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ABSTRACT

A noteworthy physical dependence of the hysteresis losses with the axial winding misalignment of superconducting racetrack coils made
with commercial second generation high temperature superconducting (2G-HTS) tapes is reported. A comprehensive study on the influence
of the turn-to-turn misalignment factor on the local electromagnetic properties of individual turns is presented by considering six different
coil arrangements and ten amplitudes for the applied alternating transport current, Ia, together with an experimentally determined function
for the magneto-angular anisotropy properties of the critical current density, Jc(B, θ), across the superconducting tape. It has been found
that for moderate to low applied currents Ia � 0:6 Ic0, with Ic0 the self-field critical current of individual tapes, the resulting hysteretic losses
under extreme winding deformations can lead to an increase in the energy losses of up to 25% the losses generated by a perfectly wound
coil. High-level meshing considerations have been applied in order to get a realistic account of the local and global electromagnetic proper-
ties of racetrack coils, including a mapping of the flux front dynamics with well defined zones for the occurrence of magnetization currents,
transport currents, and flux-free cores, which simultaneously has enabled an adequate resolution for determining the experimental condi-
tions when turn-to-turn misalignments of the order of 20–100 μm in a 20 turns 4mm wide racetrack coil can lead not only to the increment
of the AC losses but also to its reduction. In this sense, we have shown that for transport current amplitudes Ia . 0:7 Ic0, a slight reduction
in the hysteresis losses can be achieved as a consequence of the winding displacement, which is at the same time connected with the size
reduction of the flux-free core at the coil central turns. Our findings can be used as a practical benchmark to determine the relative losses
for any 2G-HTS racetrack coil application, unveiling the physical fingerprints that possible coil winding misalignments could infer.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5100223

I. INTRODUCTION

High temperature superconducting (HTS) coils with
Rare-Earth Barium-Copper-Oxide (ReBCO) coated conductors are
the cornerstone of nearly all current and envisaged high-power
density applications taking advantage of the local electromagnetic
properties of type-II superconductors.1–6 Attaining a clear under-
standing of the physical and designing parameters that might
render to the minimization of AC losses in these systems is, by
default, one of the most important subjects in the physics and engi-
neering of applied superconductivity.6–12 However, although many
experimental and theoretical studies have been performed on the

AC losses of HTS racetrack coils,13–17 these always assume that the
coil is perfectly wound, neglecting thence any influence of a possi-
ble misalignment between the coil turns (tapes), a situation that is
likely to happen either during the coil manufacturing, their assem-
bling in practical applications, or even due to possible axial alter-
ations caused by extrinsic magnetic, thermal, or mechanical
pressure over the coil turns. In fact, despite that in the last two
decades the applied superconductivity field has experienced a sig-
nificant increase in the physical understanding of the local electro-
magnetic properties of type II superconductors, including the
second generation of high temperature superconducting (2G-HTS)
tapes, it is the high aspect ratio of the 2G-HTS tapes which from
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the computational perspective is still imposing significant chal-
lenges to understand their performance in practical superconduct-
ing machines. This has left questions such as, “How does an
unintentional misalignment in the winding of a superconducting
coil impact its energy losses and magnetic field profile?” “Is it, in
fact, a negligible factor as it has been commonly assumed?” “Can it
actually deteriorate or improve the coil energy efficiency features?”
Motivated by these long standing questions and their practical
importance from both the engineering and physics perspectives,
below we present a unified numerical approach supported by high-
level meshing conditions and a generalized description of experi-
mentally measured material laws in 2G-HTS tapes,18 which focus
more on the local understanding of the physical properties of race-
track coils rather than on commonly used mesh simplifications for
reducing the expected computational burden.

Thus, we present a comprehensive computational study of the
profiles of current density, magnetic flux features, and AC losses of
racetrack coils with 20 turns of commercially available 2G-HTS
tapes (SCS4050),18 either perfectly wound or with a maximum
lateral misalignment factor (δm) of 100 μm between adjacent turns,
both subjected to AC transport currents of different amplitudes
(see Fig. 1). The numerical simulations are performed within the
framework of the celebrated 2D H-formulation,19–22 implemented
in COMSOL Multiphysics 5.3a,23 together with what is up to now
the most general material law for describing the E�J properties of
the 2G-HTS tapes at a constant temperature, which extends the
conventional Kim’s critical state model to an experimentally vali-
dated magneto-angular dependent E�J power law.18 Therefore,

although proper consideration of the magneto-angular anisotropy
properties of the 2G-HTS tape have been included, within the 2D
approach adopted in this paper, the effect of the U-ends of the
racetrack coil is neglected, which is an acceptable ansatz for race-
track coils with former lengths at least 5 times bigger than its trans-
versal width, as it has been demonstrated in Ref. 13 where an
integral method splitting the straight and U-urns section has been
used to model the entire 3D-geometry, thereby rendering the same
results expected from the 2D models.

II. GEOMETRY CONSIDERATIONS AND MODELING
STRATEGY

For the calculation of the AC losses, a total of 60 different
cases have been studied, these considering up to ten different
amplitudes of the alternating transport current, Ia, and six racetrack
coils each with a distinctive misalignment factor δm ¼ 20 μm,
25 μm, 30 μm, 50 μm, and 100 μm. It is worth mentioning that the
magnitude of the misalignment factors shown in this paper are to
be understood in correlation with the overall displacement between
the innermost and the outermost turn of the racetrack coil, also
called the coil deformation, and therefore it needs to be read as a
function of the width of the tape employed, ws. In this sense, for a
20 turns 4 mm tape-width racetrack coil, these turn-to-turn mis-
alignment factors correspond to coil deformations of 0.4–2 mm,
which for larger coils need to be understood as coil deformations
in the range of ws=10 to ws=2. Certainly, as larger will be the coil,
as more likely will be the occurrence of these deformations, which
might seem exaggerated within the size of the coil that has been
considered here for numerical convergence and reasonable compu-
tational time. However, at this point, it is vital to emphasize that all
the physical features encountered in this study, which for the sake
of generality are presented in renormalized units, then will also be
valid for racetrack coils with a greater number of turns. This is
because the presented distribution of profiles of current density
into our benchmark case of 20 turns will allow to get a sufficiently
large resolution for enabling a direct use of homogenization
meshing techniques24 or multiscale models,25 where a single one of
our modeled superconducting coil turns could emulate the
response of a whole stack of, e.g., 50 turns out of a 1000 turns race-
track coil with turn-to-turn displacements as small as 0:4 μm,
where calculations of the AC losses are not expected to yield to
errors larger than 2:5%. Moreover, it has to be noticed that
although we have been performed simulations for smaller
turn-to-turn displacements than 20 μm, we have opted to show
the results for displacement factors greater than this value as for
δm , 20 μm negligible differences (,2%) between the AC losses
for perfectly wound coils and the misaligned coils have been
obtained. Nevertheless, at least for the case of NMR gradient coils
with cylindrical formers and a 2D cross section for the modeling of
flux of current density (neglecting the effect of U-ends) equivalent
to the one used in our theoretical framework, it is worth mention-
ing that for the range of magnetic fields obtained within our study
cases, it has been already seen that deformations greater than
10 μm can be produced by the induced Lorentz’s force at self-field
conditions, depending on the strength and coil frame material.26 In
this sense, it is worth emphasizing that although to the best of our

FIG. 1. Schematics of the cross section of (i) a 20 turns perfectly
aligned 2G-HTS racetrack coil, then (ii) subjected to a nonuniform winding
(δm ¼ 0:1 mm) with a ws=2 misalignment between the innermost and outer-
most tapes. (iii) An individual 2G-HTS tape (not to scale) is shown for illustrative
purposes, together with (iv) the time dynamics of the applied transport current
with time steps labeled at each π=4 cycles.
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knowledge this phenomenon has not been reported for racetrack
coils or pancake coils; commonly, the study of these coils does not
focus on field resolution degradation measurements, on which this
phenomenon is of vital importance for the deployment of technol-
ogies such as NMR and MRI, but it does not imply that these
deformations can occur in real experimental conditions. In fact, the
present study has been motivated by our previous observation of
this phenomenon on other projects (subject to nondisclosure agree-
ments), where racetrack coils have been implemented for the proto-
typing of certain HTS machines.

Our study implies a significant computational endeavor which
depends not only on the mesh quality of the physical domains but
also of the processors and RAM specs of the computer used for it.
Thus, in order to overcome the computational difficulties imposed
by the large aspect ratio of the SCS4050 2G-HTS tape (4 mm
width, 0.055 mm thick), each individual coil turn has been
modeled as an array of 6 tailored material domains [Fig. 1(iii)]
each defined by 115 rectangular elements distributed along the
width of the tape, times 4 layers for composing each one of the Cu
coatings, 2 layers for the Ag protective layers, 4 for the HTS
(ReBCO) domain, and finally 6 layers for the modeling of the non-
ferromagnetic substrate. Then, a mapped triangular mesh with
approximately 60 000 elements has been implemented as a single
“air” domain for modeling the insulating layers between the coil
turns (0.2 mm thick) and the coil surrounding area (1200 cm2),
where a Dirichlet boundary condition (Hx ¼ 0) is imposed at the
center axis of the coil former (9:4 cm width) taking advantage of
the axial symmetry conditions of the problem for achieving
minimal computing time. In fact, further symmetry conditions
could be imposed for the perfectly wound coil, such that only its
top half would need to be considered, reducing then the number of
elements by 50% or likewise, to double the number of elements for
increasing the overall accuracy into our calculations. However, with
the latter approach, we have found that the mesh above defined for
the entire width of the coil is sufficient to render the same accuracy
level within the AC losses calculations. Moreover, given the fact
that for misaligned windings dual axisymmetrical reductions
cannot be imposed, it results compulsory to model the entire width
of the coil in order to attain comparable results under the same
physical and computational benchmark. In light of this, it is worth
mentioning that although further homogenization meshing tech-
niques similar to the ones presented in Refs. 24, 25, and 27 could
be applied to encapsulate the average behavior of bundles of
2G-HTS tapes, i.e., by modeling multiple coil turns into singular
domains, therefore reducing the computing time, the inherent issue
within this approach is the unavoidable loss of resolution and phys-
ical insight at a local level, where the patterns of transported or
induced current within single turns results transposed into bulklike
descriptions. Thus, depending on the intensity of the applied
current, the coil dimensions, and the size of the homogenized
domains, these models can still give an accurate enough solution
for the calculation of the AC losses in perfectly wound coils, but
result inefficient for the modeling of misaligned coils, unless the
number of coil turns is big enough such that the local distribution
of profiles of current density within sequential turns is expected to
show the same position for the flux front profiles, i.e., within the
size of the smallest element where the flux front profile is to be

located. Nevertheless, from the physical point of view where com-
puting time reductions are not primordial, an accurate definition
for the size of homogenized domains requires to have an ad hoc
knowledge on the distribution of profiles of current density, this
one being the cornerstones of this paper.

From the physical point of view, the governing equations,
Faraday’s and Ampère’s law, are implemented within the
magneto-quasi-steady approach,28

∇� E ¼ �μ0
@H
@t

, (1)

∇�H ¼ J, (2)

with the E� J material law of the SCS4050 2G-HTS tape account-
ing for the experimentally measured magneto-angular anisotropy
in the critical current density,18 Jc(f (B), θ), as follows:

E ¼ ρðJÞ : ρ ¼ Ec
Jcð f ðBÞ; θÞ

J
Jcð f ðBÞ; θÞ
����

����
n�1

; (3)

with

Jcð f ðBÞ; θÞ ¼ Jc0

1þ ϵθ
B
B0

����
����
α� �β ; (4)

where B0 and α are the so-called Kim’s field parameters, β is the
flux creep exponent, and ϵθ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ�1 sin2 (θ)þ cos2 (θ)

p
is known

as the Blatter’s angular anisotropy factor. The latter is a function of
the electron mass anisotropy ratio (γ) of the YBCO layer and the
angle of attack (θ) of the magnetic field at the element of the SC
mesh where the material law is being applied. Thus, B0, α, β, and γ
are constant parameters which depend only on the specific charac-
teristics and fabrication of the superconducting tape as being
reported in Refs. 18 and 29, where for the specific case of the
Superpower SCS4050 tape considered in this experiment, these
parameters read as: B0 ¼ 240mT, α ¼ 1, β ¼ 1:5, and γ ¼ 5:02.

From the technical point of view, 1000 time steps have been
considered per Itr cycle, with computing times ranging from �5 h
for cases with ia ¼ Ia=Ic0 ¼ 0:1, up to �22 h for cases with ia ¼ 1,
with the self-field critical current of the SCS4050 tape defined as
Ic0 ¼ 114A.18 No significant computing time differences between
the perfectly wound coil and the five designs for misaligned coils
have been obtained, as long as the same current conditions are
maintained. As 60 different simulations need to be ran, multiple
CPUs have been used for this purpose. Nevertheless, we consider
pertinent to call reader’s attention on the fact that if a single CPU
with the aforementioned specs is used, the study can take up to
31 days of full computing time, but this time can be even doubled
in a more standard CPU of 3.0 GHz clock rate, 4 MB L2 cache, and
16 GB RAM memory. Also, it is worth mentioning that to the
authors’ knowledge, most of the reported studies on superconduct-
ing racetrack coils16,20,24,30 refer not only to perfectly wound
magneto-isotropic coils but also for coils made of 12 mm wide
tapes under particular transport current conditions aimed to assert
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specific experimental evidence. Therefore, none of the previous
studies allow to infer a full physical description on the local time
dynamics of flux front profiles inside of individual superconducting
turns during the transient states between very low applied transport
current (e.g., Itr ¼ 0:2 Ic0) up to the threshold value of the critical
current, this being one of the problems covered within the present
study.

III. ELECTROMAGNETIC CHARACTERISTICS OF
DEFORMED WINDING RACETRACK COILS

Below, a thorough analysis on the local electromagnetic char-
acteristics of 2G-HTS racetrack coils governed by the time dynam-
ics of the flux front profiles for transport and magnetization
currents is presented, accounting for changes in macroscopical
quantities such as the turn by turn critical current density with
strong magneto-angular anisotropy, the resulting coil field and AC
losses, in situations where slight misalignments in the coil winding
could be present.

A. Perfectly aligned windings (Case A)

In Fig. 2, the normalized profiles of current density for 3/4
cycles of the applied current (Itr ¼ Iasin(ωt)) are presented, with
amplitudes ranging from 0:2 Ic0 up to Ic0, i.e., up to the threshold
value for the self-field critical current measured on an individual
HTS tape.18 For completing the full hysteretic picture of the time-
dependent current dynamics shown in Fig. 1(iv), it is just worth to
mention that the profiles of current from the time-step 7 onward
are equivalent to the distribution of currents observed since the
time-step 3 but with the profiles of current pointing in opposite
directions, respectively.

Within the magneto-quasi-steady approach,28 the evolution of
profiles of current density during the first monotonic ramp of the
applied current (up to Ic0 at the time-step 2), can be extracted from
the subplots displayed in the second column of Fig. 2, where it has
to be noticed that the shape of the flux front enclosing the occur-
rence of magnetization currents, i.e., positive and negative currents
flowing across the thickness of the HTS tapes (individual turns),
follows the classical distribution of profiles of current density
observed in HTS bulks of rectangular cross section,31 with the
exception that magnetization currents do not appear in the latter
configuration. This result is only achieved if the coil turns are
assumed as a system of electrically unconnected layers subjected to
individual pointwise constraints for the injection of the transport
current, as it is the case for stacks of 2G-HTS tapes;19,32 otherwise
an oversized flux-free core will appear neglecting the influence of
the magnetization currents on the individual turns of the coil.
However, for low to moderate amplitudes, ia � 0:6, the local distri-
bution of current across the turns of the HTS coil shows a strong
dependence on the self-induced magnetization currents with a
flux-free core (no current or magnetic field) only visible within the
central 2–3 turns. Moreover, we have observed that the full disap-
pearance of the flux-free core, i.e., the full penetration of the
self-field to all coil turns is achieved at itr * 0:8. Likewise, it has to
be noticed that due to the consideration of the magneto-angular
anisotropy of the SCS4050 tapes reported in Ref. 18, where the
Jc(B, θ) function was experimentally measured, the intensity of the
critical current across each one of the coil turns is strongly affected
by the intensity of the self-field, such that at the innermost and
outermost turns, it has been found that their average Ic shows a
detriment of up to 50% the Ic0 value, decreasing radially toward the
center of the wound tapes in a similar fashion to what has been
reported in stacks of 2G-HTS tapes with simplified Jc(B)

FIG. 2. Normalized profiles of current
density J=Jc0 within the ReBCO layers
(not to scale) of a 20 turns HTS race-
track coil in the configuration shown in
Fig. 1(i), and with applied AC currents
of amplitude ia ¼ Ia=Ic0 ¼ 0:2, 0.4,
0.6, 0.8, and 1.0 from top to bottom,
respectively. Time dynamics is pre-
sented as a sequence of labeled
columns in accordance with the time
steps displayed in Fig. 1(iv).
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models.33,34 Another characteristic feature of the magneto-angular
dependence of Ic that can be seen in the modeling of 2G-HTS coils
for high intensities of the applied current (itr � 0:8), is the occur-
rence of a concave distortion of the flux front profiles enclosing the
magnetization current domains which cannot be observed with
simplified Kim-like Jc(B) models.16,24,35

B. Nonuniform winding distributions (Case B)

Then, assuming that the coil turns are affected by a misalign-
ment factor δm � (ws)� (N � 1), with ws defined as the width of
the 2G-HTS tapes, and N the number of coil turns, it has to be
noticed that for a 20 turns SCS4050 coil, the factor δm ¼ 100 μm
considers an extreme case where the outermost turn results dis-
placed by half the width of the innermost tape (2mm) [Fig. 1(ii)],
which is the further case in this paper where the profiles of current
density are being displayed (see Fig. 3). In fact, although for a 20
turns coil the factor δm ¼ 100 μm results in a considerably large
deformation of the racetrack coil, this condition still has great rele-
vance for coils with a much greater number of turns ( . 100),
where the maximum δm condition has already been established to
be δm � 250 μm,36 as from the experimental point of view, turn by
turn displacements greater than 250 μm would conduit to the
delamination of the 2G-HTS tape if the applied magnetic stress
level (B2=2μ0) is superior to 5MPa,37 a situation that can be easily
achieved in a superconducting coil operating at moderate to high
transport currents.

In addition to our previous observations, in Fig. 3, it is to be
noticed that there is a clear deflection of the flux front profiles due
to the asymmetrical distribution between coil turns, which does not
correspond to a simple tilting of the original flux front profiles
shown in Fig. 2. In fact, the diversion of the flux front profile has

been observed to be more acute toward the outermost and inner-
most coil turns, which means that local distribution of current
density within each one of the turns is no longer symmetric
between the upper and bottom half widths of the 2G-HTS tapes,
implying that no symmetry reductions along the y-axis can be
applied when winding deviations are present. This phenomenon is
caused by the unbalance in the magnetic field experienced at the
lateral edges of the tapes (see Fig. 4), where, for instance, the mag-
netic field at the lower corner of the innermost turn of the nonuni-
form coil (�129:65mT) results lower than the magnetic field
created by the uniformly wound coil (�140:87mT) at the same
position. Thus, this reduction in the local magnetic field at one of
the lateral edges of the coil turns implies an increment on the local
intensity of the critical current density, which creates easier flow
paths for the lines of transport current, pushing the magnetization
currents toward the opposite edges in a similar way to what
happens in isolated AC superconducting wires that are subject to
synchronous and asynchronous magnetic field excitations.38

Consequently, the microscopic motion of the magnetization cur-
rents across each one of the individual turns results reflected in a
lateral inversion of the current density profiles across the innermost
and outermost 2G-HTS tapes, what ultimately will result in a
coherent deviation of the local density of power losses E� J that
alters the hysteresis losses of the HTS coil. Likewise, it is worth
noticing that this change in the symmetry of the distribution of
profiles of current density and the consequent unbalance on the
magnetic field along the originally axisymmetric cut-lines of the
perfectly wound coil, which has now suffered an axial deformation,
could lead to up to a 8% difference in the experimental readings for
the magnetic field intensity and homogeneity, which can be of vital
importance on the reliability figures for the readings of magnetic
imaging applications39 or high energy physics applications.40

FIG. 3. Same as Fig. 2 but for the
misaligned coil shown in Fig. 1(ii).
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C. AC losses benchmark

It is commonly accepted that the average tolerance for the cal-
culated AC losses in HTS coils by different electromagnetic formu-
lations and material law models is about 10%, either when
compared with experimental results or numerical predictions by

competing computational models. Within this framework, the
results presented within this section could be used by the commu-
nity of researchers and companies interested in the deployment of
superconducting technologies as a practical benchmark to deter-
mine the actual dependence of the AC losses on the axial alignment

FIG. 4. Magnetic flux density jBj
created by the current density profiles
displayed in (Case A) Fig. 2 and
(Case B) Fig. 3 at the time steps 4 and
6 (or 8 and 10) displayed in Fig. 1(iv),
with ia ¼ 0:2 (top row), 0.5 (middle
row), and 1 (bottom row).

FIG. 5. Top-left axes: AC losses
(Joules/cycle) for the perfectly wound
HTS racetrack coil with δm ¼ 0, as a
function of the normalized transport
current Itr ¼ Ia=Ic ¼ ia. Bottom-right
axes: The AC loss curves for the mis-
aligned coils in relative percent units are
also depicted as a function of the indi-
vidual misalignment factor δm for a
20 turns SCS4050 racetrack coil, and in
more general terms as a function of the
coil deformation or innermost-to-outer-
most turn displacement for a generic
2G-HTS tape of width ws.
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of nonuniform windings in HTS coils. In this sense, to avoid con-
jectural conclusions bonded to the coil dimensions, the AC loss
values for the misaligned coils considered in this study are pre-
sented as a percentage function of the predicted AC losses for a
perfectly wound coil. Therefore, in order to provide a clear insight
into the effect of the misalignment factor on the AC losses of HTS
racetrack coils, in Fig. 5, we present the calculated curve of AC
losses for the perfectly wound coil as a function of the normalized
amplitude of the applied transport current, ia (top curve, left/top
axes), together with their percentage deviations for diverse
turn-to-turn misalignment factors, δm, and the corresponding dis-
placements between the innermost and outermost turns of a
generic HTS racetrack coil made of a superconducting tape of
width ws (right/bottom axis).

The results obtained for the misaligned coils are quite striking
when compared with a perfectly wound coil, as strong increments
in the AC losses can be observed for low amplitudes of the trans-
port current, and even compelling slight reductions of the hystere-
sis losses can be obtained for applied currents near to the critical
threshold Ic0. Thus, within a general framework for the coil dimen-
sions, we report that for displacements measured between the posi-
tioning of the innermost turn to the outermost turn of the HTS
coil, the AC losses decrease as a function of the misalignment
factor at currents ia � 0:8, reaching up to a 5% reduction at ia ¼ 1
with δm ¼ 0:1. However, for moderate to low currents, ia , 0:8,
the magnitude of the AC losses rises monotonically up to an out-
standing increase of nearly 24% at ia ¼ 0:1 and δm ¼ 0:1.

These intriguing observations in the curves of AC losses can
be understood with relation to the distribution of profiles of
current density displayed in Fig. 3, as therein it is possible to
witness how for applied currents ia � 0:8, there is no evidence of a
flux-free core within the turns of the HTS coil, which implies that
by increasing the magnitude of itr , the associated lines of transport
current consume the remaining magnetization currents diminish-
ing the hysteretic losses provided by the latter, a phenomenon that
has been also evinced in type-II rounded superconducting cables
within the critical state model.41 On the other hand, the reported
increase in the AC losses for misaligned coils is a result of the
deformation of the flux front with asymmetric distributions of the
profiles of current density and magnetic field across the different
turns of the coil, which impacts in a greater measure the amount of
magnetization currents that need to be diverted toward one of the
edges of the HTS tapes, in the fashion explained in the subsections
of Sec. III, as the Ia reduces.

IV. CONCLUSIONS

In this paper, the dependence of the AC losses with the axial
alignment of windings in 2G HTS superconducting racetrack coils
subjected to alternating currents is presented. As a study bench-
mark for the understanding of the local physical behavior of mac-
roscopic quantities such as the critical current density, magnetic
field, and hysteresis losses in racetrack coils, a 20 turns
Superpower’s SCS4050 has been modeled within a high-level
meshing approach that includes the magneto-angular dependence
of the infield critical current density Jc(B, θ), aiming to disclose the
evolution of flux front profiles across the entire coil and the

occurrence of magnetization and transport currents into the indi-
vidual turns of the coil.

Based on the comprehensive computational study presented in
this paper, we have demonstrated that besides the classical incre-
ment in several orders of magnitude in the AC losses of racetrack
coils that can be observed as a function of the amplitude of the
alternating transport current (ia), a further increment of 5%–24%
over the hysteresis losses of perfectly wound coils (δm ¼ 0) can be
obtained as a consequence of possible deviations in the winding
alignment for moderate (ia ¼ 0:6) to low (ia ¼ 0:1) alternating cur-
rents. On the other hand, we have found that for greater amplitudes
of the transport current (ia � 0:7), the change in the AC losses is
either negligible at ia ¼ 0:7 or even decreases in about 5% of the
losses calculated for a perfectly wound coil at ia ¼ 1, i.e., when the
applied transport current is as high as the self-field critical current
Ic0 of the individual 2G-HTS tape. Striking changes in the flux
front profiles and local distributions of current density have been
observed for the misaligned coils, and the increase or decrease on
the AC losses has been found to be physically linked to either the
local motion of magnetization currents or the disappearance of the
flux-free core, respectively.

Although this is the first exhaustive computationally study on
the influence of misaligned factors in the winding of 2G HTS race-
track coils, simultaneously, our results serve to validate some of the
most intriguing electromagnetic features of perfectly wound coils,
which have already been predicted by integral and variational for-
mulations such as the Minimum Magnetic Energy Variation
Method10,42 and the A� J formulation35 but with reduced meshing
topologies, in particular, the fact that it is not possible to see radi-
ally oriented magnetization profiles across the HTS coil, and it is
due to the disappearance of the radial field in the regions domi-
nated by magnetization currents across the thickness of each coil
turn. Similarly, we have observed that the distribution of averaged
current density along the width of these tapes exhibits a slightly
larger nonuniform distribution at the coil terminals when com-
pared with the central turns of the coil, and it is due to the impact
of the injected current causing a swift consumption of the magneti-
zation currents across the innermost and outermost turns of the
HTS coil. This phenomenon has been initially predicted by
Prigozhin and Sokolovsky in 201135 on a coil of similar dimensions
and equal number of turns, where it has been demonstrated that
even within Bean’s critical state model,43 (jJj � jJcj), this behavior
can occur in the innermost and outermost turn of the coil for
Ia ¼ 0:7 Ic0. Additionally, we confirm under the full spectrum of
current and magneto-angular anisotropic conditions of real
2G-HTS tapes, one of the most important theoretical findings in
Ref. 35, where it has been demonstrated that when the Jc depen-
dence with the magnetic field is included through the classical
Kim-like critical state model44 for perpendicular and transverse
components of the magnetic field in a racetrack coil with
Ia ¼ 0:7 Ic0, the observed nonuniformity of Jc is extended but
limited to up to the second and penultimate turn of the HTS coil.
In fact, given the increased resolution on our meshing and calcula-
tions, we show that the intriguing nonhomogeneity of the current
density over the width of the outer tapes is mainly caused by the
magnetodependence of the critical current density, and in fact it
does not only extend up to the second and penultimate turn of the
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coil but also at least up to the turn from which the elliptical-like
shape flux front (encapsulating magnetization currents) starts to be
observed, a phenomenon that can be observed in Figs. 2 and 3 at
Ia ¼ 0:8 Ic0. Likewise, regardless of the misalignment factor, we
confirm that at the outermost and innermost turns of a 2G-HTS
racetrack coil, the averaged critical current density per turn experi-
ences a detriment of about 50% of the self-field critical current
density Jc0 when ia � 0:5, this being in good agreement with previ-
ously reported studies in perfectly wound coils under simplified
Jc(B) Kim-like models.33,34 Thus, we expect that our findings could
be used as a practical benchmark for determining the source of pos-
sible deviations in the measured AC losses of racetrack coils that
could be caused by manufacturing defects inherent to the winding
process or by mechanical deflections of the HTS tapes when the
superconducting coil is positioned within a particular fixture.
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