a) J(B,0) in a 30 mm x 10 pm HTS tape when a
6 mm X 12 mm N52 PM is at a flux gap of 2 mm away. The
thickness of the tape is artificially expanded in the vertical
direction for visualisation purposes. (b) and (c) show flux line
plots (contours of constant A) for the system when a 6 mm
X 12 mm N52 PM is at a flux gap of 2 mm from a 1 mm X
10 pm and 30 mm x 10 pm HTS tape respectively.
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Figure 14: Flux gaps corresponding to the penetration thresh-
old and maximum current flow for a range of tape widths (1-
30 mm) and a 6 mm x 12 mm N52 PM.

these regions (see Figure 13a), allowing more current to flow
within them and thus a higher I ; is observed. As the PM
moves closer to the tape, the field in these regions becomes
stronger, suppressing /. and causing I ; to reduce again.
Figure 14 shows the values of the figures of merit for the
different tape widths. For all widths, d,,,( 1) occurs at larger
flux gaps than d,.,. As the tape width is increased, the flux
gap at which the criteria is met reduces, as a stronger field
is needed to suppress more tape. The decrease is not linear
however, and flattens for tapes much wider than the PM.

4.5.2. Effects of changing PM width

The eftects of PM width on the current and field distribu-
tion of a 12 mm X 10 um HTS tape with J.(B, 8) dependence
were investigated by considering 12 mm long N52 grade
PMs with widths of 2 mm and increasing in 3 mm increments
from 3 mm to 30 mm, Figure 15 shows how I] changes as
the PM approaches the tape.
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Figure 15: Variation of I in a 12 mm SuperPower SF12050CF
HTS tape as a function of flux gap between the tape and a
N52 PM of a range of widths (2-30 mm).
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Figure 16: Penetration threshold and maximum current flux
gaps as a function of PM width for a 12 mm SuperPower
SF12050CF HTS tape.

At large flux gaps, I ; increases with PM width because
the flux across the tape width increases with little suppres-
sion of the critical current. As the PM becomes much wider
than the tape this effect is limited as the field across the tape
position is more homogenised.

When the PM approaches the tape, peaks form in I
due to shielding currents flowing deeper within the tape,
increasing I’ until the suppression of J.(B, 0) is sufficient
to reduce I ; again. As the PM width increases, the peaks
have a lower maximum and become broader due to increased
suppression across the width of the tape.

At small flux gaps, a narrower PM has a higher I]
because J (B, 8) is only suppressed heavily at the centre
due to the inhomogeneous field from the PM, as opposed
to across the whole width for wider PMs.

Figure 16 shows the values of the figures of merit for
different PM widths. For all widths, d ) occurs at larger

flux gaps than d

max(I’

As the PM becomes wider, the flux gaps
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Figure 17: Variation of I/ in a HTS tape as a function of flux
gap between the tape and a 6 mm x 12 mm N52 grade PM.
for a range of tape I [s.f,77 K] (100-500 A).
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Figure 18: Penetration threshold and maximum current flux
gaps as a function of tape I[s.f,77 K].

at which the criteria occur increase, however the rate is not
constant, and begins to level off as the PM becomes wider,
this is explained by the field from the PM becoming more
homogeneous across the tape width.

4.5.3. Effect of Scaling I,

The effects of scaling I, by a multiplication factor were
investigated by scaling the I (B, €) data presented in Figure
4. Thus, we assume the same overall pinning characteristics,
i.e. angular dependence, and scale the I (B,0) data with
respect to I [s.f,77 K], from 100 A to 500 A in 50 A
increments.

The I ; curves are presented in Figure 17. As I [s.f,77 K]
is increased, the peaks become sharper, and occur at lower
flux gaps because the increased current flow from the
reduction of the current reversal region is more significant
than suppression effects.

The figures of merit, presented in Figure 18, both oc-
cur at lower flux gaps as the critical current of the tape

R. W. Taylor et al.: Preprint submitted to Elsevier

Page 10 of 12



Flux penetration of an HTS coated-conductor tape by an approaching permanent magnet

is increased, because stronger shielding currents require a
larger applied field to be overcome. The relationship between
both figures of merit and I [s.f, 77 K] is non-linear, with a
sharper drop off at lower critical currents.

5. Conclusion

In this work, a model based on the segregated H-
formulation was constructed and experimentally validated
to investigate the interactions between a HTS tape and the
inhomogeneous magnetic field from a permanent magnet.
The effects of changing key system parameters, including the
PM and tape widths and critical current, were investigated.

Two figures of merit were introduced for both homo-
geneous (B, and By, 1;)) and inhomogeneous (d,,, and
diax( 19) applied fields. These were used to compare the
effects of common modelling assumptions, and significant
differences were observed in the field and current distribu-
tions within the tape when ignoring the field-dependence of
J. and inhomogeneity in the applied field from the mag-
net. When J, is assumed constant, the shielding currents
within a tape are strongest for the highest applied fields.
However, in real HTS tapes, suppression of J_ at large
applied fields limits shielding current flow within the tape,
and a maximum is observed as the applied field is increased.
For a 12 mm wide SuperPower SF12050CF HTS tape un-
der a homogeneous applied field, simulations showed that
shielding currents were strongest at the highest applied field
considered (Bapp = 100 mT) when J, was assumed constant,
whereas shielding currents peaked at B,,, = 27 mT when
measured J (B, 0) data was used. Similarly in the case where
an N52 grade PM approaches a 12 mm wide SuperPower
SF12050CF HTS tape without a background field, shielding
currents peaked when the magnet was as close to the tape as
considered (d = 0.5 mm) and at d = 19 mm for constant
and field-dependent J_ assumptions respectively.

The flux penetration and current distribution of an HTS
tape due to an approaching PM is explained, with a distinct
gull-wing shape observed in the field profile across the tape
due to the inhomogeneity of the applied field when the
flux penetrates throughout the tape. This gull-wing does not
form when the applied field is assumed homogeneous. As
the inhomogeneity within the system increases, such as by
moving the magnet closer or increasing the tape-to-magnet
width ratio, the differences to the homogeneous case become
more pronounced.

Experimental measurements broadly agree with predic-
tions from the FE model. In particular, the gull-wing shape
caused by the curvature of the magnetic field of the magnet
was observed. Experimental observations also showed that
the shielding currents flowing in the tape reach a maximum
when the magnet is still relatively far away from the HTS
tape, before subsequently declining as the flux gap is further
reduced. In both the model and experiment, the measured
field value corresponding to the maximum total shielding
currents was observed when an N42 grade PM was at a flux

gap of (7.5 £ 1) mm from a SUNAM SCN12700-210222-01
HTS tape.

Insights obtained from this work will inform the under-
standing and design of future HTS devices where permanent
magnets interact with HTS tapes, such as HTS dynamo flux
pumps.
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