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Abstract: This paper analyzes the viability of different solutions to passively augment the axial
stiffness of a horizontal axis radial levitation passive magnetic bearing (PMB) with a previously
studied topology. The zero-field cooling (ZFC) of high-temperature superconductor (HTS) bulks
promotes higher magnetic impulsion and levitation forces and lower electromagnetic losses than
those with field-cooling (FC) but, on the other hand, the guiding stability is much lower than those
with FC. Because of stability reasons, FC was adopted in most superconducting maglev systems.
The trend of this research group has been to develop a horizontal axis HTS ZFC radial levitation
PMB presenting notable levitation forces with reduced electromagnetic losses, defined by a topology
that creates guiding stability. Previous work has shown that optimizing the bearing geometry to
maximize magnetic guidance forces might not be enough to guarantee the axial stiffness required
for many applications. First, the extent to which guidance forces are augmented by increasing the
number of HTS bulks in the stator is evaluated. Then, the axial stiffness augmentation by passively
adding two limiting permanent magnet (PM) rings is evaluated. The results show that the axial
stiffness is highly augmented by adding limiting PM rings with no significant additional investment.
This change enables the use of the studied ZFC superconducting PMB in high-precision axial stability
applications, such as precision gyroscopes, horizontal axis propellers, and turbines.

Keywords: zero-field cooling; high-temperature superconducting bulks; passive magnetic bearing;
levitation; guidance; impulsion; limiting PM rings; axial stiffness; high-precision axial stability

1. Introduction

High-temperature superconducting (HTS) levitation bearings present some important
advantages for applications where high speeds are achieved or where frictionless technolo-
gies are required. Some examples of these applications are high-speed flywheels [1], energy
storage for space applications [2], high-speed motors and generators [3], and high-speed
textile applications [4].

Most of the proposed solutions of HTS levitation bearings present a field-cooled (FC)
HTS, due to guidance stability [5]. However, with FC, the electromagnetic losses are higher
and there is an increased risk of mechanical damage (cracking), due to the significant
magnetic field penetration in the HTS materials. Adopting zero-field cooling (ZFC) instead
of FC allows for higher impulsion and levitation forces and an increase in the gap and safety
distance [6,7]. Also, ZFC reduces the magnetic field penetration and electromagnetics losses
in HTS bulks, increasing efficiency [8,9] and extending their lifetime [10,11]. However, due
to their repulsive behavior, ZFC topologies require an enhancement of axial stiffness to
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compete with FC topologies. In reference [12], a study was carried out to compare the axial
stiffness of levitation bearings in FC and ZFC modes, showing a higher stiffness for the FC
topology, up to four times that of the ZFC one.

Some methodologies for increasing the stiffness of levitation systems have been pro-
posed for passive magnetic levitation and bearing devices. In reference [13], the authors
propose the use of permanent magnets and magnetic plates to increase the stiffness of an
axial flux HTS motor for aircraft propulsion. Axial airgap distances and torque dynamics
are given in reference [14], concerning another axial flux HTS motor for aircraft propulsion.

In reference [15], the authors propose the optimization of the geometry of a ring-shaped
permanent magnet (PM) passive vibration isolator to maximize the axial magnetic force
and stiffness. The PM’s width, height, and air gap width were critical for balancing stiffness
and levitation. In reference [16], a new method to measure the stiffness of a repulsive
passive bearing in a single gimbal magnetically suspended control moment gyroscope
was proposed and validated experimentally. In reference [17], the magnetic forces and
axial stiffness were analyzed for a new axial-type superconducting magnetic bearing (SMB)
based on the interaction behavior between a PM and two closed superconducting coils.
Lateral stabilization was achieved by placing HTS coils at each side of the magnetic bearing.

The importance of the stiffness of magnetic systems is not only related to magnetic
levitation systems. For example, in reference [18], a model was developed to determine
the magnetic stiffness in radial flux permanent magnet generators of direct-drive wind
turbines from the structural mechanical stiffness, depending on the verified operation
deflection. Also, the impact of stiffness is key in developing electromagnetic negative-
stiffness springs [19]. Thus, the techniques developed for these systems can also be analyzed
to increase the stiffness of horizontal axis HTS ZFC levitation bearings.

Following the advancements made in methodologies to increase the stiffness of levita-
tion systems, in this paper, we propose to evaluate ways to passively augment the axial
stiffness of a studied horizontal axis HTS ZFC radjial levitation passive magnetic bearing
(PMB). We propose the enhancement of axial stiffness by passively adding limiting PM
rings aligned with the PM rotor and independent from the PM rotor at a specific distance
from the side rotor PM rings. With this new insignificant cost addition, the modified HTS
ZFC magnetic levitation bearing may compete in terms of guiding stability with HTS FC
magnetic levitation bearings for high-precision axial stability applications such as precision
gyroscopes, high-speed horizontal axis propellers, and turbines.

This research will contribute to solving the problem associated with the limited appli-
cation of HTS ZFC levitating bearings, due to their inherent reduced lateral stability. The
deployment of HTS ZFC bearings has the advantages of ensuring the increase in levita-
tion forces and the levitation gap safety distance, as well as reducing the electromagnetic
penetration and losses in HTS materials, increasing their lifetime. On the other hand, the
process of ZFC has the disadvantage of requiring more initial work and energy to transfer
the cooled HTS from the cooling position to the levitating position, compared to the FC
process.

Section 2 presents the designs and materials for the existing and modified bearing
geometries and describes the adopted analysis methods to reduce numerical processing.
Section 3 presents the result of the determination and validation of the equivalent magnetic
permeability when the rotor and stator axes are aligned. Also, it evaluates the axial stiffness
augmentation by adding HTS bulks in the stator or limiting PM rings aligned with the rotor.
The results are discussed in Section 4 and the main conclusions are stated in Section 5.

2. Materials and Methods

This section presents and describes the designs, materials, and analysis methods
considered in this study.



Actuators 2024, 13, 196

30f17

2.1. Designs and Materials of the Studied HTS ZFC Passive Bearing Experimental Prototype

In this paper, we propose to analyze different techniques to improve the axial stiffness
of the horizontal axis high-temperature superconducting (HTS) zero-field cooled (ZFC)
horizontal axis radial levitation bearing shown in Figure 1. Figure 1a,b show a photo and
the 3D design of the studied HTS ZFC bearing experimental prototype assembly. Figure 1c
shows the 3D design of the experimental prototype extrusion.

R |

(b) (c)

Figure 1. A photo (a), the assembly 3D design (b), and the extruded 3D design (c) of the studied HTS
ZFC passive magnetic bearing experimental prototype.

The studied passive bearing geometry comprises a PM rotor including three radially
magnetized PM rings in an alternate polarization arrangement. The polarization of the
intermediate PM ring is the opposite of the polarizations of the two side PM rings, resulting
in an attraction between adjacent PM rings in the rotor [20]. PM rings of Neodymium
Iron Borum (NdFeB) with grade N40 were used in tests and were considered in finite
element analysis (FEA) simulations. The rotor’s structure to support the PM rings was built
with Polylactic Acid Plastic (PLA) that was printed using a 3D Computer-Aided Design
(CAD) printer.

Also, a stator housing two discontinuous rings of HTS bulks was cryocooled using ZFC,
each ring with a maximum of eight HTS bulks [20]. HTS bulks of Yttrium Barium Copper
Oxide (YBCO) were used in tests and were considered in FEA simulations. The stator was
made of rigid high-density polyurethane (PUR) because of its low thermal conductivity
and easily machinable material. The stator was manufactured using a Computer Numerical
Control (CNC) milling tool. The cryostat included two chambers for two discontinuous
rings of HTS bulks, each formed by two symmetric half-parts. On the top of each chamber,
a hole opens to the environment for liquid nitrogen (LN2) replenishment. Figure 2a—c show,
respectively, the 3D perspective, 2D projection, and a photo of one stator chamber half-part,
housing only three HTS bulks at its bottom. The LN2 circulation zone is highlighted in blue,
where direct contact exists between YBCO bulks and LN2 in the tested concept-proving
experimental prototype.

The basic concept of the considered HTS permanent magnet arrangement consisted of
cryocooling the HTS bulks in the stator in the zero-field condition, far from the influence
of the rotor magnetic fields, with the rotor away from its operating position. After the
cooling of the HTS bulks down to the average LN2 temperature, the rotor is positioned
in its operation position in the stator cavity. During the approximation of the rotor to its
operation position, currents are induced in the HTS bulks due to variations in the applied
magnetic fields. The induced currents generate according to Ampere’s law the initial
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magnetization of the HTS bulks. Repulsive magnetic forces appear due to the interaction
between the HTS bulks” magnetization field and the applied magnetic field from the rotor
PM rings. Low guidance is provided by the studied HTS ZFC passive bearing geometry
because each discontinuous ring of HTS bulks is located in between adjacent PM rings with
opposite polarization.

Figure 2. The 3D perspective (a), 2D projection (b), and photo (c) of one stator chamber half-part,
housing only three HTS bulks at its bottom.

To facilitate the process of ZFC, after cryocooling the HTS bulks far from the rotor
to not be under the influence of its magnetic fields, the rotor was always placed in the
stator cavity, with the rotor and stator axes aligned. With this procedure, the initial induced
current distribution and magnetization of the HTS bulks distributed around the stator
would be almost the same, independent of their azimuthal position.

The initial prediction of magnetic levitation and guidance forces and the measurement
of rotor dynamics were performed in reference [20]. Studies on the LN2 consumption and
YBCO bulk temperature evolution for different thermal processes in the initial ZFC and
the operation of the experimental bearing prototype were presented in reference [21]. A
methodology was developed to predict the released thermal power evolution from the
measured LN2 mass loss rate, to determine the autonomous safety service time of the
studied horizontal HTS ZFC levitating bearing [22].

2.2. Geometry Modifications to Augment the Axial Stiffness of the HTS ZFC Passive Bearing

Optimization of the PM ring and HTS bulk ring spacings was carried out to maximize
the bearing guiding stability, considering both bulks of dimensions 33 x 33 x 14 mm? and
40 x 40 x 10 mm? [23]. The results have shown that the magnetic guidance is slightly
higher with the first bulk size and the magnetic levitation is higher with the second bulk
size. For this reason, and because of the availability of good condition bulks of dimensions
40 x 40 x 10 mm?3 in our laboratory, the latter bulk size is considered in this analysis.

Figure 3a,b show the dimensioned longitudinal bisection design of the studied bearing
topology and corresponding mesh grid for 3D FEA. Variables ds. and d,,; refer to the
distances, respectively, between the two discontinuous rings of HTS bulks in the stator and
between adjacent PM rings in the rotor.

Figure 4a—h show the different possible topologies of the asymmetric distribution
of HTS bulks in the stator that were considered in this study. By completing the stator
with a total of sixteen HTS bulks, referred to as Topology A in Figure 4a, it would be
impossible to levitate with the rotor axis at the center position. With this topology of HTS
bulks, distributed symmetrically in the stator, the resulting magnetic levitation force in
the y-direction would be zero and gravity pulls the rotor down, forcing it to levitate with
eccentricity. For the exposed reasons, similar levitation asymmetry would be verified if
continuous HTS rings were used in the stator. From performed commercial inquiries, the
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cost of one complete continuous HTS ring is about 140% of a complete discontinuous ring
with eight HTS bulks, according to Topology A.
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Figure 3. Dimensioned design of a longitudinal bisection of the studied bearing (a) and mesh grid
considered for 3D FEA (b).

Figure 4g,h show a negative vertical deviation (Ay < 0) and a positive vertical devia-
tion (Ay > 0) of the rotor for Topology G, respectively. The dashed lines refer to the rotor
position at Ay = 0, with the rotor and stator axes aligned.

Topology F in Figure 4f, with only six HTS bulks at the stator bottom, maximizes
the resulting magnetic force in the y-direction, referred to as levitation force, with less
investment in HTS bulks. Because this topology enables a wider range of vertical deviations,
Ay, where levitation is verified, it was considered in previous studies for validation by the
experimental testing of magnetic forces predicted using numerical FEA. On the other hand,
the verified magnetic guidance forces are minimal with Topology F, because the higher the
magnetic energy portion used for levitation, the lower the magnetic energy portion used
for guidance.

Figure 5a,b show views of longitudinal bisections, respectively, for Topology F with
a negative axial deviation of the rotor (Az < 0) and for Topology G with a positive axial
deviation of the rotor (Az > 0). The dashed lines refer to the rotor position at Az = 0.

Figure 6 shows the design of the proposed change by adding two limiting radially
magnetized PM rings with the same polarization as the rotor edge PM rings, to augment
the axial stiffness with no significant additional investment. Variable d,,; represents the
distance between the rotor edge PM rings and the limiting PM rings, with no axial deviation
of the rotor (A, = 0).
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Figure 4. Lateral bisection views of six topologies with asymmetric distribution of HTS bulks in the
stator: topology A (a), topology B (b), topology C (c), topology D (d), topology E (e), topology F (f),
topology G with Ay < 0 (g), and topology G with Ay > 0 (h).

y
Az <0 F G Az>0

(a) (b)

Figure 5. Longitudinal bisection views, respectively, for Topology F with Az < 0 in (a) and for
Topology G with Az > 0 in (b).
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Figure 6. Design of the proposed change, adding two limiting radially magnetized PM rings with the
same polarization as the rotor edge PM rings, to increase axial stiffness significantly.

2.3. Adopted Method to Reduce Numerical Processing in the Prediction of Magnetic
Guidance Forces

The required numerical processing in the 3D FEA prediction of magnetic forces could
be significantly reduced if a simplified model of equivalent permeability is considered for
HTS bulks [24]. This approach avoids performing a complete electromagnetic analysis
using non-linear conductivity power laws and the Kim—-Anderson model for type II super-
conductors [25,26] to determine the detailed current distributions and magnetization of
HTS bulks.

Previous results [23] have shown that for the considered ZFC radial bearing, the equiv-
alent permeability of HTS bulks varies with the rotor vertical deviation. Their equivalent
permeability does not notably vary on the limited range of possible rotor axial deviations
when kept with no radial deviation. Once the prediction and validation of magnetic guid-
ance forces are performed, keeping the rotor and stator axes coincident (with no radial
deviation of the rotor), the FEA numerical prediction of magnetic guidance forces is deter-
mined, assuming the approximate value of equivalent magnetic permeability for the HTS
bulks verified when there is no rotor radial deviation. Results related to the determination
and validation of such equivalent magnetic permeability values are presented in Section 3.1.

3. Results

This section first presents the results of the determination and validation of the HTS
bulks’ equivalent magnetic permeability with no rotor radial deviation. Then, results on the
axial stiffness depending on the considered topology and number of HTS bulks in the stator
are presented. In the end, results are presented from the determination and validation of
the axial stiffness augmentation by adding limiting PM rings with the same polarization as
the rotor edge PM rings.

3.1. Equivalent Magnetic Permeability for HTS Bulks with No Radial Deviation of the PM Rotor

The HTS bulks’ equivalent permeability was validated, with no radial deviation of
the PM rotor, considering Topology F, because this topology maximizes the range of rotor
vertical deviations where levitation is verified. Also, with this topology, the number of HTS
bulks is only six, minimizing the required amount of numerical processing. The six HTS
bulks are located on the lower half of the stator, being enough to determine and validate
the variation of the HTS bulks” magnetic permeability with the rotor vertical deviation,
considering that the bearing geometry presents symmetry with relation to the horizontal
plane of longitudinal bisection.
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Figure 7a shows the distribution of magnetic field density B resultant from 3D FEA
simulations with no radial deviation of the PM rotor, considering HTS bulks with equivalent
magnetic permeability 7, = 0.25. Figure 7b shows the distributions of B and the detailed
current density J obtained, considering the complete electromagnetic non-linear power-law
model for the conductivity of type II superconductors with J,o = 5 x 107 Am~2. The
obtained distribution of B nearby HTS bulk boundaries is similar using the two models.

Figure 8a shows the experimental measurement of the magnetic levitation force
Fiey with no vertical deviation (Ay = 0) and no axial deviation (Az = 0) of rotor D20
(dy =20 mm). The measured levitation force magnitude, Fi., = 27.01 N, is the sum of
the rotor gravity, Fg = 15.88 N, with the impulsion force measured with Baxtran KRN05
dynamometer, F, = 11.13 N. Figure 8b shows the experimental measurement of the
magnetic guidance force, Fgy;, with no vertical deviation (Ay = 0) and an axial devia-
tion, Az = —10 mm, of rotor D20, where the predicted guidance force is maximum. The
measured guidance force with Ay = 0 and Az = —10 mm was Fg,;; = +4.55 N.
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5
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\ i A " N . % ‘\\' p 1 3
\ \L — );’ .
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Figure 7. Distributions obtained using 3D FEA simulations for B, considering HTS bulks with
ur = 0.25 (a), as well as for B and J, considering the complete EM model with J.g = 5 X 107 Am~2 (b).

(@) (b)

Figure 8. Experimental measurement of Fj,, with Topology F and rotor D20 at Ay = 0and Az =0
(a), and of Fgy; with Topology F and rotor D20 at Ay = 0 and Az = —10 mm (b).
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Figure 9 shows the characteristic Fjo, (Ay) with Az = 0, predicted using 3D FEA
simulations. Five were obtained considering equivalent values of y, ranging from 0.2 to
0.4, while one (red line) was obtained using the complete electromagnetic model with
Joo =5 x 107 Am~2.
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Ay [mm]

Figure 9. Characteristic Fjo, (Ay) with Az = 0, using Topology F and rotor D20, predicted using 3D
FEA for Ji; ranging from 0.2 to 0.4, and for J.o = 5 x 107 Am~2.

According to reference [23], the characteristic Fj., (Ay) with Az = 0, resultant from
experimental measurements using rotor D20 (dm, = 20 mm), follows in between the two
predicted using 3D FEA simulations using the complete electromagnetic model with
Jeoo =3 x 107 Am~? and Joo = 8 x 107 Am~2. The characteristic obtained considering
1y = 0.25 crosses the one obtained with the complete model, considering [0 = 5 X 107 Am 2,
at almost Ay = 0 (no vertical deviation of the rotor). Also, the experimental measurement
of the levitation force at Ay = 0 (Fj, = 27.01 N) is close to the predicted one at the point
close to Ay = 0, where the two characteristics for 7, = 0.25and J.o =5 x 107 Am ™2 cross
each other.

Figure 10 shows the characteristic Fgyi(Az) with Ay = 0, predicted using 3D FEA
simulations. Five were obtained considering equivalent values of 7, ranging from 0.2 to
0.4, while one (red line) was obtained using the complete electromagnetic model with
Jeo = 5 x 107 Am 2. The experimental measurement of the guidance force at Az = —10 mm
(Fgui = +4.55 N) is close to the predicted ones, considering 7z, = 0.25and Jo = 5 % 107 Am~2.

The radial and axial stiffness of the geometry with Topology F and rotor D20 can be cal-
culated from the slopes of the complete EM model characteristics with J,o = 5 x 107 Am 2
(lines in red) in Figures 9 and 10. Hence, for such geometry, the radial stiffness is approx-
imately 2.2 N'mm~! and the axial stiffness is approximately 0.46 N mm~!. The gravity
force of rotor D20 is Fg = 15.88 N.

From the obtained results, one may conclude that keeping the rotor and stator axes
coincident (no rotor vertical deviation Ay = 0), the verified equivalent magnetic perme-
ability remains almost constant for values of axial deviation Az ranging from 0 to £10 mm,
assuming a value close to 71, = 0.25.
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Figure 10. Characteristic Fgy;(Az) with Ay = 0, using Topology F and rotor D20, predicted using 3D
FEA for y, ranging from 0.2 to 0.4, and for o = 5 x 107 Am~2.

3.2. Axial Stiffness Augmentation by Adding HTS Bulks to the Stator

Figure 11 shows the dependence of Fj., with the distance d;, between adjacent PM
rings in the rotor, obtained using 3D FEA, considering the HTS bulks with an equivalent
magnetic permeability 7, = 0.25 for the several topologies of HTS bulks in the stator. This
keeps the rotor at the axial equilibrium position (Az = 0) with its axis coinciding with the
stator axis (Ay = 0).

40 D20
——A
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vy, ¢ +38
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0e¢
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Figure 11. Dependence of F., with d;; keeping the rotor at Ay = 0 and Az = 0, for the several
topologies of HTS in the stator, considering 7, = 0.25.

The levitation force Fj., decreases with the increase in the distance d;, between adjacent
PM rings in the rotor. The generated levitation assumes higher values with topologies E
and F. The values of Fy, for these two topologies are close, because the HTS bulks with
higher surfaces disposed vertically in Topology E almost do not contribute to levitation.
The investment with Topology E, including ten HTS bulks, is higher than with Topology F,
including six HTS bulks, but Topology E guarantees higher stiffness in the x-direction. A
similar thinking could be applied by comparing topologies C and G. Thus, the investment
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with Topology C is higher than with Topology G, but Topology C guarantees higher stiffness
in the x-direction. With topologies C and G, it is possible to keep rotor D20 (d;,; = 20 mm)
levitating with a vertical deviation close to Ay = 0, because its gravity force is Fg = 15.88 N.

Figure 12a,b show, respectively, for rotors with d;, = 20 mm and d,;, = 15 mm,
the dependence of the guidance Fgy; with the rotor axial deviation Az, keeping its axis
coinciding with the stator axis (Ay = 0), obtained using 3D FEA, considering an equivalent
relative magnetic permeability 7, = 0.25. This dependence was predicted for the several
topologies of HTS bulks in the stator. Previous work [23] compared the guidance forces
with different rotors, considering only topology F of HTS bulks.

L L 1

20-17.5-15-12.5-10 -7.5 -5 25 0 25 5 7.5 10 12.5 1

I 1 L L -10 \

5 17.5 20 -20-17.5-15-125-10 -756 -5 -25 0 25 5 7.5 10 125 15 17.5 20
A z [mm] A z [mm]
(a) (b)

Figure 12. Dependence of Fgui with Az, keeping rotors defined by d;;, = 20 mm (a) and d;, = 15 mm
(b) at Ay = 0, for the several topologies of HTS in the stator, predicted using 3D FEA, considering
#r = 0.25.

The guidance force Fgy; is higher with d,, = 20 mm than with d,, = 15 mm. This force
depends on the number of HTS bulks in the stator, increasing with the number of HTS
bulks of the considered topology.

Following the methodology in [27], the axial stiffness k results from deriving the
guidance force Fg; relative to Az. Figure 13 shows the characteristic k(Az), for geometries
with rotor D20 (d,;, = 20 mm) and topologies F, G, E, or C, highlighting the zone where the
system is stable (x < 0). According to Figure 11, these four topologies of HTS bulks allow
the levitation of rotor D20 with positive vertical deviation (Ay > 0). Figure 13 states the
average values of x for Az in the range £ 5 mm, where there is a higher stability and an
almost stable stiffness.

Table 1 states the magnitudes of the average axial stiffness ¥ with rotor D20 (d;;, = 20 mm)
within Az = £5 mm, for topologies F, G, E, and C of HTS bulks in the stator, that allow the
levitation of such a rotor with Ay > 0.

Table 1. Axial stiffness with rotor D20 (d,;, = 20 mm) within Az = £5 mm, for topologies F, G, E, and
C of HTS bulks that allow the levitation of such a rotor with Ay > 0.

Topology # HTS Bulks kK [Nmm™1]
F 6 0.46
G 8 0.65
E 10 091
C 12 1.15
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Figure 13. Dependence of the axial stiffness x on Az, considering rotor D20 (d,, = 20 mm) and
topologies F, G, E, or C.

Previous studies considered topology F for the reasons explained in Sections 2.2 and 3.1.
With topologies C and G, the rotor would levitate at the center (with no vertical deviation)
and the axial stiffness would improve, being higher for Topology C. When moving from
Topology F to C, the number of HTS bulks duplicates. The axial stiffness with Topology C is
still low, making the studied horizontal axis HTS ZFC radial levitation PMB inappropriate
for applications requiring high-precision axial stability.

3.3. Axial Stiffness Augmentation by Adding Limiting PM Rings

The axial stiffness does not increase notably when HTS bulks are added to the stator.
The addition of two limiting PM rings radially magnetized with the same polarization as
the rotor edge PM rings to significantly increase the axial stiffness is evaluated here.

Figure 14 shows the experimental setup to measure the magnetic impulsion force F,;
between the limiting PM ring on one side and the closest rotor edge PM ring, depending
on the distance d,,;; in between them. Figure 15 shows measurements of F,;;, depending
on d,,; being equal to (a) 5 mm, (b) 10 mm, (c) 15 mm, and (d) 20 mm. Figure 16 shows
the characteristics of the magnetic impulsion force F,,;; between the limiting PM ring on
one side and the closest rotor edge PM ring, depending on the distance d,,;, predicted
using 3D FEA and obtained experimentally. The experimental measurements follow the
characteristics predicted using 3D FEA with a good approximation.

Limiting
PM Ring

Figure 14. Experimental setup to measure the magnetic impulsion force F,;; depending on d,,.
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(b) (c) (d)

Figure 15. Measures of F,;; with d,,;; equal to 5 mm (a), 10 mm (b), 15 mm (c), and 20 mm (d).
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Figure 16. Dependence of F,;; with d,,,;, predicted using 3D FEA and obtained experimentally.

The total guidance force Fgyi ¥ of the modified horizontal axis HTS ZFC passive
bearing, including limiting PMs, results from the sum of the basic bearing guidance force
Fgyi with the additional guidance force Fgy;' from the limiting PM rings impulsion action,
as expressed in Equation (1):

Fgui+ = Fgui + Fguil 1)

Dividing both members of Equation (1) by Az, the total guiding stiffness k™ of the
modified horizontal axis HTS ZFC passive bearingwith limiting PMs is the sum of the
basic bearing guiding stiffness k with the additional guiding stiffness «” from the limiting
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900

PMs’ impulsion action. This can be modeled by a spring that results from the parallel of
two springs.

= FguiJr o Fgui + Fgui, - @ 1::gui,

Az Az Az Az

Figure 17a,b show the characteristics of the total guidance force Fgui+ and total axial

stiffness k* as functions of the axial deviation Az for distances d,,; equal to 5 mm, 10 mm,

15 mm, and 20 mm. These characteristics were predicted using 3D FEA, considering the

use of rotor D20 (d,;, = 20 mm) and the HTS bulks with an equivalent relative permeability

1y = 0.25 distributed in the stator, according to Topology G. Figure 17b states the average

values of the total axial stiffness k+ within Az = +4 mm for such distances d,,,,.
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Figure 17. Characteristics of the total guidance force Fguﬁ (a) and total axial stiffness k™ (b) as
functions of the axial deviation Az, considering the use of rotor D20 (d,;, = 20 mm) and the HTS bulks
with an equivalent relative permeability 7, = 0.25 distributed in the stator, according to Topology G.

With limiting PM rings placed at a distance d,,,; = 5 mm from the rotor edge PM rings,
the magnitude of the average total predicted axial stiffness within Az = +4 mm would be
kT = 145 N - mm . This value is significantly higher (more than one hundred times) than
the one presented in Table 1 for Topology G without limiting PM rings

4. Discussion

With the addition of HTS bulks in the stator, magnetic guidance forces increase, but
magnetic levitation forces decrease. Topology F, with only six HTS bulks at the bottom of
the stator, is the one that guarantees higher levitation but, on the other hand, is the more
unstable topology. Because Topology F enables a wider range of vertical deviations for
testing, this topology was used to predict and evaluate the HTS bulks’ equivalent relative
permeability as a function of the rotor vertical deviation.

According to Figure 11, with topologies C, E, F, and G of HTS bulks in the stator, the
PM rotor D20 can levitate at vertical deviations Ay > 0. When moving from Topology F
to Topology E, the levitation remains the same, but the guidance force increases by about
95%. Topologies C and G provide almost equal levitation forces, about 61% of the levitation
with topologies E and F. With topologies C and G, the rotor is kept levitating at the center
(with no vertical deviation). The guidance force with topologies C and G are about 143%
and 42% higher than with Topology F, respectively. Hence, when moving from Topology F
to Topology G, with only two more HTS bulks, the levitation is reduced to 61% and the
guidance increased about 42% compared to topology F. When moving from Topology F
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to Topology C, six additional bulks are needed, representing a significative investment,
to obtain a guidance increase that is insufficient for applications requiring high-precision
axial stability.

To facilitate the process of ZFC, after the cryocooling of HTS bulks far from the
influence of the rotor magnetic fields, the rotor should be placed in the center of the stator
cavity, with the rotor and stator axes aligned. Due to the existing symmetry, the same
initial induced current distribution and level of magnetization is expected for all HTS bulks,
independent of their azimuthal position. This would imply that if all the HTS bulks are
kept at the same temperature and the rotor kept levitating at the center (with no vertical
deviation), the magnetic field penetration and electromagnetic losses are approximately
the same on all the HTS bulks, independent of their azimuthal position. The results from
references [21,22] have shown that when the level of LN2 is kept above that of the HTS
bulks domain, their average temperature stays close to the average LN2 temperature. If,
after ZFC, the rotor levitates with eccentricity, the electromagnetic losses in operation
will be higher in the bulks closer to the rotor. In the case of the considered experimental
prototype, according to Figure 11, the rotor levitates at the center in the cases of Topologies
C and G. Because of the levitation symmetry with these two topologies, the losses will
be almost the same on all HTS bulks, independent of their azimuthal position. In the
cases of Topologies B and D, the rotor levitates with negative vertical deviation (Ay < 0),
with the expected losses in the six bottom bulks being higher. In the cases of Topologies
E and F, the rotor levitates with positive vertical deviation (Ay > 0), with the expected
losses in the six bottom bulks being lower. Hence, it is expected that, in the considered
experimental prototype, the operating electromagnetic losses increase according to the
following topology order Ly < Lg < Lg < Lc < Lp < Lp < L4 , where Lr represents the
losses with Topology F.

With the passive addition of two limiting PM rings, the axial stiffness increases signif-
icantly (more than one hundred times), considering a distance d,,; between limiting PM
rings and rotor side PM rings equal to 5 mm. This enables the use of the modified HTS
ZFC bearing for high-precision axial stability applications.

5. Conclusions

The base geometry of the horizontal axis HTS ZFC radial passive magnetic bearing
generates guiding stability, when the distance between the rotor side PM rings is higher
than the distance between the edges of discontinuous HTS bulk rings in the stator [23]. The
values of generated guidance forces by the basic geometry do not permit their application
for high-precision axial stability applications such as precision gyroscopes, horizontal axis
propellers, and turbines. The results presented in this study have shown that, with the
addition of HTS bulks in the stator, which is slandered by a relevant cost increase, the
guidance forces do not increase significantly, remaining of the same order and still cannot
be used for high-precision axial stability applications.

A proposed modification consists of adding two limiting PM rings, placed at a fixed
distance from the rotor edges, considering no rotor axial deviation, and with the same
polarization as the rotor side PM rings. The results show that for a distance d,,; between
limiting PM rings and rotor side PM rings equal to 5 mm, the magnitude of the total axial
stiffness is k7 = 145 N mmfl, which is more than one hundred times higher than the axial
stiffness for the base geometry x. With such a modification, the HTS ZFC radial passive
bearing may be used in applications of high-precision axial stability.
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