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The application of High-Temperature Superconductor (HTS) coils made of coated conductors has been inves-
tigated for many years. A possible configuration for such coils is the jointless loop, also known as the ring coil.
The double crossed loop coil (DCLC) has been successfully applied in superconducting magnetic bearings
(SMBs). The design of SMBs with DCLCs requires flexible modelling to allow all parts of the device to be rep-
resented. This work proposes the T-A formulation with a thin-film approximation for modelling SMB with
DCLGCs in the finite element analysis framework. A 2D representation of the system is coupled with an external
electric circuit to model the continuity of the lines that represent the parts of each jointless loop. To couple the
T-A formulation and the circuit, an average of the total electric field, with both resistive and inductive compo-
nents, is applied to the circuit. The total current computed by the circuit is applied to the T-A formulation. The
proposed methodology was validated by comparison with levitation force experimental data. Two types of tests
were simulated: five levitation force tests and three guidance force tests. It is shown that there is a limit to the
behaviour of the levitation force related to the high-loss state. Below this limit, the stack of DCLCs behaves as
an equivalent bulk. Beyond this limit, a high-loss state appears as a linear growth of the levitation force. It is

also shown that this high-loss state in vertical displacement influences the lateral force.

1. Introduction

Jointless loops of coated conductors have been proposed as a way
to trap more magnetic fields and to lower losses and hot spots in HTS
coils. Electric machinery [1] and magnetic bearings [2] are among the
applications proposed for this type of coils.

The geometry of jointless loops has been investigated in several
configurations, such as the single current loop coil [3], the two current
loops coil [4], and the double crossed loop coil (DCLC) [2], which
includes two intertwined single current loops. This configuration aims
to correct the asymmetry of the single current loop and to increase the
amount of superconducting material occupying the same volume [2].
Fig. 1 shows two illustrations of the DCLC over a magnetic guideway:
a 3D illustration and its 2D approximation.

The current continuity between parts of the same single loop in a
2D approximation is asymmetrical and, therefore, cannot be correctly
represented by simple homogenization in finite element models. The
thin-film approximation is an efficient way to describe the loops in

* Corresponding author.
E-mail address: barbara.santos@eng.uerj.br (B.M.O. Santos).

https://doi.org/10.1016/j.supcon.2023.100058

2D. This has been done with the Integral Equations Method (IEM)
[5] to investigate the behaviour of the superconducting magnetic bear-
ing with double crossed loops. One is illustrated in Fig. 1. This model
included two sets of double crossed loops with 50 tape segments each
and the magnetic guideway in a Halbach configuration with Nd-Fe-B
permanent magnets and electrical steel pieces as flux concentrators.
Two further approximations were made to reduce the computational
complexity of the IEM. The first one was that the double crossed loops
and the guideway were simulated separately, and the magnetic field
produced by the guideway was entered as a source of the simulations
of the loops. The second one was that only one set of double crossed
loops was represented, as the magnetic field symmetry was considered
a boundary condition. These approximations reduced the applicability
of the model to different and more complex scenarios.

Another electromagnetic modelling option for this type of bearing
is the T-A formulation [6]. Solely based on differential equations, it is
more practical than the IEM because it allows the inclusion of both
guideway and coated conductors in the same computational model.
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Fig. 1. Illustration of two sets of double crossed loops over the magnetic guideway. The main magnetization direction of the magnets is represented with white
arrows. (a) is the 3D representation of the system while (b) is the chosen cross-section to apply the 2D approximation and (c) is its 2D approximation. Each loop
becomes a line in a 2D approximation. Blue and gray colors represent the loops’ overall continuity.

It uses the A formulation to represent the magnetic field in all finite
element domains, making it simple to configure the non-linear models
for the permanent magnets and the ferromagnetic materials, as well as
a moving mesh to represent the movement between the guideway and
the superconductors.

With the T-A formulation, several options for modelling the current
continuity between tape segments have been proposed in the litera-
ture, such as the connection of points with virtual lines [7], the appli-
cation of Neumann conditions along with integral restrictions [8], and
the use of an auxiliary circuit [9,10]. The auxiliary circuit method is
the method chosen for this work.

In this work, we present the application of the T-A formulation with
an auxiliary circuit to model a superconducting magnetic bearing with
double crossed loop coils. We prove that the T-A formulation with aux-
iliary circuits is an efficient choice to represent the current continuity
problem posed by the 2D approximation of double crossed loops. The
computational model is validated with measurements of levitation
force published in [5]. Then, several levitation force tests are simu-
lated, compared and their hysteresis behaviours are analysed. Guid-
ance force tests are also simulated and the guidance force behaviour
of the magnetic bearing with double crossed loops is analysed. To
the best of our knowledge, no other work has investigated the guid-
ance force of superconducting magnetic bearings with double crossed
loops so far, with neither simulations nor experimental work. So, this
work also presents the first investigations of the current induction
dynamics of double crossed loops with lateral displacement. These
investigations are important for the development of this type of super-
conducting magnetic bearings, which is highly dependent on force
hysteresis.

This paper is divided into five sections. Section 2 discusses the com-
putational model: the magnetic bearing and the T-A formulation with
an auxiliary circuit. Section 3 details the methodology, with descrip-
tions of how the computational model was implemented and of the
levitation and guidance force tests. Section 4 presents the results and
discussions and Section 5 summarizes the conclusions.

2. Coupling double crossed loop coils in 2D with T-A formulation

In this section, the computational model is described. First, there is
a brief explanation of the magnetic bearing with DCLC. Then, the
application of the T-A formulation with an auxiliary circuit to this type
of magnetic bearings is detailed.

2.1. Magnetic bearing with double crossed loop coils

The magnetic bearing with DCLC is composed of: a magnetic guide-
way with permanent magnets (and, if necessary, soft ferromagnetic
materials acting as flux concentrators) and of double crossed loops
of coated conductors. This type of bearing was proposed in [2] and
was based on the single loop behaviour investigated in [11]. Com-
pared to bulk superconductors and a stack of coated conductors, the
single loop has the best force per volume ratio [11] because it uses
much less superconducting material than bulks and allows larger cur-
rent paths than those found in stacks, which are limited by their width,
for example, 4 mm, 6 mm and 12 mm.

During operation as a bearing, the cooling process and the move-
ment between the guideway and the DCLCs induce a current in the
loops. The induced current may have a persistent nature, sustaining
both levitation force and guidance force. Levitation force experiments
were performed both on single and double crossed loops in previous
works [11,5]. In this type of experiment, the vertical distance between
the guideway and the loops is first decreased and then increased, and
the levitation force is measured. It was found that the levitation force
behaviour of both single [11] and double crossed loops [2] changes
during the first part of the experiment when the vertical distance
decreases. The levitation force has a non-linear behaviour, similar to
what is observed in bearings with bulks [12], up to a certain vertical
position. Then, the overall behaviour changes to approximately linear,
which causes the loops to have higher hysteresis in their levitation
force response if compared to both bulks and stacks of coated conduc-
tors. This phenomenon is analyzed in this work.

Each double crossed loop has an asymmetrical current continuity,
as shown in Fig. 1. The continuity is set tape by tape, with two tapes
per double crossed loop. So, any simulation work designed to model
the behaviour of these bearings needs to consider this continuity. Ref-
erence [5] proved that, because of this type of continuity, the stacks of
double crossed loops cannot be modeled by the common homogeniza-
tion method. As it needs to be tape-by-tape, an appropriate approach is
to apply a thin-film approximation. A suitable modelling option is the
integral equations method (IEM).

A simulation model including the IEM was developed in [5] and
applied to model the levitation force experiments. A good agreement
between simulations and measurements was obtained. However, the
IEM computational model proved to be too costly in terms of memory
occupation and computation time. Due to these constraints, a decou-
pled approach was chosen, in which the guideway and the DCLCs were



B.M.O. Santos et al.

simulated separately. First, the guideway was simulated alone with its
movement for the evaluation of the magnetic field distribution in
space and time. Then, the magnetic field for each time step was
applied as a source at the boundaries of the IEM simulation of the
DCLCs. Although such decoupling decreases the computation time
considerably, it forces the disregarding of the counter-
magnetomotive force due to the induced currents at the close vicinity
of the DCLCs and its possible demagnetizing effects on the guideway
magnets. Also, domain reductions were applied with the use of bound-
ary conditions. A more general computational approach is necessary to
allow the magnetic bearings with double crossed loops to be designed
and investigated in various operational conditions.

2.2. T-A formulation with an auxiliary circuit

The T-A formulation [6] is a good option to model the behaviour of
magnetic bearings with DCLCs. First, it allows using the thin-film
approximation, which is the most appropriate choice to represent
the coated conductors arranged as asymmetrical intertwined loops.
Second, it is only based on differential equations, with the A-
formulation part computing the magnetic vector potential, A, and
the magnetic flux density, B,

vxleA:L (1)
7

V x A =B, ()

with u as the magnetic permeability and J as the current density, while
the T-formulation part computes the current vector potential, T, and
the current density, J.

0B

prVxTzfa, (3)

VxT=]. 4)

with p as the resistivity.

The A-formulation equations are applied to all the domains. Since it
is a well-established way to model electric equipment, the methods to
reproduce the behaviour of permanent magnets, ferromagnetic materi-
als and mesh movement are well known and easy to use. Therefore, it
is feasible to build a totally coupled simulation in which both guide-
way and permanent magnets are modelled together. This potential
of the T-A formulation has been shown also for the simulation of
superconducting electrical machines [13].

As for the T-formulation, it is only computed in the superconduct-
ing domains and its main goal is to correctly calculate the current den-
sity distribution in the superconductors. In 2D simulations, such as the
ones presented and examined in this work, there is a necessity to apply
other computational methods to couple two parts of the same tape, as
shown in Fig. 2. Several methods of current sharing coupling have
been explored in the literature.

Segment A

3D jointless loop

2D representation of
the jointless loop
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The auxiliary circuit method developed in [9] and applied in [10],
makes use of an auxiliary circuit to model the current sharing problem.
This is done by representing the coated conductors as circuit elements,
both by considering the non-linear resistivity, calculating the induc-
tance and including them in the circuit [9], or by entering the more
general equation [10],

VhTs = average <pJ + %—?)L (35)

The average operator is applied to the coated conductor’s width so
the electric potential, which is defined node by node in the 2D or 3D
finite element mesh, can be used in the circuit. The current computed
by the circuit is applied to the T formulation as a Dirichlet Boundary
Condition. L is the active length of the coated conductor segment.

Fig. 2 shows how a single loop is included in the circuit. Each loop
becomes two partial tape segments with half the width in the 2D
approximation. For each segment, the average potential difference is
computed and included in the circuit between two nodes. One of them
is the calculated potential difference, and the other is the ground. The
circuit simulator attached to the finite element software then computes
the resulting current.

3. Methodology

In this section, the methodology applied in this work is described.
First, the overall modelling of the coated conductors is discussed, fol-
lowed by the description of the considered characteristics and param-
eters of the other materials involved, namely the permanent magnets
and ferromagnetic flux concentrators. Then, the performed simula-
tions are described. All simulations were performed with COMSOL
Multiphysics 6.0, with the A-formulation applied with the Magnetic
Field physics, the T-formulation applied with the Boundary PDE phy-
sics and the circuit applied with the Electric Circuits physics.

Two macro regions are created to configure the moving mesh: a sta-
tionary region, where there is air and the superconductors; and a
deforming region, where the magnetic guideway and air are. This is
chosen to avoid numerical errors that could occur by applying a mov-
ing mesh to the superconductor. COMSOL’s Moving Mesh feature is
used to model the movement. In the deforming region, movement is
applied to the magnetic guideway domains by inserting the deforming
equations. A linear equation is applied for levitation force simulation,
going upward until needed and then downward. For the simulations of
the guidance force, linear equations for both vertical and lateral move-
ment are applied. The Moving Mesh feature uses smoothing equations
for the mesh movement. This work applies a Laplace equation with the
x and y positions as variables. During the simulation, the mesh is
rebuilt several times to achieve better accuracy.

Segment B
Va Vi

Circuit representation
of the jointless loop

Fig. 2. Three representations of one jointless loop. 3D, the 2D approximation and the equivalent circuit. 2D and the circuit are used to represent the 3D model.
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3.1. Materials properties

In this work, the coated conductors are considered as thin films
characterised by a non-linear resistivity,

n-1

Ll (6)

Jz

Je

Je

where E, as the critical electric field, used commonly in the literature as
1uV/cm, J, is the current density in the z direction, which is normal to
the 2D X — y plane represented in the simulations, and n is the power-
law index, set to 20. J, is the critical current density, which in this work
is considered to be dependent on the magnetic field. It is computed by
the elliptical equation,

A T— 7)

(1 ¥ kag;zw%)

with Jo, k, b, By as fit parameters set according to the experimental data
available, with J,o set as 2.2 x 10'® Am~2 k is equal to 0.6, B the mag-
netic induction parallel to the tapes’ surface, B, the magnetic induction
normal to the tapes’ surface, By is set as 0.015 T, and b is set as 0.37.
These parameters were chosen from [5], except for J,, which was
adjusted according to the levitation force experimental data.

Three other materials are represented in the simulations: air,
NdFeB permanent magnets and SAE 1020 carbon steel. The air is con-
sidered non-conducting, with null conductivity and permeability equal
to the permeability of the vacuum. The NdFeB permanent magnets are
modelled with the remanent induction method, and the SAE 1020 car-
bon steel pieces are modelled with their B-H curve. The parameters for
these materials are summarized in Table 1. The simulated geometry is
exactly the same as the one described in [5].

3.2. Simulations of the levitation force experiment

In these simulations, the goals are to compute the levitation force
between double crossed loops and the guideway for various vertical
displacements and to observe the current density normalised by the
critical current density in each tape at many time instants. This is done
for the simulation of the largest vertical displacement, which is the
most extreme situation in terms of losses. These analyses are to help
in the investigation of the behaviour of the levitation force with
increasing displacements, or, better yet, with increasing losses. This
information is of extreme importance for the design of magnetic bear-
ings as the loss of levitation force may impair the bearing’s
functionality.

For all cases, at the beginning of the simulation, there is a 50 mm
air gap between the guideway and the DCLCs. Then, the guideway is
set to move with 1 mm/s speed, first upward and then downward,
according to the vertical displacement chosen. Five cases are studied,
with five different vertical displacements: +10 mm, +15 mm, +20
mm, +25 mm and 30 mm. The last case, =30 mm, is the one used
for validation of the simulations by comparison to the experimental
data available from [5].

Movement is implemented with a moving mesh setup, by which the
guideway mesh is distorted in accordance with the movement. The

Table 1

Parameters of the permanent magnets and the carbon steel pieces.
Parameters Values
B, - magnet 11T
4 - magnet Ho
o - magnet 7.14 x 10° S/m

o - steel 8.41 x 10° S/m

By, - steel 1T
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mesh is rebuilt every 5 s to ensure that the element quality is main-
tained. Fig. 3 shows the simulated system of the +30 mm case at
two instants, along with the magnetic induction and flux lines. The
first, Fig. 3a, shows the system at O s, where the guideway and the
DCLCs are 50 mm apart. The box line surrounding the guideway is
defined to separate the DCLCs and their surrounding air meshes from
the guideway and its surrounding air mesh, which is distorted by
movement. Fig. 3b shows the 30 s instant, where the DCLCs and the
guideway are 20 mm apart.

The force is computed as

Fy=y / B,J,LdC ®)
C

where B, is the magnetic induction component in the x direction, C are
the coated conductor segments, L is the straight part of the loops, set to
100 mm, and y is the 2D approximation factor. The need for this factor
was discussed in [5] and is related to the coil heads’ contribution to the
levitation force, only observable in 3D models. This points out the pos-
sibility of a definition of an adequate length computing the contribu-
tions of both the straight parts and the coil heads without the need
for nonlinear adjustments, which would be highly dependent on the
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Fig. 3. Magnetic flux density magnitude and direction (represented by lines)
at (a) 0 s and (b) 30 s. The part modelled with moving mesh is inside the inner
rectangle. The guideway moves upwards, as it is shown in the figure, and then
downwards, returning to its first position.
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electromagnetic conditions of the coil (for example, if the coil heads
had a high influence on the force density, the constant adjustment
would fit for one part of the levitation curve, but not for the entirety
of it, as very different electromagnetic conditions happen throughout
the experiment). In this work, y is set to 1.4 to match the +30 mm
experimental data. It is a little lower than the one found in [5], 1.67,
but it is of the same order of magnitude. The degrees of freedom
(DoF) are counted as: 79183 DoF for A, 6200 for T, 100 for current
computation and 2732 for the mesh displacement, totalling 88215 DoF.

3.3. Simulations of the guidance force experiment

The guidance force experiment is simulated with the following
goals: to compute the guidance force at different vertical positions
between the guideway and the DCLCs with lateral movement of +10
mm; to observe the current density normalised by the critical current
density in each tape at different time instants. This is done for the low-
est height case, 20 mm, where the losses are most extreme. These anal-
yses are essential to assess the bearing’s performance during curved
paths.

For all simulations, in the beginning, the guideway is 50 mm apart
from the DCLCs vertically and centred horizontally. Then, the guide-
way moves upwards, with a speed of 1 mm/s, until a chosen height
is reached. After the vertical movement is completed, the guideway
moves sideways with the same speed, first 10 mm to the right, then
20 mm to the left, ending the simulation in the centred horizontal posi-
tion. Three heights are investigated: 40 mm, 30 mm and 20 mm, which
means 10 mm, 20 mm and 30 mm vertical displacements.

The movement is computed in the same way as in the levitation
force simulations. As there is no experimental data for the guidance
force so far, there is no way to verify if the 2D approximation factor
for the guidance force is the same as y. So, for this case, the guidance
force density per unit length is computed

Fr—— / B,J,LdC ©)
JC

where B, is the magnetic induction component to the y direction.
The degrees of freedom (DoF) are the same ones from the levitation
force case.

4. Results and discussions

In this section, the levitation force and guidance force tests simula-
tion results are presented and analysed.

4.1. Model validation and levitation force results

As it was explained in the previous section, model validation is
done by comparing the simulation results and experimental data col-
lected in [5] for the +30 mm case. This means that the guideway
moves upward 30 mm, then moves downward 30 mm. Fig. 4 shows
the comparison of the levitation force by relative position between
the guideway and the DCLCs. The simulation shows good agreement
with the experimental data. For most time steps, the absolute error
between the two curves fell under 5 N, around 1.77% of the maximum
force. The highest differences between the simulation and the experi-
ments are within positions 30 mm and 20 mm during the upward
movement, and within 20 mm and 50 mm during the downward
movement. The region between 30 mm and 20 mm during upward
movement corresponds to the linear growth part of the levitation force
curve. The absolute error in this region is 7.5 N or 2.65% of the max-
imum force. The region between 20 mm and 50 mm during downward
movement is where the absolute error peaks at 20 N, around 7% of the
maximum force. The simulations slightly underrepresent the absolute
value of the levitation force in the upward movement between 30 mm

Superconductivity 7 (2023) 100058
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Fig. 4. Comparison of computed versus measured levitation force of the
430 mm case.

and 20 mm distances and overrepresent it during downward move-
ment. At the maximum force, the error is around 4 N.

To fully understand why that happens, it is interesting to observe
the local behaviour of the current density throughout the movement.
This is shown in Fig. 5, where the current density normalised by local
and instantaneous J, is presented at several instants.

At the beginning of the movement, at O s, no current density has
been induced. Then, as movement upward happens, the current den-
sity is induced, occupying the coated conductor parts from the outer-
most ones towards the innermost ones, see instant 15 s. At 30 s, the
guideway and the DCLCs are 20 mm close, the lowest distance
between them during this test. This is the point where the whole DCLC
stacks are occupied with +J, leading to a high resistive state.

Then the magnetic field is trapped. At t = 30 s, the motion direc-
tion is reversed: the guideway starts moving downward. At instant 45
s, one can see that the current direction has been reversed at the outer-
most segments because the movement direction is reversed. Such
reversion shields the field variation at the innermost segments, result-
ing in part of the current induced during upward movement still per-
sisting. This counter-movement current decays as the DCLC and the
guideway vertical distance increases, and the persistent current
induced during the overall movement is present at the end of the
experiment, at 60 s.

From the analysis of Fig. 5, due to the resistive state, one can see
that there are high losses from the 30 mm position upward until the
end of the experiment, which are also the positions where one can
see the highest differences between simulations and experiments. This
indicates that the simulations underrepresent the loss state. Future
works should include an improved E(J) model to reduce these
differences.

Fig. 6 shows the levitation force against the position results for var-
ious displacements, starting from +10 mm until the +30 mm case. One
can see that from the =10 mm case to the 420 mm case, the levitation
force has the banana shape one can expect for a bulk superconductor
levitating over a magnetic guideway, such as the ones investigated in
[12,14]. This type of curve does not present the linear region observed
in the +£25 mm and +30 mm cases.

This observation indicates that, for the application of stacks of
coated conductors to magnetic levitation, there is a limit for the beha-
viour of the levitation force directly related to the high losses state.
This is probably linked to the number and the material of coated con-
ductors; and the magnitude of the magnetic field and its spread across
the guideway.
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Fig. 5. Current density normalised by local J. while the vertical distance between DCLCs and guideway changes.

The number of coated conductors controls the possible total
induced current: the higher this number is, the higher the possible
induced current will be. This increases the levitation force limit, as
the force depends on the induced current density. The type of coated
conductor material influences the losses, as it changes the quality of
the pinning capacity of the superconductor. Improvement on the qual-
ity of the pinning increases J., which will increase the non-linear flux
creep region of the E-J curve, increasing the levitation force limit.

The magnitude of the magnetic field acts on the coated conductors
reducing J., which means that the higher the magnetic field, the lower
the levitation force limit will be. And the magnetic field spread across
the guideway influences its ability to induce current on the DCLCs. A

study of the best magnetic field configurations for DCLCs needs to be
performed so that their relationship to the levitation force for DCLCs is
correctly addressed. It is included in the future works proposed in the
conclusion section.

All these aspects are in line with the results and analysis found in
[11,15], comparing the force developed by stacks and loops of coated
conductors, and bulks, when interacting with an external magnetic
field. Stacks and loops have in general more hysteresis than bulks
when subjected to the same varying magnetic field, while having the
best force to volume ratio.

To end the analysis of the levitation force of DCLCs, one may
observe that the hysteresis of the levitation force also increases with
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Fig. 6. Comparison of levitation force with different vertical displacements.

the overall displacement. This effect is non-linear, as one may notice
by checking the levitation force at the 50 mm position after all move-
ment is concluded. The absolute value of the levitation force almost
doubles between the +25 mm case and the +30 mm case.

This is related to the persistent current trapped in the DCLCs after
the movement. In [16], da Cruz et al. investigate the voltage behaviour
of jointless loops with different states of operation: no losses, low
losses and high losses. It was observed in [16] that the high loss sce-
nario is the one that generates the highest persistent currents in the
loops. This effect may explain why the lasting levitation force was
much higher for the case with the highest losses, the £30 mm case.

4.2. Guidance force analysis

With the simulation model validated as a 2D representation of the
DCLCs above a magnetic guideway, the study can be extended to
include the investigation of the guidance force for this type of mag-
netic bearing.

The analysis begins with the observation of the guidance force
along the lateral displacement for three cases, identified by the height
(vertical distance between guideway and DCLCs). All cases had a lat-
eral displacement of 10 mm, as explained in Section 3.3. Fig. 7 sum-
marises the results. One can observe that both the magnitude and
hysteresis behaviour of the lateral force density is influenced by the

T T T y

300
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-400

—%— 40 mm height
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Fig. 7. Comparison of lateral force density developed during lateral move-
ment at different heights.
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vertical displacement before the lateral displacement. The 40 mm
height scenario, where the vertical displacement is 10 mm, is the
one with the lowest lateral force and the lowest hysteresis, having
almost linear behaviour.

The 30 mm height case, with a vertical displacement of 20 mm, is
the medium case, and the 20 mm height, vertical displacement of
30 mm, is the case with the highest lateral force density and highest
hysteresis. For the 40 mm and 30 mm height scenarios, the maximum
lateral force density occurs at the maximum lateral displacement of
410 mm positions. For the 20 mm height, the maximum lateral force
occurs at around 7 mm and 8 mm position for the right and left lateral
displacements, respectively. This effect indicates how the hysteresis of
the levitation force, discussed in Section 4.1, is linked to the lateral
force hysteresis.

To check this effect and better understand it, it is interesting to
observe the current density behaviour for various time instants for
the 40 mm and the 20 mm height cases. They are summarised in Figs. 8
and 9, which show the current density normalised by local and instan-
taneous J, at various time instants along the lateral movement.

Fig. 8 starts at 10 s, when the vertical movement stops for the
40 mm height scenario. There is a current circulating in the DCLCs,
which was induced during the vertical movement. It can be observed
that there are areas in the DCLCs without any current present. This
contrasts heavily with the situation for the 20 mm height case, in
Fig. 9, where, at the start at 30 s, there is induced current occupying
all regions of all coated conductors.

Throughout the rest of the movement, for all lateral positions, the
initial condition for lateral displacement influences the current induc-
tion behaviour. For the 40 mm case, the space not occupied by current
at the beginning means there is a low loss initial condition. This leads
to a low loss current induction process that culminates in a last posi-
tion, at 50 s, with almost all current density flowing in a single direc-
tion for each macro region of each DCLC and with the existence of
areas with no current circulating, even after all lateral movement.

The same is not true for the 20 mm case, Fig. 9. The high loss initial
condition leads to high losses during all lateral movement, with all
areas of the DCLCs occupied with circulating current at all time
instants. This indicates and reinforces the effects observed in the levi-
tation force analysis: that the force densities hysteresis is linked to the
high loss state and the persistent current induction process.

5. Conclusion

This work provides a simulation study of a superconducting mag-
netic bearing with jointless loops arranged as double crossed loops
made with the T-A formulation in a 2D approximation. As a 2D approx-
imation, the jointless loops are represented as lines. An auxiliary cir-
cuit is used to couple the two parts of every jointless loop. Every
part of every loop enters the circuit by its voltage drop, computed
by the average of the full electric field along those lines, with contribu-
tions of the coated conductor resistivity and of the electric field
induced by magnetic induction. Movement is implemented by a mov-
ing mesh configuration. The model is validated by comparison with
levitation force measurements taken in [5]. Both levitation force
effects and guidance force effects are investigated.

Five different vertical displacements are applied to the analysis of
levitation force: +10 mm, +15 mm, +20 mm, +25 mm and +30
mm, this last case being the one used for validation. It is shown that,
for the first three cases, the levitation force behaves in the same way
as it does in bulk superconductors, with a banana-like shape when
plotted against position. For the last two cases, a change in levitation
force growth pattern emerges, and it becomes near linear after a speci-
fic position. It is identified that there is a limit in the levitation force
linked to the losses that occur with the movement. The normalised cur-
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Fig. 8. Current density normalised by local J, while the lateral distance between DCLCs and guideway changes at 40 mm height.

rent density for numerous time instants is also shown and indicates the
full occupation of the loops by currents during the high loss state.
The guidance force is investigated by the observation of the guid-
ance force density emerging from a 10 mm horizontal displacement
at three heights: 40 mm, 30 mm and 20 mm. It is shown that the hys-
teresis in the lateral force is linked to the hysteresis in the levitation
force. Lateral force density and hysteresis increase with increasing ver-
tical proximity between guideway and double crossed loops. Nor-
malised current density at various time instants for the 40 mm and
20 mm are shown and compared. It is observed that the occupation
of the DCLCs by induced currents at the beginning of the lateral move-

ment is important for the overall development of the lateral force, with
the 40 mm being the one where currents occupy the DCLCs the least.

Future works on this subject should include more experimental
data of the levitation force; the experimental data of the lateral force,
which has not been investigated as far as our knowledge goes; the
investigation of the best configuration of magnetic guideway for
DCLCs; and a study of the relationship between the number of tapes,
the superconductor characteristics and guideway configurations to
both levitation and guidance forces.
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