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HTS-Tape Magnetic Bearing for Ultra High-Speed
Turbo Motor

R. Oliveira, X. Zeng, Member, IEEE, X. Pei, Senior Member, IEEE, R. Burke

Abstract—This paper aims to design superconducting mag-
netic bearing using HTS tape for a ultra high-speed turbo
motor operating up to 120 000 rpm. Despite being a recent
technology compared to conventional magnetic bearings, HTS
passive bearings have many interesting features, such as re-
duced dimensions, easy implementation and excellent dynamic
response at high speed. The results of the finite element
simulation are promising as the levitation forces and the
stiffness of the superconductor bearing are compatible with
the design requirements. The main contribution of this paper
lies in the use of short-circuited HTS coils, unlike previous
systems that used HTS bulk.

Index Terms—High-temperature superconductors, super-
conductor magnetic bearing, superconductor tape, high-speed
superconducting system

I. Introduction

H IGH-SPEED systems require a shaft holding mech-
anism with low friction or non-contact. Magnetic

bearings are excellent solutions for these systems. In recent
decades, materials engineering discoveries have allowed the
development of superconducting magnetic bearing (SMB).
They are self-stabilised devices, suitable for high-speed
operation with simplified cooling system [1]–[3]. They
presents technically innovative and generally are built
with high-temperature superconductors (HTS) bulk type
material, therefore they are passive systems [4]–[6].

Early work shows that passive magnetic suspension is
applicable to shafts and wheels up to about weight of
10 kg suspending a centrifugal rotor for 30 000 rpm and an
optical device rotating with 40mm in diameter [1]. Radial-
type superconducting magnetic bearing with 300mm in
diameter, using YBCO bulk reach levitation force density
around 11N/cm2 at 77K and 17N/cm2 at sub-cooled of
67K [7], [8]. The use of HTS tapes instead of HTS bulks
leads to significant advantages [9]–[11].SMB in motor
systems is a promising area and worthwhile investigation
[12]–[14].

This paper focus on the design of the SMB using HTS
tapes and will applied in high-speed motor. This system
have a horizontal position with radial SMB, instead of
vertical orientation and axial bearings. An important
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contribution to the superconductor field is the behavior of
the second-generation HTS tapes under ultra-high angular
velocity of magnetic field, since the previous systems
operate at less than 10 000 rpm [15]–[17].

It is intended to present the development of this work,
which consists of the following steps:

• Design: definition of the topology, operating param-
eters and qualitative analysis. This will help the
manufacture of a testing platform for high-speed
(120 000 rpm), low torque (4Nm) and an electric
drive system (electric motor and subsystems, control
strategy and measurement). The SMB design will be
developed on this stage, where the forces, topology,
permanent magnets arrangement and HTS tape are
defined.

• Simulation: the finite element method will be used
to analyse of electromagnetic force capabilities of the
HTS-tape bearings at high-speed using 2D simula-
tion. 2D axisymmetric mode is used to evaluate the
static levitation force. 2D model in xy plane is used
to investigate the stiffness when the rotor is centring.

On the next steps it is intended to reach the technology
readiness level (TRL) stage 6 [18].

II. Static Levitation of HTS tape

Magnetic stress approach is used to determine the
behaviour of the levitation force in superconductors. The
magnetic stress is dependent on the magnetic field density
and the total magnetic field vector is written in terms
of a normal component Bn and a tangential (surface)
component Bt (1).

B = Bnn+Btt (1)

The magnetic force on the surface element consists of
three terms, a magnetic tension σm proportional to the
normal component, a magnetic pressure pm proportional
to the tangential field component, and a magnetic shear
τm [19] (Fig. 1), as shown:

σm =
B2

n

2µ0
, pm =

B2
t

2µ0
, τm =

BnBt

µ0

The method to calculate the force between a permanent
magnet (PM) and a superconductor (SC) can be described
by (2).
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Fig. 1. Normal and tangential components of the magnetic field
vector at a surface and the corresponding magnetic stresses.

F =
1

2µ0

∫
[(B2

n −B2
t )n+ 2BnBtt]dA (2)

where n is the outward normal from body (radial com-
ponent) and t is the tangential (axial component) of the
magnetic induction. This equation presents the total force
on the magnetic sources in the body [19].

The analysis can be made for the static levitation of
type II superconductors which presents repulsive (due
to diamagnetism) and attractive (due to magnetic flux
pinning) forces. From the application of the Maxwell stress
tensor on the surface of the superconductor in the presence
of an external field, the magnetic force normal on the body
can be expressed by (3)

Fn =
1

2µ0

∫
(B2

n −B2
t )dA (3)

Among the topological possibilities of a radial bearing,
the axial magnetisation is very attractive topology. Axial
magnetisation uses the magnets are axially magnetised
and this configuration features flux concentrate in the
radial direction.

SMB radial using outer configuration can be assembled
with the HTS outside. This topology is called radial
outer (Fig. 2). This configuration may allow variations
in the type of shaft that may or may not have slots
for the accommodation of the permanent magnets. The
radial outer topology with axial magnetisation is chosen
for high-speed motor system since it does not need a
flux concentrator between the magnets and HTS tapes,
allowing to construct a more compact magnetic bearing.

Fig. 2. Radial outer topology.

III. SMB Design
This superconducting bearing aims to stabilise a shaft

for ultra-high speed motor application. Fig. 3 present the
main geometric dimension of the shaft with radial SMB.
PMs are mounted in Halbach array configuration and the

size of each is determined by its thickness (a) and its
diameter (b). Inserting the magnetic bearing at the ends
of the rotor will change its weight. The bearing volume will
depend on the geometry and the dimension of a, shown
in Fig. 3, which is varied from a=5mm (Topol-A), 7mm
(Topol-B) to 10mm (Topol-C) with b held constant (b =
douter). Table I presents the rotor volume and weight with
a=10mm.

Arnold Magnetic Technologies N52 permanent magnets
are selected and the main parameters are Br = 1.45T,
HcB = 979 kA/m, HcJ = 875 kA/m and BHmax =
406 kJ/m3. Due to the high value of Br and HcB , the
demagnetisation will depend on a the temperature rise
and strong vibrations, which is not expected for this type
of system.

The evaluated SMB considered two assemblies, the first
configuration with 4 short-circuited HTS coils, 2 coils at
each end of the shaft and the second configuration with
6 short-circuited HTS coils, 3 coils at each end. Different
numbers of turns including 5, 10 and 17 were analysed.
Details of the HTS tape is presents on Table II. The gap
between PM and HTS coil is varied between 2 and 10mm.

Fig. 3. Illustration of the shaft with SMB.

TABLE I
Volume and weight of the rotor with SMB and a=10mm (Topol-C).

Volume Steel 1010 NdFeB Carbon fiber
cm3 133.59 117.69 25.95
Density Steel 1010 NdFeB Carbon fiber
g/cm3 7.87 7.6 1.6
Weigth Steel 1010 NdFeB Carbon fiber
kg 1.05 0.89 0.04
Total (kg) 1.98
Total (N) ≈20.00

TABLE II
Specifications of the superconductor

Description Values
Manufacturer Shanghai Superconductor

Conductor type ST-12-L
Width [mm] 12

Thickness of HTS layer [µm] 2
Minimum Ic @77 K [A] 500

Ic of single tape @77 K [A] 510
Ic of single tape @65 K [A] 1100

Resistance at 300 K [mΩ/m] 100

https://www.arnoldmagnetics.com/wp-content/uploads/2017/11/N52-151021.pdf
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IV. Modelling
Two models are built for static and dynamic simulation.

2D z-axisymetric model is used to calculate the static force
as a function of the gap, which is the interaction between
the HTS coil and the set of permanent magnets (IV-A).
In this evaluation, different dimensions are considered for
each magnet of the array and HTS short-circuited coils
with different number of turns.

The 2D xy-plane with 1D HTS representation model
investigate the dynamic behaviour of the superconducting
bearing (IV-B). The behaviour of the current in the coils
and the forces due to the misalignment of the bearing are
also calculated. This model is based on the study presented
and developed by [20]–[22].

A. Static Force Modelling
Static force considers the calculation of the force due to

weight, which is presented in (4).

P = mg (4)

The radial and axial force were obtained through an 2D
z-axisymmetric model, according to Fig. 4. The magnetic
force was calculated by integrating the vector presented in
(5). Stiffness (kz) describes the response of the magnetic
force in front of changes in the position and velocity of
the levitated body. According to (6) it is the negative of
the derivative of the total magnetic force, in relation to
the referred axial position.

F = n · T = −1

2
n(H ·B) + (n ·H)BT (5)

kz = − ∂F

∂z

∣∣∣∣
0

(6)

Fig. 4. Illustration of the shaft with SMB and 4 short-circuited HTS
coils.

In this model, H-formulation is used, which allows
the calculation of the field of the permanent magnet,
according to (7) and (8). The nonlinear resistivity of the
superconductor is calculated by power law E-J (9) in both
static and dynamic models.

J = ∇×H (7)

−∂B

∂t
= ∇×E (8)

E = E0

(
|J |
Jc

)n
J

Jc
(9)

The radial force (static force in the r-direction) is
calculated by integrating the current density and magnetic
field density. The electromagnetic stiffness is calculated
based on the radial and axial magnetic field components,
obtained from the finite element software, according to
(5). Each step of 1mm is used to move the HTS coils
along the z-axis.

B. Dynamic Modelling
The dynamic 2D xy-plane model consideres the 1D

superconducting tape method using a TA-formulation,
as shown in Fig. 5. The current density is calculated from
the current vector potential (T ), (10), which considers
the A-formulation, (11), governing the domain external to
the tape. Based on the model presented by [20], an initial
value of T=0.5mA/m is applied on each HTS tape. It also
considers that the tapes are in the presence of a magnetic
field generated by permanent magnets whose direction of
the rotating flux is described by Br cos (2πfrt) in the
x-direction and Br sin (2πfrt) in the y-direction whose
magnitude is 1.45T and frequency fr. The dynamics
simulation is imposed by the movement of the magnetic
field that emulates the speed of the rotor. This approach
is useful to investigate the magnetic flux distribution.

J = ∇× T (10)
B = ∇×A (11)

Fig. 5. Illustration of the model with a rotating flux.

V. Simulations Results
Fig. 6 shows the magnetic flux density in the Halbach

array. This configuration has a pole pitch of 20mm and
enhances the magnetic field density, which is ≈0.6T at
2mm above the shaft, capable of meeting the initial system
requirements.

The static force provided by the interaction of PM and
HTS coils for different topologies of magnets and coils is
shown in Fig. 7. The legend with index named A, B and
C that represent the thickness of the PM (5, 7 and 10mm,
respectively), the number is related with the numbers of
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Fig. 6. Illustration of the shaft with PM. On left side a 2D model
front view, and right side a revolution around z-axis.

turns of HTS coils (5, 10 and 17 turns) and the subscript
is the total number of short-circuited HTS coils (4 or 6).

The gap variation has a strong impact on the force
and this influence is presented quantitatively. Topol-C104,
C174 or C176 configuration presents minimum conditions
for bearing operation, with a holding force of approxi-
mately 60N, 70N and 90N, respectively.
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Fig. 7. Static force for different PM arrangement and gaps.

The relationship between the number of turns of each
HTS coil with the static force is presented in Fig. 8 using
Topol-C4, which has 4 HTS short-circuited coils. The use
of coils with more than 17 turns does not present any
considerable increase in force.

The stiffness curves as a function of the gap variation
of 5 and 10mm for Topol-C174 and C176 are shown in
Fig. 9. These values can be considered sufficient for this
small rotor [23]–[25].

Magnetic flux density is presented in Fig. 10 with max-
imum of 0.7T on the PM surface. In this computational
model in xy plane, it is not possible to represent the
Halbach configuration, so the maximum flux density is
applied using the value obtained with the axysymmetric
modeling (along z-axis) in the HTS coil region. The value
of J/Jc is approximately 0.7 as shown. Fig. 11 shows the
current density in turn number 1, 5 and 10 in a quarter-
section with arc length of 30mm on the first turn. The
winding is short-circuited and has the same circulating
current.
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Fig. 8. Radial static force for different topologies with gap=10mm.
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Fig. 9. Stiffness evaluated in the interaction region of the PM and
HTS coil, considering 4 and 6 short-circuited HTS coils (17 turns
each one) with a gap of 5 and 10mm.

Fig. 10. Magnetic flux density (left legend [T]) and J/Jc (right legend
[-]) at 8ms.

The SMB design with 10 turns of HTS coil using the
magnetic flux density provided by Topol-C10 is presented
in Fig. 12, The maximum flux density on HTS coil surface
close to the PM increases by 23.6% and on the surface far
from the PM decreases by 40.24% when the rotor is 2mm
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Fig. 11. Current density in different turns of short-circuited coil.

Fig. 12. Misalignment of HTS coil, where the Cartesian’s coordinates
showed is the displacement in millimetres, with (0,0) as the origin
position.
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Fig. 13. Force provided by SMB when misalignment.

off-centre. Fig. 13 shows the force of SMB when there is
a misalignment, which eventually can restore the shaft to
the centre.

VI. Conclusions

The paper investigates superconducting magnetic bear-
ing using HTS tape. It is in the preliminary design
stage and focuses on qualitative analysis and numerical
calculation of fundamental parameters. The simulation
results shows that the superconducting magnetic bearing
system can operate with a gap of 10mm. Permanent
magnets with 10mm thickness with the number of tures
of 10 and 17 for HTS coil is sufficient to keep the magnetic
bearing operating.

Based on the static force results the use of a short-
circuited HTS coils with 6 coils and 17 turns each
significantly exceeds the requirements. The stiffness is
higher, which makes this a preferable option.

The stiffness of SMB designed in this paper is sufficient
to operate the rotor and keep it in a stable levitation
position. The electromagnetic stiffness in the SMB is lower
than the conventional magnetic bearing, however, this
shaft is merged with the rotor of the motor and the
magnetic rigidity would be increased by this interaction.

Dynamic simulation results indicate that the rotor can
be supported by HTS coils. The amount of HTS coil is
sufficient to keep the levitation steady and can restore the
original position of the shaft when there is misalignment.
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