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Introduction

Magnetic levitation, i.e. stable hovering of one magnetic
object above another, at first sight seems to be quite an
unusual phenomenon contradicting to common experience.
In fact, when trying to approach two magnets with differ-
ently directed magnetic-moment vectors to each other they
are pushing off of each other quite strongly. Such a pushing
force can exceed the gravity force significantly and, the logic
goes, we could find a position, in which the gravity force
is equal to the pushing one, and it is the position when
one magnet will hover above another, demonstrating the
levitation phenomenon. But, finding the position is impos-
sible due to instability of a dipole pair system. This fact
is directly arising from the classical Earnshaw theorem [1],
according to which a stationary object consisting of a set
of masses, charges and magnets cannot stably hover in a
space under effect of any fixed combination of electrical,
magnetic and gravity forces (see also [2]). It is because
of the total energy of equilibrium state in external field,
that in general case is made up by magnetic, electrostatic
and gravitational interaction, must be the minimum one.
It is impossible, because potentials of such interactions
satisfy the Laplace equations, whose solutions have no
minima, ie. there are no stable positions for levitation
in such systems. However, the Earnshaw theorem is
applicable to a classical stationary case only. Second-kind
superconductors, being ideal diamagnets in the Meissner
state and having complex magnetic properties caused by
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penetration and pinning of Abrikosov vortices, by virtue
of their nature refer to quantum objects, therefore, do not
satisfy the Earnshaw theorem, as notes Noble Prize Winner
A. Heym in his articles [3-5]. It is because of that the
levitation of the second-kind superconductors in magnetic
field is possible and it is practically observed, namely the
stable position of a magnet relative to a superconductor.
Superconductor repulsion from the magnet caused by
the interaction of currents induced in the superconductor
and permanent magnet is possible both for the first-kind
superconductors and for the second-kind superconductors
in the Meissner state. But the mutual position of the magnet
and superconductor in these cases appears to be instable,
and the pinning of magnetic flux quantum and Abrikosov
vortices in a mixed state (in case of excess by magnetic field
of the value of the first critical field for the superconductor)
leads to the appearance of stable configurations.

Basically, any diamagnetic objects having negative mag-
netic susceptibility, even quite low one, can levitate, since
diamagnetism is caused by quantum motion of electron by
orbital, and not by classical stationary charges. Thus, the
works [3-5] describe the possibility of levitation for virtually
any objects having weak diamagnetic properties, even for
living organisms.

Despite that stable magnetic levitation can be observed
for superconductors with any critical temperature T¢, high-
temperature superconductors (HTS) with the T¢ higher than
the liquid nitrogen boiling point are the most appropriate
from a practical perspective. This refrigerant is cheap
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enough versus other cryogenic liquids and has a high value
of the heat of evaporation, which allows using it for cooling
superconductors in levitation devices without considerable
heat insulation of them. An alternative for HTS cooling
down to 77K and lower, even to the range of helium
temperatures, is the use of cryocooler equipment.

This review is devoted to discussion of main properties
of magnetic levitation with the use of high-temperature su-
perconductors. It deals with the materials used in magnetic
levitation technologies: three-dimensional superconductors,
belt HTS-composites, and permanent magnets. We present
main experimental data obtained both for three-dimensional
and belt superconductors assembled into stacks in various
configurations. We will show factors affecting magnetic-
force characteristics: geometrical parameters, influence of
external variable magnetic fields, temperature, relaxation of
levitation force. Major part of the review is devoted to
description of different methods of calculation of magnetic
levitation systems, including based on the stacks of HTS-
composites. Finally, we will show that belt HTS-composites
are an essential alternative for three-dimensional HTS that
are customarily used for these purposes. Last section
presents several examples of magnetic levitation devices.

1. Materials used in superconducting
magnetic levitation technologies

1.1. Three-dimensional HTS-materials

The majority of three-dimensional HTS is made of
copper-oxide superconductors REBa,Cu30;_x (REBCO),
where RE refers to a rare earth element [6]. Also, in
some cases other superconductors are used, e.g. magne-
sium diboride MgB, or iron-based pnictides [7-10]. The
disadvantage of the last two materials is their relatively
low critical temperature versus that of REBCO, and the
advantage is high values of the irreversibility field char-
acterizing magnetic field ranges of possible application of
superconductors.

One of the common examples of REBCO is
YBa;Cu3zO07_x (YBCO or Y123). Yttrium can be replaced
with other rare earth elements, eg. gadolinium. Three-
dimensional REBCOs are manufactured, as a rule, by using
the melting technologies [11]. Pressed mixed powders,
depending on the finished composition required, are placed
into a furnace together with a small seed single crystal and
undergo heat treatment. In order to increase the quality and
rate of manufacture one can place several seeds [15]. As a
result, three-dimensional HTS can be quite heterogeneous
at the boundaries of the growth sectors (crystallites) [13].
In addition, the products made of HTS represent brittle
ceramics, which can be cracking under the effect of stresses
of different nature, in particular, during magnetization, this
is why an additional mechanical reinforcement thereof is
necessary (bandaging) [14].

Usually, three-dimensional superconductors are manu-
factured as cylinders or discs, though for certain applica-
tions three-dimensional materials can be manufactured as
rings [15]. At this moment the critical current density J; of
massive HTS falls within the range from 108 to 10° A/m? at
77K in the absence of external magnetic field. It should be
noted that assessment of the value of the critical current
density for three-dimensional HTS is a challenging task
versus that for belt materials. To perform direct transport
measurements it is required to cut rectangular bars that
could result in mechanical cracks and, as a consequence,
errors of determination of J.. Other method, which is
applied more frequently refers to mapping of captured
magnetic flux after application and release of the magnetic
field (permanent or pulsed) with further calculation of
the critical current density by means of the inversion
operation [16,17].

Various methods are used for the synthesis of three-
dimensional HTS, whose main goal is to obtain high-density
materials with high values of the critical current density.
It is achieved by texturing the materials and improving
the orientation of grains, improving the conductivity of
grain boundaries (absence of weak links between grains)
and creation of the centers of pinning of magnetic flux.
Main methods of synthesis of materials with a high texturing
degree include the following [18,19]:

— slow cooling down in homogeneous temperature field
(with zero temperature gradient);

— slow cooling down in gradient temperature field
without movement of the sample (Bridgman method);

— gradient crystallization with hot zone movement
(Zone-Melt (MZ)) — zone melt method,;

— seeded directional solidification (Seeded-Directional-
Solidification (SDS));

— top seeded melt growth (Top-Seeded-Melt-Growth
(TSMG));

— texturing in the magnetic field, as well as other meth-
ods, whose description can be found in the literature [18-
30].

An overview of the three-dimensional HTS synthesis
methods is given in the recent monograph [31].

1.2. Belt HTS-composites

1.2.1. the first and the second generation
HTS-belts

The 1G HTS-belts (1G means the,first generation)
use superconductors (Bi,Pb),Sr,Ca,CuzOx (BSCCO or
Bi2223) or (Bi,Pb),Sr,CaCu,Ox (Bi2212) (Fig. 1). These
two copper-oxide superconductors belong to the same
family of bismuth HTS, contain the same elements, but have

Figure 1. Image of cross-section of the first generation HTS-belt
(from [32]).
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different critical temperature (110 and 84K, accordingly)
due to differences in stoichiometric composition. The main
method of the 1G belt manufacture was named the ,,powder
in a tube®. The process includes 3 stages:

1) filling of a metallic HTS tube (as a rule made of silver)
with a precursor powder;

2) crimping and rolling of the filled tube;

3) multiple ,,annealing—rolling“cycles.

A monofilament or polyfilament belt is formed in the
process of thermal, mechanical and chemical treatment,
which has distinctive cross-section of 4 x 0.3 mm and the
length exceeding 1000m. As for today, polyfilament
belts from the Japanese Corporation Sumitomo Electric
Industries have the best characteristics: on the length of
1500—2000 m the critical current is 170—200 A, and on the
short samples it exceeds the values of 250 A [32].

However, the technology ,,powder in a tube has a series
of disadvantages:

1) the need for the deformation of HTS material in
the process of the belt rolling in order to produce a
high texturing degree (hence, there is further many-time
annealing);

2) a high specific cost, one of the main reasons for which
is expensive silver matrix (the filling coefficient for the HTS-
material does not exceed 20%!)

3) at the liquid nitrogen boiling point the current-carrying
capability of the produced conductors of a bismuth system
falls drastically at the increase of external magnetic field,
and is virtually absent in the magnetic fields ~ 1 T.

While the first two disadvantages are of a technological
origin, i.e. these can be optimized, the last one is caused by
the manifestation of intrinsic physical properties of the Bi-
based HTS, and relates to a high anisotropy degree of such
materials.

Characteristics of different materials in magnetic field
are demonstrated on the phase H—T-diagram (Fig. 2). If
the H—T-diagram is considered in terms of the second
critical field—temperature, the materials demonstrate super-
conducting properties below the line on the H—T-diagram,
and not demonstrate above it. However, from a practical
perspective it is more important to consider the H—T-
diagram in terms of the field of irreversibility—temperature.
In this case the curve H—T determines the range of
existence of a non-zero critical current. In case of low
temperatures near to the liquid helium boiling point, both
the low-temperature, and, even more the high-temperature
superconducting materials remain in the superconducting
state up to the several dozens Tesla fields. At T =77K
the situation is radically different. Bi-based HTS lose
superconducting properties (more specifically, the value of
critical current becomes zero) in the field of about one
Tesla. The Y123 HTS at the same temperature is capable
to preserve superconductivity in the fields of up to 5—8T,
while critical current in the fields exceeding 3T becomes
insufficient for practical applications. It is the REBCO
materials that have become the base for the 2G HTS-
conductors (2G — second generation).
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Figure 2. H-—T-diagram of different superconducting materials
(adapted from [33]).

1.2.2. 2G HTS belts: architecture of composites
and manufacturing technologies

The 2G HTS-conductors radically differ from the 1G
conductors. It is not only because of the use of different
superconducting materials.  Simple replacement in the
wpowder in a tube” technology of Bi2223 superconductors
with Y123 ones failed, because in polycrystalline state
YBa,Cu307_x demonstrate very low critical current density
due to a high number of weak links. Main difference
between the 1G- and 2G-conductors refers to the application
of different process approaches. As already noted above,
while the 1G ,,powder in a tube® technology is more like a
metallurgical process, the 2G conductors are manufactured
only by using film technologies. The 1G- and the 2G
conductors have different internal structure, accordingly.
Fig. 3 shows schemes of cross-sections of the 1G and 2G
belts. As we can see, 1G conductors refer to a series of
HTS-filaments in a silver matrix. 2G-conductors are an
aggregate of thin layers of various materials applied onto
a metallic substrate (Fig. 4). A belt made of nickel-based
alloy, in particular, Hastelloy is used as a substrate. Several
intermediate ,,buffer layers are required to prevent chemical
interaction of HTS and a substrate, and the creation of
a necessary basic texture. Superficial metallic protective
layer prevents HTS from interaction with water and carbon
dioxide evaporated from the air; it is a protection against
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Figure 3. Schematic cross-section of HTS-belts based on BSCCO and YBCO. Typical sizes of belts are provided. Today, BSCCO belts
with the width of 4 mm and YBCO belts with the width of 4 and 12 mm are the most common ones.

YBCO > 1 ym

LaMnOj3 ~ 30 nm

IBAD MgO ~ 10 nm

Polycrystalline Ni-Cr alloy

YBCO > 1 pm

CeO; ~ 75 nm

Deformation-textured Ni-W alloy

Figure 4. Example of the structure of HTS belts on polycrystalline substrate of NiCr (a) and deformation-textured substrate of Hastelloy
NiW (b) [34]. The figure does not show a layer of silver on the superconductor surface that protects superconductor against interaction

with vapors of carbon dioxide.

mechanical damages and direct contact of HTS to shunting
material (strengthened copper, stainless steel).

Three methods were proposed for the creation of flexible
metallic substrates, whose surface is coated with a layer of
oxide having biaxial texture and looking like an elongated
mosaic single crystal. Epitaxial growth of Y123 film is
possible on such an oxide layer. The first of the methods
developed is the Ion Beam Assisted Deposition (IBAD). The

second method is the Inclined Substrate Deposition (ISD).
The third technological approach proposed is named RA-
BiTS (Rolling-Assisted-Biaxially-Textured-Substrates). The
following methods are used more frequently for the appli-
cation of buffer layers and HTS layer: RCE is the reactive
thermal evaporation, PLD is the pulsed laser deposition,
PVD is the physical vapor deposition, MOCVD — metal-
organic chemical vapor deposition, MOD is the metal-

Technical Physics, 2022, Vol. 67, No. 15
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Table 1. Parameters of HTS-belts from several manufacturers

Manufacturer Manufacturing Technology Substrate Thickness, ym Thickness of stabilizing copper layer, ym
AMSC RABITS/MOD 75 (NiW) 60

Fujkura IBAD/PLD 75 (Hastelloy) 20

Shanghai SC IBAD/PLD 40—50 (Hastelloy) 10

SuNAM IBAD/RCE 60 (Hastelloy) 20

SuperOx IBAD/PLD 40—60 (Hastelloy) 2—-40

SuperPower IBAD/MOCVD 30—50 (Hastelloy) 5-20

SWCC IBAD/MOD 100 (Hastelloy) 40

Theva IBAD/PLD 50—1000 (Hastelloy) 10-20

organic decomposition. Descriptions of different procedures
cab be found in the monograph [35], as well as in the review
paper [36].

Neither of these methods use silver as a substrate.
Moreover, application of each of these methods enables pro-
ducing materials, whose critical density of current reaches
the values, which are specific for Y123 films, applied
onto single crystalline oxide substrates, e.g. strontium
titanate. Selection of a method for substrate production and
deposition of superconductor layer becomes crucial, since
it defines the ratio between the cost and performance of
a superconductor, and, finally, success of the technology
implementation into production in series for large-scale
commercialization.

We can easily see that the cross-section of superconductor
is only a small part of the total conductor’s cross-section.
It is more specific for the 2G belts, where the HTS film
layer is equal to the value about 1 um at the thickness of
the metal substrate only of 50—100um. Eventually, the
superconductor cross-section area in the 1G belts usually
does not exceed 30%, and it is less than 2% in 2G belts.
In this case it makes sense to talk about not the HTS-
material’s density of critical current, but so-called engineer-
ing (or structural) current density, which is calculated as
the ratio between the value of the transport current and the
total cross-section area of the belt. It is true that despite
the values of critical currents of polycrystalline Bi2223 and
film Y123 at T = 77 K differ by more than one order due to
significant difference in filling coefficients, the engineering
current density for the 1G and 2G HTS is virtually the same.

So, the difference between the 1G and 2G HTS-belts
is not based on the use of different materials, but on the
application of radically different technologies. Today, these
two ways are parallel ones. As for today, the first generation
materials have a higher structural density of the current
and higher energy losses in variable field at lower cost.
The second generation materials are considered as more
promising in view of their use in strong magnetic fields and
for alternating current.

5 Technical Physics, 2022, Vol. 67, No. 15

Hereinafter we will discuss the second generation belts
only.

REBCO belts in English literature are also called ,,Coated
Conductors® or CC-belts, which can be translated into
Russian as ,,Coated Conductors®, however, there is no
now steady equivalent term for the ,,Coated Conductors™
in Russian. Instead, Russian literature uses the terms that
have already been mentioned earlier, i.e. ,,second generation
belts” or ,,2G-belts”. In the event that finish copper coating
is absent, the belts are treated as non-stabilized. The
belts with copper coating are often called stabilized. As
it has already been noted, the REBCO layer is applied onto
metallic substrate through a series of thin buffer layers, as
shown in Fig. 5 [37,38]. Wherein the metallic substrate is
acting as a textured template [37]. Usually, the thickness of
HTS-layer is only 1—3 um. Therefore, regardless of a high
density of critical current of the HTS layer itself — more
than 10'° A/m? at 77K — the engineering current density,
which refers to the current divided by the total cross-section
of the belt including a substrate and protective layers, is far
less — about10® A/m’.

REBCO belts have more mechanical strength versus
three-dimensional materials because of the presence of
metallic substrates. However, there is a minimum bending
diameter, which means that winding below that diameter
will result in the decrease of the belt’s critical current.
This minimum value of the bending diameter depends
both on the architecture of certain belts, and on the belt
winding method: superconductor to the inside or to the
outside. Generally, one may consider that for this moment
the minimum bending diameter of the commercial belt is
about 20 mm [39].

Table 1 includes several manufacturers of HTS-belts and
technologies they use (according to the work [40]).

Single belts do not fit for magnetic and magnetic
levitation applications due to a low volume of the HTS
material. This is why HTS-belts are collected into stacks,
which may consist of several dozens of separate belts. High
values of density of critical current and relative affordability
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Figure 5. Architecture of an HTS belt manufactured by THEVA [38]. On the left — without stabilizing copper layer; on the right —

with stabilizing copper layer.
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Figure 6. An illustration of the equivalency of a stack of HTS-belts made of separate belt fragments and three-dimensional conductors [48]:

a — Ns fragments of HTS-belts; » — equivalent homogeneous three-dimensional superconductor; ¢ —

superconductors of a lower size.

of HTS-belts makes them a promising alternative to three-
dimensional ones.

One of the applications of the HTS-belt stacks is capturing
the flux generated through magnetization of samples by
permanent or pulsed fields. At this moment the properties
of stacks of superconducting belts are actively studied [41]
(Fig. 6). The maximum value of the magnetic field obtained
by using three-dimensional superconductor is 17.6 T [42,43].
But such magnets have problems associated with the brit-
tleness of material, the need for mechanical strengthening,
and a low thermal conductivity [42,43], which may cause
destruction of a three-dimensional superconductor. Appli-
cation of the 2G HTS-belt stacks allows to overcome the
restrictions imposed by the ceramic brittleness. Availability
of a metallic substrate (e.g. Hastelloy) provides high
strength to the belt. Thus, e.g., in accordance with the

Ng equivalent three-dimensional

specification of the SuperPower belt, the mechanical stress
up to 550 MPa, which corresponds to a theoretical limit
in the captured magnetic field 42.8 T, could result in the
decrease of critical current by lower than 5% [44,45].
In their turn, the layers of copper and silver (that have
higher heat conductivity versus HTS ceramics) are able to
rapidly dissipate heat over the whole volume of the belt
stack. A union of HTS-belts represents an array of HTS-belts
coated with tin-lead solder. Such belts after assembly into
a stack are subject to thermal treatment [46], after which
the array becomes a single structure, which is convenient
for application in real devices. The solder improves thermal
contact of adjacent layers in the union, thus making better
thermal stability than in case of a belt stack.

Recently it was succeeded to obtain the magnetic field
of 17.7T, captured by a stack of belts [47]. This value

Technical Physics, 2022, Vol. 67, No. 15
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exceeds the record-breaking value for three-dimensional
superconductors [42,43]. This fact together with advantages
described above allows to say that the 2G HTS-belt stacks
are more promising for application in real devices, than
three-dimensional HTS.

1.3. Magnetic materials

As a rule, permanent magnets are used for the study of
magnetic levitation characteristics. This time, a compound
of Nd,Fe;4B (NdFeB), which was discovered in 1983
seems to be the most popular magnets. Detailed character-
istics of these magnets, and the methods of synthesis thereof
can be found in the works [49,50]. The magnetic moment
per formula unit is equal to 32.5up at T = 300K, and
the Curie temperature is Tc = 586 K. Magnetic induction
(residual magnetic moment) on the surface of a standard
magnet 0.5—0.7T, and the coercive force is 1200 kA/m.
NdFeB is a tetragonal compound with the lattice constants
of a=0.88nm and ¢ = 1.221 nm. Virtually all of the Fe
atoms are located in the layers, and the Nd and B atoms
are in other layers separated by Fe layers from each other.
Other rare earth element atoms are sometimes included,
in particular, Dy, for the increase of the coercive force in
NdFeB. NdFeB crystallites have a high single-axis magnetic
anisotropy. There are two main methods of synthesis of
NdFeB magnets: baking of powders (in an arc furnace
or HF furnace) or pressure casting. In general, the
baking method is used, because it is more simple and
provides good magnetic properties. However, in cases when
complex shaped magnets are required, the pressure casting
is preferable.

The shape of used permanent magnets can vary and
depends on certain tasks of the magnetic levitation studies.
As a rule, these are magnets in the form of a square
or rectangular section parallelepipeds or discs of various
thickness. More complex configurations, e.g. Halbach
arrays [51] are picked up from standard single magnets.
The specifics of the Halbach arrays is the magnetic field
concentration on the one end of the array and its high
decrease on the other end. Moreover, the Halbach arrays
provide a high field gradient, which is significant for
the magnetic levitation applications. Also, the studies
use various concentrators made of low-coercivity material,
which may significantly increase the value and the gradient
of the magnetic field.

2. Main characteristics of magnetic
levitation systems

Let us consider a typical magnetic levitation object
consisting of a superconductor and a source of gradient
magnetic field — a permanent magnet. For simplicity, let
us consider both the magnet and the superconductor have
a disc shape with diameters dpy and dg accordingly. The

5* Technical Physics, 2022, Vol. 67, No. 15

distance between the planes of the objects is called the
levitation gap z.

At the initially coaxial position there are two possible shift
options: vertically, along the axis and horizontally — along
the plane (lateral shifts). With such movements, the forces
emerge correspondingly, oriented by axis (vertical forces)
and those oriented perpendicularly to the axis (lateral
forces). The vertical force provides the magnetic levitation
itself, and the lateral one defines the stability of a magnetic
levitation system.

When HTS (or for more general case, the II kind
superconductor) is cooled down in the permanent magnet
field, the magnetic field, if it exceeds the value of the first
critical field, penetrates the superconductor as Abrikosov
vortices. In case of change of the relative position of the
permanent magnet and superconductor, circular currents are
induced in the superconductor, that impede the change of
magnetic flux or, as a consequence, initial field, in which
it was cooled down. Interaction of these currents with
the field of the magnet results in emergence of magnetic
forces. If the distance between the magnet and super-
conductor decreases, repulsive force occurs that impedes
superconductor approaching the magnet. If the distance
increases — the sticking force emerges that impedes magnet
retraction from the superconductor, ie. after cooling down
of the superconductor, both repulsion and sticking forces
can emerge in the magnetic field, depending on the magnet
movement direction relative to the superconductor. In case
of a lateral shift of the magnet or superconductor, the lateral
force emerges directed to return the system into position
where it is was during cooldown (as we will see further, the
lateral returning force emerges only at relative small lateral
shifts). All of these results in stable levitation without the
presence of additional feedback systems. At that the motion
(both linear and circular) of the superconductor along the
large set of permanent magnets of the same configuration is
going without stop, because the field profile is not changing,
therefore, none of the additional forces that would impede
the motion occur (except for the air resistance force and
braking associated with the heterogeneity of the magnetic
field along the motion direction). It is the principle,
which the structures of superconductor magnetic levitation
transport systems and magnetic bearings are based on.

The factors influencing the characteristics of the magnetic
levitation systems are given below.

In order to optimize the lateral force and the levitation
force and to guarantee that stability of the developed
magnetic levitation systems is provided in any conditions,
it is necessary to fully describe these forces. The levitation
force can be measured in two modes of the superconductor
cooldown: FC — Field Cooled, or ZFC — Zero Field
Cooled. As it has been noted earlier, the stable levitation
is achieved in the FC conditions. Let us consider the
behavior of a magnetic levitation systems consisting of
a superconductor initially in normal condition (ie. its
temperature is higher than T¢) and a permanent magnet.
In the FC mode the distance z between the magnet and
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Figure 7. Specifics of movement and measurement of vertical force in case of axial motion (according to the work [52]). At stage 3 the
force changes sign, which corresponds to the magnet and superconductor sticking.

superconductor is maintained equal to z., (cp — cooling
position) and the superconductor is cooled down to the
measurement temperature T < T (spacing / in Fig. 7).
After stabilization of the temperature depending on the
structure of the measuring installation, either a magnetic
field source, or a superconductor move vertically, with the
decrease of the levitation gap z down to the value of z;,
(spacing 2 in Fig. 7). In zy, the motion direction changes
to the opposite one, as a result of which the distance z is
increased to the Zy,x (spacing 3 in Fig. 7). During the whole
process of the motion the force of interaction between the
permanent magnet and the superconductor is registered
as function z. In the ZFC mode after cooldown of the
superconductor in the field as maximum as close to zero
(in practice — at the maximum possible distance from the
magnet to the superconductor), the procedure of motions
and force registration is the same as in FC.

For the measurement of the lateral force after the stage
of cooldown in the field the superconductor is fixed at
a distance z from the magnetic field source (Fig. 8).
Starting from the position y = 0 (axial position), either the
permanent magnet, or the superconductor move laterally
to a distance of y from the initial position to Ypn,x, Where
the motion direction changes to the opposite one, and the
distance is decreased to Y, then the position returns to
the initial one (y = 0), or, depending on the task, cyclic
motions are performed from Ymin t0 Ymax (Fig. 8).

In general, all units for the levitation force and lateral
force measurement are similar in terms of their concept.
The differences are in which assembly is stationary, and
which is moving, whether a magnetic system or cryostat
with the superconductor. Also, there are differences in the

Figure 8. The nature of motion and measurement of vertical force
at the lateral movement (from the work [52]).

design of the cool down system. Thus, the stacks cooldown
by means of cryocooler is used when studying temperature
dependences (Fig. 9).

2.1. Experimental data on magnetic force
characteristics of the three-dimensional HTS

Let us consider main factors that determine the levitation
force and the lateral force.
— Effect of the cooldown height in the FC mode.

Technical Physics, 2022, Vol. 67, No. 15
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Figure 9. Designs of the measuring system. Top — a small nitrogen cryostat with cooled sample is moving [53]; bottom — the sample is
cooled down by means of cryocooler and the block of magnets is moving [54]: @ — I — shank of the cryocooler, 2 — holder of CC-belts,
3 — cryostat, 4 — stack of permanent magnets Nd—Fe—B, 5 — tension sensor, 6 — positioning system, 7 — flange for pumping out and
electrical vacuum-tight contacts; » — schematic image of mutual arrangement of a stack of CC-belts and a stack of permanent magnets.

Arrow indicates direction of the PM magnetization.

The superconductor can be cooled down at various
heights relative to the magnet. As noted in [52], the lev-
itation force of three-dimensional YBCO above the Halbach
array is the rising function of the cooldown height [55]),
meanwhile the measurements of the lateral force in the
same conditions [56] have shown that the lateral force is
the falling function z., [48,56].

— Effect of the permanent magnet diameter.

In the work [57] the force of levitation was measured
between the three-dimensional superconductor YBCO with
the diameter ds = 18 mm and permanent magnets with the

Technical Physics, 2022, Vol. 67, No. 15

diameter dpm from 10 to 30mm. It was shown that the
interaction force is rising at start as far as the ratio dpm
to ds is increasing, being the maximum at ds ~ dpm, and
then is decreasing at dpm > ds. Increase of the levitation
force with the increase of dym for ds > dpm is explained
by the increase of the portion of the superconductor surface
magnetized by the PM field. Further decrease at ds < dpm is
associated with the decrease of magnetic field gradient as far
as the permanent magnet diameter is increasing, since the
maximum gradient of the field is observed approximately at
the magnet edge.
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Figure 11. The levitation force and the field value on the axis of permanent magnets with different ratio of the diameter to height [49].

— Effect of the permanent magnet thickness.

The results of the studies of the effect of magnets
thickness are given in [49]. Analysis was performed
when using magnets with the diameter of 50mm and a
three-dimensional superconductor MgB, with the diameter
of 70 mm. The measurements were performed at 25K after
cooldown of the superconductor in the FC mode at the
distance of 45 mm from the magnets. It was shown that the
levitation force at start is increasing as far as the permanent
magnet thickness is increased hpm, and then it tends to the
saturation values, as in the field along the axis of magnets
(Fig. 10, b). Similar results were obtained for magnets with
the diameter of 60 mm.

If the diameter of a permanent magnet dpy is equal
or higher than the diameter of the superconductor, then
the levitation force is determined by the value of field
along the axis of the permanent magnet. It is shown
in Fig. 11,a, in which the dependence of the levitation
force on the distance between the superconductor with

the diameter of 70 mm and various magnets is shown at
T =25K: (i) — permanent magnet with the diameter of
100 mm and the thickness of 20 mm and (ii) — permanent
magnet with the diameter of 70mm and the thickness
of 35mm. Fig. 11,b shows the levitation force and the
value of the field on the axis of permanent magnets with
different diameter to height ratio. As we can see, the
magnet with the diameter of 100 mm creates both the field
and the levitation force far less than that with the diameter
of 70mm. The authors associate the obtained result with
an effect of demagnetization factor, which is higher for the
magnets with high ratio between dpyv and hpy.

— Effect of the superconductor diameter.

There is no exact answer to this question. Thus, in
the work [49] the levitation forces were measured for a
magnet with the diameter of 70 mm and three-dimensional
MgB, with the thickness of 10 mm with different diameters
from 10 to 70 mm. It was shown that the levitation force
is the linear function of the variable d2, which the authors

Technical Physics, 2022, Vol. 67, No. 15
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Figure 12. The levitation force and magnetic moment as functions of the temperature for three-dimensional superconductors YBCO (a)

and MgB, (b). According to the proceedings of [57].

of the work [49] construed as the force is pro rata to the
superconductor volume. With that, the work [57] contains
the data indicating that the force is pro rata to the value d2,
which means the dependence of the levitation force not
on the volume, but on the area of the superconductor.
The same as in the [52], the work [49] mentions that
dependences of the force on the superconductor sizes do
not match the data on the captured field, which, according
to the Bean Model [6], is increased as linear function of
the superconductor diameter as far as ds < dpm. It is not
surprising, because the Bean Model does not consider the
dependence of the critical current on the field.

— Impact of the temperature on the levitation force and
shape of the hysteresis loops.

The temperature impacts significantly the levitation force
and hysteresis loops of superconductors. For ZFC condi-
tions, the work [58] has shown that the levitation force
of a three-dimensional YBCO increases at start as far as
the temperature is falling, and then it tends to saturation.
Similar results were obtained in [59] for three-dimensional
materials YBCO and MgB; in the FC mode (Fig. 12).
Saturation is explained by the levitation force approaching to
the Meissner limit for large Jc, i.e. a situation, when currents
are flowing only by the superconductor surface [60,61].
It should also be noted that the hysteresis loops of the
levitation force are high near to T. and decrease as far as
the temperature is falling [58,59).

— Effects occurring as a result of the use of Halbach
array as a magnetic field source.

It is supposed that the Halbach array provides a higher
levitation force than the classical arrangement of magnets.
Measurements performed in the [62], confirm this point of
view. The work compared the levitation force between
two types of sets of magnets (classical and Halbach’)
and an assembly of seven YBCO-blocks with the diameter
of 30 mm and the thickness of 18 mm, cooled by the field
at the distance of 30mm from magnets. It is seen that

Technical Physics, 2022, Vol. 67, No. 15

the use of the Halbach array results in a higher levitation
force (Fig. 13). However, the work [63] noted that if
a rectangular superconductor overlaps the whole surface
of a set of magnets, the magnets arrangement other than
Halbach’s could result in a higher levitation force versus
the Halbach’s one. In any case the Halbach array ensures
better stability. Apparently, determination of the best option
of the use of a set of magnets is possible only by taking into
account certain shape and characteristics of the levitating
superconductors as it was done, for example, in the [64].

— Effect of vibrations and periodic vertical and lateral
shifts for the value of the magnetic force interaction.

The presence of vibrations and cyclic shifts can be a
serious problem when designing real magnetic levitation
systems, because these processes, along with relaxation
of the levitation force caused by the attenuation of the
magnetic flux, could cause a high impact on the vertical
and lateral forces.

The work [65] studied static and dynamic relaxation of the
YBCO and GdBCO discs moving above a set of magnets
with different speeds. It was shown that the levitation force
is decreasing while the superconductor is in motion, but
restores the value, which differs slightly from the expected
one at static relaxation, when the speed returns to zero. The
force attenuation is more clear when the superconductor
speed is rising. Authors believe that it can be explained
by faster fluctuations of the magnetic flux applied to the
superconductor with high speeds.

Effect of lateral shifts for the levitation force of the
YBCO discs hovering above different guides was studied
also in [66], where in all cases it was found considerable
decrease of the levitation force. Similar measurements in
static conditions were performed in [67] on the assembly
made of four three-dimensional superconductors YBCO.
The levitation force has fallen rapidly within the first several
seconds after lateral shift, then the decrease rate was
decelerating. If superconductors were cooled down in the
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the stacks of 100 layers. Legends to figure show belt manufacturers. T = 77 K. From the work [77].

field, the levitation force modulation by the shift amplitude levitation force was decreasing at start and then it rose.

was opposite to that observed during cool down in zero Lateral force in FC was the rising function of the shift
field. In ZFC the levitation force decrease was the rising amplitude, meanwhile it has shown more complex behavior
function of shift. In case of cooling down in the field the during cooling down in the zero field. With the same shift
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the returning force in the field cooling down conditions was
always higher than in the zero field cooling down.

The study of effect of vertical oscillations with the
frequency of 1 Hz for levitating position of an assembly of
three-dimensional HTS and a Halbach array was performed
in [68]. Authors concluded that the nature of the levitation
force relaxation virtually does not depend on the presence
of oscillations, and they concluded that the levitation force
relaxation is determined generally by the attenuation of
the superconductor magnetization. The work [69] studied
hysteresis losses and shock-absorbing properties of a real
magnetic levitation system in case of vibrations of various
amplitude within the range of frequencies from 2 to 16 Hz.
It was shown that at low amplitudes of oscillations hysteresis
losses had a low dependence on the frequency, meanwhile
the increase of the oscillation amplitude resulted in the
increase of hysteresis losses as far as the frequency rises.

2.2. Experimental studies of the magnetic
levitation characteristics of the stacks of
HTS-belts

For the first time the possibility of application of belt
HTS assembled in blocks was indicated by the authors of
works [70,71]. These publications presented comparison of
the magnetic levitation characteristics of three-dimensional
HTS blocks and stacks of HTS belts of the equivalent total
thickness. The dependences of the levitation force and
of the lateral force were measured both as in a simple
geometry of the disc magnet-superconductor, and in the
geometry like the Halbach array, as well as the levitation
force relaxation. In general, the authors of [70,71] men-
tioned that behavior of three-dimensional HTS and stacks of
HTS belts is approximately the same. These works induced
the study of magnetic (study of the stacks magnetization
possibility [42]) and magnetic levitation characteristics of
the stacks of HTS belts.

The possibility of creation of HTS sets of any configura-
tion determined the direction for many studies aimed at the
optimization of the mass-size parameters of the magnetic
levitation systems based on the stacks of belts. Further, the
studies were also performed for impact of both external
parameters (variable magnetic fields, temperature), and
internal ones — the value of critical current of separate belts.

2.2.1. Dependence of the levitation force on the
thickness of the stack

Our group performed a series of magnetization studies
and levitation properties of stacks of the HTS belts. Thus, it
was identified that as far as the number of elements in the
stack increases, the value of captured field is rising linearly
only for a small number of layers (5—10) and approaches
to saturation for the stack that contains more than 100
layers (up to 150) [72-74]. With further increase of the
number of layers the magnetic field is rising a bit. The data
were obtained indicating that the use of HTS-belt stacks

Technical Physics, 2022, Vol. 67, No. 15

- Theva6171.=429A

- Theva6181,=670A ' : ]
sE SuperOx1.=550A
b -4~ Sunam I, = 850 A
4F
N
><h -
2 0F
=~ T
2F
1E
0:|7:: N R T

T R [ T
40 60 80 100
Number of tapes

Figure 15. Dependence of the maximum repulsion force on
the number of belts in the stack for the belts from various
manufacturers. The measurement temperature was 77 K. From the
work [77].

in the levitation systems is very promising. Dependences
of the levitation force on the distance to the permanent
magnet were measured when cooling in the field (FC)
and when cooling in the zero field (ZFC), the comparison
between the levitation force relaxation and the captured
field relaxation was presented. For the creation of real
levitation devices it is important to know the effect of
parasite vibrations and external variable fields for levitation
properties of a superconductor. The work [75] presented
results of the study of impact of fluctuations on the magnetic
flux relaxation in the HTS belt stacks. It is shown that
oscillations with the frequencies up to 30 Hz have no impact
on the levitation force relaxation rate. The work [76] studied
the effect of crossed magnetic fields for the levitation force.
It was shown that with the increase of amplitude of external
magnetic field the relaxation rate is rising linearly. Increase
of the frequency of the applied field at the unchanged
amplitude results in considerable decrease of the relaxation
rate.

Detailed studies of the effect of critical current for the
magnetic levitation characteristics in various cooling modes
were performed in [77]. In this work, the levitation force
was measured by using the example of HTS-belts made
by different manufacturers, and differing by critical current
and the substrate thickness (therefore, by engineering
current density — the current divided by the total cross-
section of the belt). It was found that a higher critical
current corresponds to a higher levitation force. Moreover,
the levitation force with higher critical current tends to
saturation for a lower number of elements in the stack
(Fig. 14—16).

High dependence of the levitation force on the value of
critical current induced detailed studies of the temperature
effect for the magnetic levitation characteristics, since the
critical current is rising as far as the temperature is falling.
Thus, the work [54] dealt with both experimental and
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calculation studies of the effect of temperature and number
of belts in a stack for the value of the levitation force and
levitation characteristics of HTS-belt stacks made by various
manufacturers. Measurements were performed in the field
cooled mode and zero field cooled mode (Fig. 17,18).
The obtained experimental data and results of numerical
modelling allow to conclude that:

1) in case of cooling in the field, when the temperature
is decreasing, the difference in levitation forces of belts with
different values of the engineering density of critical current
falls significantly;

2) in case of cooling in the field (it is the mode, which
is practically used in levitation systems to achieve stable
levitation), the cooling down below the liquid nitrogen
boiling point benefits to the levitation force lower than 10%.
However, achievement of such negative temperatures re-
quires a more complex cooling system, and the benefit
of 10% for the levitation force is not reasonable in terms
of cost of such a complication of the levitation suspension
structure;

3) when cooling down in the zero field at low tem-
peratures (below 65K) the effect of critical current for
the levitation of HTS-belt stacks becomes insignificant.
At the same time, as far as the number of belts in a stack
is increased, the levitation force rises. Therefore, at low
temperatures, an increase of the number of belts in a stack
will be more efficient than the use of HTS-belts with higher
values of critical current;

4) Increase of the number of belts in a stack results in
the rise of the levitation force within the whole range of
temperatures up to the value Ngy, after which the levitation
force value stops changing due to mutual magnetic shielding
of the belts in the stack. The value Ngy falls as far as
the temperature decreases for the same sizes of stack and
parameters of gradient magnetic field of permanent magnets.

T, K

Figure 17. Dependence of the maximum repulsive force on the
temperature in the field cooling mode (FC) and in the zero field
cooling mode (ZFC). There are results for a stack of 50 belts
manufactured by Theva, sample Theva 618. The curves with dots
(ZFC and FC) refer to the data of point-by-point measurement
with temperature stabilization and heating at every point. Solid
curves (ZFC (heating) and FC (heating)) were measured when a
sample was approached to the measurement point at the minimum
temperature and heating of the sample. From the work [54]. Note
that in the ZFC mode the maximum repulsive force is far higher
versus to the FC mode. However, ZFC mode is not applied in
practice due to the absence of lateral stability.
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Figure 18. Dependence of the maximum repulsive force on the
temperature in the field cooling mode (FC) for various thick stacks
made of Sunam belt. Curves were measured when a sample was
approached to the measurement point at the minimum temperature
and heating of the sample. On the insert— dependence of the
crossover temperature T* on the number of belts in the stack.
From the work [54].

The forecast estimates for the numbers of belts from 70
to 700 have determined the values of the number of belts at
each temperature, after which the value of the levitation
force is not changed. Calculations of the captured flux
have shown that the levitation force is reaching saturation

Technical Physics, 2022, Vol. 67, No. 15
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Figure 19. Example of model representation of the HTS-belt geometry.

because of shielding of remote belt fragments in a stack by
those closer to magnets.

2.2.2. Dependence of the levitation force
and lateral force in case of lateral shifts

The fullest study of forces emerging in case of lateral
shifts was provided in the work [53], where practically
relevant results were presented, which were absent in earlier
publications on the studies of lateral and vertical forces in
case of lateral shifts of the GABCO belt stacks relative to
permanent magnets, namely the dependence of the forces
on the number of belts (i.e. stack thickness) within a wide
range of the number of belts in a stack from 5 to 100,
the data on energy losses in case of cyclic lateral shifts.
The measurements were performed in the ZFC and FC
modes for T = 77K, the effect of lateral shift was measured
for shifts within the ranges £20 and £25mm. Based on
the studies performed the following generalized conclusions
were made:

1) the maximum lateral force and the levitation force
rise and tend to saturation as far as the number of belts
is increased;

2) both vertical and lateral forces depend on the number
of cycles of lateral shift and decrease with every cycle. The
rate of attenuation initially is rising as far as the number of
belts in a stack is increased up to the maximum, which is
observed for 30 belts in a stack. Above this value, the forces
decrease rate is falling and becomes constant for stacks of
more than 40 belts;

3) in case of cyclic lateral shift, both vertical and lateral
forces have clearly visible hysteresis, which is decreased as
far as the number of belts in stack is increased.

The effect of magnetic field configuration was studied
in a series of articles. Generally, all studies are aimed
at the selection of a configuration for certain application
and have specific goals. As a summary, we can note that

Technical Physics, 2022, Vol. 67, No. 15

the maximum force at close distances is demonstrated by
Halbach array, meanwhile at far distances, ordinary sources
of gradient magnetic field appear to be more efficient [78].

3. Principles of calculations of magnetic
and magnetic levitation characteristics

Calculations play a key role in the studies of magnetic
force characteristics for two reasons:

(i) it is impossible to study experimentally all possible
configurations of magnetic fields, superconductor assem-
blies, temperatures and other external conditions for the
selection of optimum ones and those required in a certain
device;

(i) calculations allow to determine physical mechanisms
of manifestation of magnetic levitation characteristics.

In sect. 3 we describe main approaches to modelling of
magnetic levitation systems and perform comparison of the
calculation results with the available experimental data.

3.1. Description of a generalized levitation
system

As it has already been noted, in terms of physics, levita-
tion is the stable position of an object in the gravitational
field without a mechanical support. In fact, in this case the
gravity is compensated by the levitation force, which by its
nature is the Ampere force:

F= / JBdV,

\

where F is the levitation force, J is the distribution of the
current densities, B is the distribution of the magnetic field,
and integration is performed all over the volume V of the
superconductor.
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Figure 20. Experimental and calculation dependences of the critical current RE123 of HTS-belts on the field and temperature (figure

and table to it were taken from [88]).

We will consider as the levitation system any one, which
has interaction of a superconductor with magnetic field.
These can be the systems like ,,superconductor—permanent
magnet“, ,superconductor—current conductor, ,;supercon-
ductor—superconductor and any possible combinations
thereof. Configuration of a levitation system is determined
based on the technical and economic requirements of
certain applications, where this levitation system will be
used. Several examples of the calculation systems with
superconductors are given below in subsections devoted
to the description of certain model representations. It
should be noted that the main focus of this work is at the
modelling of systems having practical potential. It means
that these calculation models do not cover fundamental
phenomena (formation of Cooper pairs, generation of
Abrikosov vortices, vortex lattice dynamics, etc.), but de-
scribe only the properties of systems within the framework
of the phenomenological theory, i.e. have a numerical result,
which does not contradict the fundamental theory, but it
is not directly derived from that theory. The main goal of
such models is calculation and optimization of the system
parameters for the achievement of the required engineering
characteristics without explanation of internal micromecha-
nisms causing the phenomena observed. In this regard, a
part of physical equations is simplified intentionally for the
sake of saving expensive computational resources and time
without prejudice to the accuracy of end numerical result.
Thus, for example, in many cases of calculation of lamellar
superconductors functioning in perpendicular magnetic field
(the magnetic field is perpendicular to the plane ab), no
anisotropy of physical properties in the planes, which are
parallel to the magnetic field (axis C), is considered. Next,
there are several approaches, which are frequently used for

modelling directly the superconductors, in particular, HTS-
belts, within the framework of the phenomenological theory.

3.2. Model representation of superconductors

The first simplification, which is the most common one
for modelling of the HTS-belt composite-based levitation
systems, refers to the simplification of geometry of the
calculated system, namely, to the transformation of a real
architecture of belts into simplified one that contains a lower
number of layers (Fig. 19).

Such a simplification can be done either as dealing with
several basic layers of belts (as a rule, the layers of copper,
silver, HTS and a substrate) [79-81], or as representation of
HTS-belts as thin three-dimensional HTS with engineering
critical current [82,83].

In case of superconductors, a unique precise characteristic
obtained experimentally and fully describing the properties
of HTS-belts is the volt-ampere characteristic (IU character-
istic) E = pJ, where E is the electrical field, J is the current
density, p is the resistance.

However, unlike other layers, for which the resistance
linearly depends on the temperature, the temperature
dependence of the superconductor resistance is set as a

power function:
p— Ee (™ M)
Jc Jc ’

where E; is the critical electrical field equal to 1uV/cm,
Jc is the critical current, current components J are cal-
culated based on the Ampere law, n is the index of
power depending on the value of magnetic field B and

Technical Physics, 2022, Vol. 67, No. 15
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Table 2. Fundamental works on the numerical analysis of HTS

Formalism developed (Homemade) 2D (two-dimensional 2D (two-dimensional 3D (three-dimensional
or standard software code for calculations system) asymmetric system) system)
Homemade [114] [120-124] [125]
[56]
A=V [115-119]
Software none none [126]
Homemade [127] [128] [130-137]
T—O [129]
Software none none none
Homemade [138] none [139]
H Software 48] [141] [140]
[140] [142] [142]
[141]

the temperature T (the most common reference in English
publications is the parameter ,n-value®). The critical
current of belts and the index of power n depend on
the temperature and the value of external magnetic field.
Therefore, the IU characteristic of HTS is represented like

E=p,B, T)IB,T). (2)

The components of the current density J are calculated
based on the master equations of various formulations,
which will be discussed hereinafter. In this case the
resistance also depends on the temperature, because critical
current depends on that. Anyway, as we can see in the
equation, any parameter that affects critical current changes
the resistance and IU characteristic as a default. This is why
the next important step when modelling superconductors
is the consideration of various functional dependences of
the critical current. It can be the consideration of not
only temperature dependence of the critical current, but
also the magnetic field dependence (including the angular
one), the consideration of anisotropy of critical current,
phenomenological consideration of microscopic defects (for
example, consideration of the experimental dependence of
critical current on the density of the pinning centers) and
apparent consideration of macroscopic ones, etc.

There is a series of model approaches allowing to perform
consideration with a good accuracy of the dependence of
critical current of HTS on the field and temperature. The
Kim Model is considered as one of simple approaches
to the description of the field dependence of critical
current [84,85]:

Jeo
= T r/Hy)” G)
where Jo is the critical current in own field at the liquid
nitrogen boiling point, H is the magnetic field strength,
Ho is the adjustable parameter. The simplest and the
most common approach to consideration of the temperature

Technical Physics, 2022, Vol. 67, No. 15

dependence of the critical current is considering it as the
following analytical expression [86]:

@)

where T is the temperature, T is the critical temperature of
the superconductive transition, 3 is the adjustable parameter
of the model.

A more complex approach to the description of the field
dependence of the critical current was presented within the

Solved by A
__ Solved by T

Interface between
the A region and
T region

Solved by A
7 Solved by T

Figure 21. « is a link between formulations of MVP and CVP
that requires determination of limit conditions at the boundary of
contact of the regions; b — the tasks of MVP and CVP are solved
separately J and the field induction B at every moment of time of
the associated solution. Figure from the work [111].
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framework of two-exponential model [87], which provides
more accurate concordance of the calculation data with the
experimental results. There is a series of models, where
simultaneous consideration of the temperature dependence
and the field one of the critical current is introduced
as one analytical expression with fit parameters. An
example of such dependence and experimental data for IU
characteristics of HTS is given in Fig. 20.

In some models the IU characteristic of HTS is introduced
within the framework of the model as interpolation of
experimental data, however, since either the critical current
itself or variables depending on it form part of the master
equations in an independent form, separate consideration
of functional dependences of the critical current is still
required. The parameter ,,n-value” of the IU characteristic
also depends on the magnetic field and temperature, and
in a series of numerical models these dependences are
considered [89,90].

Let us proceed with the description of main approaches
used in modelling of levitation systems based on supercon-
ductors and examples of application of such models for the
calculation of certain systems.

3.3. Description of calculation formalisms

There a series of analytical methods for the calculation
of the critical state in the superconductor [91-93], however
these methods are applicable only for the simplest configu-
rations of superconductors and only in case of homogeneous
external magnetic fields. In more complex cases we need
to refer to numerical methods. Numerical solutions of
Maxwell equations, which together with material equations
describing the superconductor state, usually are solved
either by means of the finite-difference approximation [94],
or by means of the finite-element method (FEM) [95].
The majority of the first works related with modelling of
superconductors was done by using original self-developed
software. The list of fundamental works devoted to mod-
elling of superconductors and first used formalisms for the
description of the HTS behavior under magnetic and current
effects are given in Table 2. Over time, separate modular
software packages have appeared, which are intended for
complex description of many physical processes and have
been widely used also for multiphysical description of
superconductors. The word ,,multiphysical“ in this context
implies an associated solution of several equations with dif-
ferent master variables (for example, electrodynamic model
and heat model, additional consideration of mechanical
properties of the system, etc.) The most popular of
such modular packages are Comsol Multiphysics [96,97],
ANSYS [98,99] and flexPDE [100]. These packages use
mainly the finite element method or finite difference
method to solve differential equations in partial derivatives.
Today, four most common approaches to the description
of the superconductors behavior by FEM are in use: H-
formalism [101-106], (A—V)-formalism [107,108], (T—)-
formalism [109,110], and (A—T)-formalism [111,112]. The

Thermal flow
increase

Thermal flow

The beginning
decrease

of boiling
-

Heat flux

ATy | AToh

Temperature difference

Figure 22. Liquid nitrogen boiling curve subject to boiling hys-
teresis (AThc is the temperature delay of the beginning of bubble
boiling, ATon is the temperature of liquid nitrogen overheating).

word ,formalism“ is a common term, which by nature
indicates a parameter acting as a dependent variable of
the model when solving material equations, like Maxwell
equation in this case. Thus, for example, instead of
using the term ,H-formalism“ it would be more correct
to use the phrase ,formulation in terms of the magnetic
field components“. Despite of the equivalency of these
formulations, the methods of solution of relevant equations
in partial derivatives may differ considerably [113].

3.3.1. (T—V)-formalism

It is the most stable and fast method of description
of the critical state of superconductor featuring the best
agreement among the known grid methods. The current
vector potential (CVP) T is described by the expression:

VT =J. (5)

In fact, the CVP refers to the magnetization of an insu-
lated superconductor. Total magnetic field H is calculated
as the superposition of external magnetic field Hy and
the field induced by currents in the superconductor Hs,
superconducting regions are calculated in the formulation
of CVP (for two dependent variables T, and Ty), and
non conducting regions — in the formulation of mag-
netic scalar potential (MSP, variable V). Subject to this
expression (5)—(7) the Faraday and Gauss equations are
transformed and solved:

V x Hs =J, (6)
~VV =Hs—T, (7)
H=Hy+T—VV. (8)

The methodology is applicable for calculations of magne-
tization of superconductors and processes of the transport
current flow, but calculation is performed only for relatively

Technical Physics, 2022, Vol. 67, No. 15
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simple geometries, such as, for example, an infinite cylin-
drical superconductor. Such task can be solved analytically,
however, by using (T—V)-formalism, one can study more
complex loading modes, as well as easily integrate additional
equations into the model, for example, perform calculation
of superconductor behavior subject to the temperature.

3.3.2. (T—A)-formalism

One of the latest grid methods, whose main idea refers to
the use of CVP formulations for superconductive region and
the magnetic vector potential (MVP) for non-conductive
regions. This methods is applicable to the solution of tasks
with a complex geometry; it is quite flexible and efficient.
The main problem of the method is correct determination of
the continuity conditions along the boundary of the regions
division, where different calculation formulations are used
(Fig. 21, top). Solution of the problem is spatial division
of the regions, at which the regions of different formalisms
exchange solutions with each other (Fig. 21, bottom). This
requires simultaneous solution of tasks in terms of CVP
and MVP. Upon the end of computational process the
solutions superimpose on each other for more convenient
visualization.

The need for joint simultaneous solution of equations
for CVP (for superconductive region) and MVP (for the
whole calculation space) requires significant computational
resources. However, this problem is solved by replacement
of HTS regions with 2D ones without significant loss in
accuracy. The work [143] deals with a levitation system
consisting of a stack of HTS-belts and a permanent magnet.
It is shown that versus the H-formalism, (A—T)-formalism
features about 10 times better rate, but it is applicable
only to modelling of the systems, where 2D approximation
of superconductor is possible. (T—A)-formalism-based
3D model was proposed by a group of authors [111].
Geometry of magnets, ferromagnetic inserts and other
elements of levitation system can be represented in 3D,
however, superconductor must also be represented as a flat
2D layer. In the work [144] the (T—A)-formulation was
applied for the calculation of electromagnetic characteristics

Technical Physics, 2022, Vol. 67, No. 15

of HTS-belt stacks and multiturn coils. Moreover, the
work proposed the methods for the improvement of the
solution’s resolution by applying the methods of multiscale
structuring of the finite-element grid. Despite of a good
accuracy and efficiency of the methods in some cases, these
are not multipurpose ones. Their application is challenging
when solving non-stationary tasks or in case of complex
geometry of a system. The work [145] performed 2D-
calculation of electrodynamic wheel for a Maglev train,
which is a magnetic suspension consisting of permanent
magnets arranged in a circle and moving over a track made
of a superconductive material. The formulation efficiency
is shown for the calculation of the buoyancy and traction
force based on the wheel motion speed, as well as for the
calculation of losses in the system.

3.3.3. (A—V)-formalism

The formalism that implies the use of vector potential A
and scalar potential V as dependent variables for cases
when electrical field E of the superconductor is not
parallel to the applied electrical field. At that, the power
function for IU characteristic is replaced with many-valued
function, therefore, the electrical field E is represented as
a scalar, which imposes the mandatory condition of the
superconductor material anisotropy in three directions. The
first critical field of the superconductor is taken equal
to zero, the Meissner phase is ignored. The Meissner
phase in this case implies the presence of superficial
currents shielding the external magnetic field and not
penetrating inside of the superconductive material until the
external magnetic field has achieved the value of the first
critical field.

Inside the superconductor the electrical field is induced
by the motion of magnetic vortices (so called Abrikosov
vortices carrying a quantum of magnetic flux with finite
value ® = 2.06783383 - 10715 Wb) and parallel to the cur-
rent density J. This field can be expressed through scalar
and vector potentials:

E = —3A/dt — VV. 9)
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Figure 24. Record-breaking values of the captured magnetic field by HTS-belt stacks [132].

Main part of works represented in the literature with the
use of this formalism is devoted to modelling of current
limiters and calculation of losses in superconductors. The
method is applicable to the calculation of the systems
with a complex geometry for the calculation of transport
currents induced by external fields, and it is a good alter-
native for other procedures. The formalism disadvantage
is the need for the use of additional integral methods
when calculating magnetic fields, which complicates the
process of calculations. The work [146] represents cal-
culation of a magnetic bearing implemented by the use
of the finite difference method and showing insignificant
disagreement with the results of accurate H-formulation
implemented by using the finite element method. Cal-
culations show a good agreement with the experimental
data both for three-dimensional conductors and for HTS-
belt stacks.

It is the most common method and the most complicated
one in terms of the agreement, describing critical state
of superconductor. Main idea of the method refers to
the use of magnetic field as a dependent variable, which
allows to avoid cyclic dependence for the current when
non-linear dependence of the resistance on the current
(see expression (1)) is introduced as a power function for
the TU characteristic (see expression (2)), where resistance
itself depends on the current. The method is suitable for
the solution of tasks in a complex geometry, however, in
terms of agreement, it loses against the formulations in the

terms T—S2 and A—V, it is more complicated and requires
optimization of the calculation algorithms. With that, this
method is the most universal one among the proposed, it
is applicable to modelling both of processes associated with
the transport current flows, and of the processes associ-
ated with the induction of currents by external magnetic
fields, as well as to complex calculation of sophisticated
levitation systems. Since the solution of tasks in the H-
formulation requires considerable computational and time
resources, in order to simplify the computational process,
the mechanisms of adaptation of the elements grid are
proposed [147]. The work uses both the above mentioned
methods of multiscale structuring of the grid, and of the grid
representation, as well as pulling the grid through all layers
of the HTS-belt stacks. All four formulations were originally
based on the solution of Maxwell equations, however, the
H-formalism has been the most frequently applied for the
description of behavior of belt superconductors with a
high ratio of geometrical parameters of belts. A more
complicated task is modelling of behavior of the HTS
belt stacks in heterogeneous magnetic fields of complex
configurations, since this task may require mandatory 3D
setting of the task and direct modelling of the motion
processes of magnetic field sources. The work [148]
described a combined model of HTS bearing based on the
associated (A—T—H)-formulation considering the magnetic
assembly rotation.

Technical Physics, 2022, Vol. 67, No. 15
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In some cases, homogenization methods are applied
when calculating the levitation systems based on HTS-belt
stacks. The idea of the method refers to treating a stack of
HTS-belts as a three-dimensional superconductor, wherein
relevant limitations are introduced as to flowing of the z-
component of currents. This approach was offered for
the first time in [149], and then verified and improved in
the works [83,150,151]. A disadvantage of the method
is the fact that the engineering current density in belts is
used when applying stacks homogenization, therefore, it is
challenging to consider a lamellar structure of composites
and to perform comprehensive heat calculation. The ho-
mogenization model treats HTS-belt as a three-dimensional
sample with the thickness equal to a sum thicknesses of
all layers forming part of the composite. At that, current
is flowing within the volume of such HTS, that is equal
to the belt’s engineering critical current. With that, the
model cannot clearly consider the temperature dependences
of the electrical conductivity, thermal conductivity, heat
capacity, and density of the layers. Note that one of the
main features of the homogenization model (an analog is
three-dimensional HTS) and a full model of HTS-belt
stacks including the lamellar architecture of composites
into consideration, is taking of thermal processes into
account.

3.4. Modelling subject to thermal processes

The following expression underlies the thermal processes
description

aT
PCp =+ V(~KVT) = Q+pCowVT,  (10)

where C,, is the heat capacity at constant pressure, p is the
density, k is the thermal conductivity coefficient, w is the
field of temperature rates determined by parameters of ther-
mal impact and properties of materials (mainly by thermal
conductivity and heat capacity), Q is all heat sources. In this
case the temperature T acts as a dependent variable when
solving the non-stationary task. The calculation considered
temperature dependences of heat capacity, density and
thermal conductivity for all layers of each belt [61].

3.3.4. H-formalism

Heat release Q in the system was calculated by the for-
mula

Q=EJ, (11)

where E is the electrical field, J is the current density.

Distribution of currents J in superconductor is de-
termined by magnetization conditions and is calculated
when solving the PDE equations. The temperature
dependence of critical current is introduced within the
framework of the model in accordance with expression (4),
the temperature of critical transition T, for HTS-belts
GdBa,Cu307_x manufactured by SuperOx, measured ex-
perimentally is 92 K.

6 Technical Physics, 2022, Vol. 67, No. 15

Simulation of nitrogen cooling refers to specifying the
heat-exchange coefficient for a region of space surrounding
the HTS-belt stack. As known, there are two specific
boiling modes of liquid nitrogen: bubble boiling mode and
convective heat exchange mode (Fig. 22).

These modes are characterized in different heat-exchange
coefficients. The heat-exchange coefficient for the bubble
boiling is calculated as:

boil = Cn Q624 (pCpk) 117, (12)

where p is the density, C, is the heat capacity, k is the
thermal conductivity of liquid nitrogen,  is the heat flow,
Ch, is the coefficient [62,63].

The heat-exchange coefficient for stationary boiling of
liquid nitrogen is determined by the difference of temper-
atures AT at the boundary between a stack of belts and
liquid nitrogen and is calculated by the formula

Qcow = CconvATl/S, (13)

where Ccony is the coefficient from the work [64] depending
on the temperature.

Cryocooler cooling down within the framework of the
model is performed through a copper array, whose ex-
ternal boundary is set as a cooling source with specific
temperature. Heat radiation from external walls of cryostat
at the indoor ambient temperature is taken into account.
The calculation derives the value of the capacity of cooling
element operation, which must not exceed the capacity of a
real cryocooler cooling system. Otherwise, the temperature
mode is failed, which leads to undesired heating in the
system.

Because it is impossible to introduce circular current
directly (through the terminals from the current source)
into HTS sample, three methods of non-attenuating currents
induction are used in superconductive samples:
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Figure 25. Dependence of the levitation force on the number of
belts in a stack [137].
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Figure 26. Distribution of captured magnetic flux by HTS-belt stacks at various temperatures [137]. Warmer color shades correspond to
higher value of captured magnetic flux.

Surface: temperature
Cryocooler Liquid nitrogen
—=

Figure 27. Dynamics of thermal processes in a stack of HTS-belts in case of cryocooler and liquid nitrogen cooling [138]. Warmer color
shades correspond to higher value of the temperature. The maximum temperature on the represented distributions was 75.4 K.
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1) magnetic field cooling;

2) zero field cooling with further slow magnetization,

3) zero field cooling with pulsed magnetization.

The system calculation was performed for the field
cooling (FC) and zero field cooling (ZFC) cases. The
differences of these modes are shown in Fig. 23.

3.4.1. Magnetic field cooling (FC)

A superconductor heated above the critical temperature
is placed into external magnetic field and the temperature is
slowly decreased below T; (dT/dt = 0.1K/min). There-
after, external magnetic field is slowly decreased down
to zero. This method is the most common one for
the magnetization of massive superconductors in magnetic
field. The field decrease rate must be low enough,
so that heat dissipated during the magnetic flux motion

6™ Technical Physics, 2022, Vol. 67, No. 15

can be transferred to refrigerant, thus ensuring isothermal
conditions of magnetization (dB/dt < 0.2 T/min). In prac-
tice, the decrease of the magnetic field as a result of
relaxation (magnetic flux creep) leads to the need for
restoration of the initial field value. FC process cannot
be applied for restoration of the initial field value, be-
cause it requires heating above the critical value. The
maximum captured fields (and minimum temperatures
of the magnets functioning) are limited to mechanical
strength of samples, but not to current carrying capacity
of HTS.

3.4.2. Zero field cooling with further slow
magnetization (ZFC)

At start, a superconductor is cooled down below the
critical temperature, then external magnetic field is applied
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Figure 30. Distribution of captured magnetic flux above HTS-ring
(top) and comparison of levitation characteristics of HTS-disc and
ring (bottom) [156].

Figure 31. HTS-ring with single cut and double cut (top) and
distributions of captured magnetic fluxes corresponding to these
configurations (bottom) [141].

diamagnetic currents emerge, creating magnetic field ori-
ented oppositely to the external one. When the external
field is decreased, paramagnetic currents are induced in
the periphery of the sample and creating the field that
coincides the direction of the magnetization field. The
same as in the field cooling (FC) method, the magne-
tization field herein is changed slowly — isothermally.
Criteria of isothermal behavior are the equality of the
heat exchange capacity of a refrigerant (or a cryocooler)
and heat radiations in the sample. Specific values of
the external field change rate in case of magnetization
by the ZFC method are determined by the sample
cooling mechanism and characteristics of its materials.
Advantages of the zero field cooling method include the
absence of the need for heating the sample above the
critical temperature prior to magnetization, which could
be important when powerful magnets of captured flux
are in operation, for whom frequent defrosting is unfavor-
able.

3.4.3. Pulsed magnetization zero field cooling

The pulsed magnetization is similar to the process of
zero field cooling (ZFC), because prior to magnetization
the sample is cooled down to the temperature below
critical one. But, unlike the ZFC, the pulsed magnetic
field with the amplitude of 1.5T with specific pulse
times timp = 50ms—0.5s is created for magnetization when
modelling. The pulsed magnetization is the most promising
in terms of capturing the magnetic field when using a
series of pulses versus other methods. In contrast to
the methods described above the pulsed magnetization is
performed in adiabatic conditions, when heat exchange
between the sample and the environment can be ignored
during the time of pulsed effect because of low pulse
duration. It results in that the sample temperature after
pulsed magnetization appears to be higher than that of the
refrigerant due to HTS-material heating when magnetic flux
is penetrating. Therefore, in case of nitrogen cooling it is
necessary to consider possible sudden change of thermal
characteristics of the refrigerant during heating, and in
case of cooling by thermal conductivity of a solid body
(cryocooler cooling) it is required to accurately calculate
the capacity of cryogenic equipment necessary for keeping
the thermal mode.

3.5. Some of the results of calculation models
application

As it has already been noted, HTS-belt stacks have a huge
potential in view of their application in magnets of captured
flux, and magnet bearings for kinetic energy accumulators,
levitation suspensions for transport systems, elements of
high-speed rotor systems. For the years of existence the
values of magnetic flux captured by HTS-belt stacks have

Technical Physics, 2022, Vol. 67, No. 15
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grown dozens of times (Fig. 24) [47]. The work [47]
presents the calculation of a magnet of captured flux based
on the HTS-belt stacks with the record-breaking captured
magnetic field over 17T.

The publications include many works presenting the
associated electrodynamic and thermal calculations of HTS-
belt stacks subject to their layered structure [47,79,152,153].
These works deal with 2G HTS-belt stacks in perpendicular
magnetic field [79,152] or superconductive rings as elements
of a levitation system [153,154]. For HTS-belt stacks,
calculations of current distributions and captured magnetic
fields were performed, as well as calculations of levitation
forces for belt stacks with the height from 5 to 700 belts in
a stack within a wide range of temperatures [54] (Fig. 25).
It was shown that a finite height of a stack does exist, so,
if exceeded, the value of captured field and levitation forces

Technical Physics, 2022, Vol. 67, No. 15

stop rising, wherein for lower temperatures the limit height
of a stack is lower than for higher temperatures and the
maximum value of levitation force is always higher. The
results of calculation are in a good agreement with the
experimental data.

For HTS-belt stacks of different height, distributions of
captured magnetic flux were obtained that show specifics of
shielding of remote layers of stack by layers located closer to
the permanent magnet (Fig. 26) [54], as well as dynamics of
distribution of thermal spot when cooling HTS-belt stacks
by cryocooler and liquid nitrogen (Fig. 27) [86]. At that,
due to a high difference of numerical values, creation of a
common colored scale for the presented distributions seems
to be impossible, however, these distributions in general
demonstrate clearly physical processes occurring in HTS-
belt stacks in case of magnetization. On the presented
distributions warmer colors correspond to higher physical
value.

In the work [141], by the finite element method using the
H-formalism, levitation force dependences on the coordinate
were calculated at cyclic vertical and lateral shifts in 2D
and in 3D (Fig. 28). The calculations also demonstrate a
good agreement with the experimental results. This work
presents calculation data for three-dimensional HTS-bearing,
as well as for HTS-belt stacks-based bearing by using the
homogenization method.

As regards HTS-rings, the work [155] for the first time
dealt with HTS-rings as a magnet of captured flux, which
by nature refer to a stack of HTS-belts with central cut
and located onto a non-conductive former. Asymmetry in
the field distribution above the magnet surface is shown
(Fig. 29), which later was obtained in the work [156], where
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Figure 35. On the left — a design of superconductive bearing,
on the right — image of manufactured bearing model [136].

the increment of the levitation force was shown with the use
of superconductive rings versus HTS-disc (Fig. 30).

As it has already been shown, when using HTS-rings,
there is asymmetry of magnetic flux (Fig. 30) that results
in the asymmetric position of magnetic suspension when
using split-type configurations. To solve the problem of
asymmetry of captured magnetic flux, a configuration of
HTS-rings with double split structure was proposed and
calculated [157], which demonstrated more homogeneous
distribution of magnetic field (Fig. 31) and a good tempo-
rary stability of the captured magnetic flux.

Coils and stacks of HTS-belts are calculated as an element
of magnetic bearing for energy accumulators [141,142,158—
165].  Both single coils [163], wafers [142], double
wafers [164], and hybrid coils [162] can be used an HTS-
coil. One more option of HTS-rings are loops of HTS-
belts. The work [154] presents generalized model for the
homogenization of HTS-loop and double wafer (Fig. 32),
as well as the calculation of the vertical force based on the
levitation gap for loop-type configuration (Fig. 33)
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Figure 36. Loading curves for HTS-bearing in case of vertical
(top) and lateral (bottom) shifts [136].

Either single permanent magnets or their assemblies
in the form of co-oriented magnets [166,167], opposite-
oriented magnets [148,168], as well as Halbach assem-
bly [169,170] are the most frequently used in levitation
systems. Comparison of the levitation force for HTS-belt
stacks in the fields of different magnetic assemblies is given
in the work [169]. Tt is shown that for using in transport
systems, where it is required to maintain relatively high
levitation gap, the use of opposite-oriented magnet assembly
is more beneficial, meanwhile in the systems, where a
priority parameter is the value of the levitation force, the
use of Halbach magnet assembly is beneficial, because this
provides a high interaction force, which, however, falls
rapidly by height (Fig. 34).

3.6. Examples of calculation of real magnetic
levitation systems

The work [171] provides calculations of loading curves
and rotor oscillations for flywheel of a kinetic energy
accumulator in the presence of angular shifts. In a series
of works an analysis of electromagnetic characteristics
of HTS-suspensions and bearings is performed by using
(A—V)- and H-formulations in association with the model

Technical Physics, 2022, Vol. 67, No. 15

of equivalent electrical circuit [162,172]. As an example,
we take a structure of a bearing based on open windings
of HTS-belts from the work [148] (Fig. 35). Fig. 36 shows
examples of loading curves of such HTS-bearing.

Transport position of HTS includes all possible magnetic
suspensions and motors for a Maglev system, which
is the conceptual model of a high-speed ground trans-
port. Calculation models of HTS-motors are devel-
oped [173-175], as well as the models for calculation
of dynamic motion resistance of suspension [176,177],
calculation of the parameters of levitation system in
case of vibrations [167,178], calculation of dynamic re-
sponse and damping coefficient of HTS-belt stacks in
the presence of external pulsed excitations [178], advan-
tages and disadvantages of the use of three-dimensional
HTS and HTS-belt stacks in levitation systems are
shown [52,165].

The work [179] presents results of calculation of a linear
superconducting motor based on HTS-belt stacks. The
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Figure 37. The levitation force of HTS-belt stack when moving
above the magnetic assembly of opposite-oriented magnets for
various values of the parameters of a power function of IU
characteristic (top) and at various motion speeds (bottom) [164].
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Figure 39. Linear HTS-motor based on coils made of HTS-belts
and Halbach array [154].

motor consists of a stator made of permanent opposite-
oriented magnets and a stack of HTS-belts moving in the
field of magnetic assembly. Calculation results are shown

for various values ,n-value“ of a power function of IU
characteristic, as well as for different rotor motion speeds
(Fig. 37).

Other option of a small-scale linear motor is given
in [180]; it consists of HTS-belt wound coils placed into
the field of similar magnetic assembly (Fig. 38). Use of
such HTS-coils allows to minimize the total length of used
belt for the provision of the required force. An improved
model of a linear motor with the use of HTS-coils and
Halbach magnetic assembly was presented in the work [170]
(Fig. 39).

Modern cryogenic equipment enables easy achievement
of the temperatures required for functioning of HTS-
materials. Superconducting electrotechnical devices are
promising for many areas, and, often have no alterna-
tives. Today, there are examples of inclusion of su-
perconducting devices into substations. Magnetic tomo-
graphs having a great significance for medicine, have
one of the largest demand for superconductors. Such
well known international projects, as the ITER and the
Large Hadron Collider (LHC), solving global tasks and
problems of physics and opening the next step for sci-
ence, have become possible because of superconductors
only. Today, the main part of powerful magnets of
the LHC accelerator are either copper coils cooled by
supercritical helium or superconductive coils made of low-
temperature Nb3Sn.

The use of HTS, in particular, HTS-belts, is planned to
be tested at one of four main experiments in the LHC —
ATLAS. Application of HTS in levitation systems opens
perspectives for the development of the innovative modern
high-speed transport and rotor systems. Design of such
devices is always based on preliminary precise numerical
analysis. The tools of mathematical modelling of physical
processes occurring in the levitation systems of various scale
allowed to calculate electrodynamic and thermophysical
parameters of systems. The formulations described herein
are based on the solution of Maxwell equations and are
similar from this point of view. However, selection of
relevant formulation for the solution of a certain physical
task can reduce significantly the calculation time without
considerable loss of accuracy. The H-formalism is con-
sidered as the most accurate and universal formulation at
this moment. However, the solution of the task in terms
of magnetic field components will require the availability
of higher computation powers versus other existing ap-
proaches.

Conclusion

The presented review of literature data gives full enough
description of physical principles of functioning and charac-
teristics of various magnetic levitation systems both based
on three-dimensional HTS-materials, and on new composite
materials — superconductive belts assembled into stacks
or used as windings. Application of HTS-belts instead
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of conventional three-dimensional HTS has a series of
advantages, regarding the following possibilities:

— creation of scalable magnetic levitation systems;

— easy creation of superconductive assemblies of vir-
tually any forms and sizes, including complex three-
dimensional structures;

— significant mechanical strength;

— improved thermal characteristics because of the pres-
ence of thermal conducting layers in the structure of
composite, which is especially relevant in conditions of
alternating magnetic loads:

— optimization of mass-dimension sizes of MLS.

To conclude, there are general recommendations for
optimization of magnetic levitation devices based on HTS-
belts:

1. Selection of HTS-belt

One of significant advantages of HTS-belts versus three-
dimensional superconductors is a high density of critical cur-
rent, however, this advantage is stolen by a low engineering
(structural) density of current, since the filling coefficient
for HTS is a bit higher than 1% at the substrate thickness
of 100 um. Based on it, in order to enhance the engineering
density of current it is recommended to use the belts with
thinner substrates in stacks — 40 or even 20um, which
have already been produced by a series of companies.

Of course, it is required to select HTS-belts with the
maximum possible critical current within the working range
of magnetic fields up to 0.5T (typical magnetic fields of
the permanent magnet). The type of HTS, which is used
in superconducting layers does not affect, if this HTS is of
the REBCO family.

To create assemblies of HTS-belts one should use tinned
belts, which allow to create dense HTS-blocks at low heating
(up to 200°C).

2. Magnetic field parameters

The general recommendation on the use of permanent
magnets is that a superconducting assembly must be within
the region of the maximum gradient of magnetic field
(and, as possible, in the region of the maximum field),
which will lead to the maximum force of magnetic levitation.
In a series of cases it is more preferable to use the Halbach
array.

3. Optimization of mass-dimension sizes

Both the calculation and the experiment demonstrate the
trend to saturation of the levitation force with the increase
of the HTS-belt assembly thickness, associated with mutual
shielding of belts in the assembly. This is why the use
of thick assemblies is irrational. An optimum assembly
thickness is considered to be 50—70 belts.

4. Selection of working temperature

Decrease of the working temperature, as results from
calculations and experiment leads to the increase of the
levitation force. However, at the level of fields of
existing permanent magnets, decrease of the temperature
below 65 K gives only a small benefit for the levitation force.
Given that 65K can be obtained by pumping the nitrogen
vapors out, and lower temperatures require a complex
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cryogenic equipment, the use of low working temperatures
is irrational.

5. Homogeneity of long magnetic assemblies

Long magnetic assemblies are used in a series of magnetic
levitation applications, for example, magnetic levitation
transport or magnetic levitation bearings. These assemblies
should be made with the maximum possible homogeneity
along the superconductor motion path, since the non-
homogeneity of the magnetic field results in excessive mag-
netization of superconductor and occurrence of hysteresis
losses. The last circumstance will inevitably result in the
loss of magnetic levitation characteristics of the system.

To conclude, note that design of any magnetic levitation
systems must be followed by the preliminary calculation
of magnetic force characteristics for the selection of an
optimum configuration of magnetic field and geometry of
superconducting assembly.
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