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Abstract
Superconductingmagnetic bearings (SMB) based on a combination of high temperature super-
conductors and permanentmagnets enable the realization of self-stabilized high-speed devices with
significantly reduced friction.However, external vibrationmight couple in the bearing resulting in
large amplitude oscillations due to a resonance case. A dedicated eddy current damper (ECD)might be
used to eliminate these oscillations for a stable operation. The influence of such damping elements was
studied for a frictionless SMB twisting systemdesigned to speed up the conventional ring spinning
process. Therefore, conductive copper rings with different thicknesses were implemented at different
positions into the bearing setup as ECD. Afterward, the SMB setupwas analyzed during acceleration
using an array of laser distance sensors to record the displacement of the levitating permanentmagnet
ring in radial and axial direction, respectively. Simultaneously, a numericalmodel was developed to
investigate the influence of the ECDs on the dynamic and static behavior of the SMB inmore detail. It
was shown that the simulated damping coefficients are in good agreementwith themeasured values,
which allows further optimization of the ECDwith the developed numericalmodel.

1. Introduction

Superconductingmagnetic bearings (SMB) are based on a combination of high-temperature superconductors
(HTS)with permanentmagneticmaterials and show the unique characteristic of stable frictionless levitation [1].
This levitation is characterized by self-stabilizing suspension forces in all directions in contrast to puremagnetic
or electromagnetic suspension systems, which require a complicated arrangement of permanentmagnets or an
active control system. In general, the restoring forces in the SMBbetween the permanentmagnet (PM) and the
superconductor originate from the so-called flux pinning effect, which ‘freezes in’ amagnetic field configuration
duringfield cooling of theHTSmaterial. As a result, each relativemovement of the superconductor in the
inhomogeneousmagnetic field of the PM leads to restoring forces tomaintain the cooling position.However,
force-freemovements are possible if themagnetic field configuration inside the superconductor is not changed.
This is used for rotational bearings, where the field remains unaltered along a PMring. Therefore, only an
extremely low rotational drag is required for a rotation of theHTS in the field of the ring (or vice versa), which
makes such SMBs a suitable choice for the design of rotating devices [2, 3]. Previously, such SMBswere tested for
various applications such as flywheels [4–7], cryogenic pumps [8, 9] ormotors [10].More details with a focus on
flywheel applications are found in a recent review [1].
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In the last decade, our groups focused on designing, characterizing, and optimizing such a high-speed SMB
for a ring spinning process in textile industry to produce the best quality of ring spun yarn in short staple yarn
production [11–15]. Themain goal of these efforts is to increase the speed of the ring spinning process to 50,000
RPM,which is about twice themaximumvalue used in conventional ring spinning. Themechanismof the ring
spinning process and the setup of the SMB system are discussed in detail in previous publications [12, 15].
Figure 1 shows the basic concept of the ring spinning process and of themeasurement setup. Themovement of
the levitatingmagnet is recorded during the acceleration and spinning process with laser distance sensors. The
resulting data are analyzed to reveal themain oscillation frequencies of the system. In general, a reinforced PM
ring is freely rotating above a superconducting ring, which is placed inside a cryostat. The schematic setup of the
bearing itself is shown infigure 2.Originally, none of the shown copper rings were installed in the bearing. A
stable rotation is observed during the dynamic acceleration of the PM ring up to speeds above 10,000RPM.
However, for higher speeds, additional fast radial oscillations of the PM ringwere frequently observedwith
amplitudes of up to 2mmdepending on parameters as cooling height, yarn quality, or acceleration sequence
[14]. A detailed analysis clarified that such oscillationsmost probably originate from a resonance case, where the
natural frequency of the bearing gets close to one of the vibration frequencies of the surroundingmachine
exciting the bearing itself. Such oscillations of the PMring significantly influence the yarn quality and frequently
result in yarn breakage, severely disturbing the process flow. Therefore, appropriatemeasuresmust be taken to
avoid or reduce such additional oscillations.

Although field-cooled SMB setups show a stable levitation, the bearing itself is relatively soft, i.e., small
movements of the PM relative to the superconductor are possible with a strong dependence on the used
magnetic field distribution and cooling height. In the dynamic case, this behavior is describedwith the bearing’s
stiffness and damping coefficient [16]. Depending on these values, the bearingmight become dynamically
unstable, resulting in extreme resonance cases. In these situations, oscillationswith large amplitudes occur,
whichmight causemalfunction or failure in the rotating device or the operating process. Therefore, designing a
damping element that reduces or even eliminates these oscillations is of great importance. In some approaches,
additional activemagnetic bearings (AMB) are used in a hybrid setup to stabilize the SMB [17–20]. One example

Figure 1.Basic concept for the analysis of the ring spinning process. The levitatingmagnet displacementwas recordedwith laser
distance sensors in axial and radial direction. Themeasured signals are processes afterwards using an FFT algorithm.

2

Eng. Res. Express 6 (2024) 035524 MBaloochi et al



is an SMB system forflywheel applications, which ismainly controlled actively to eliminate radial oscillations of
the rotor [19, 20]. Secondly, the concept of an electromagnetic shunt damper was tested to reduce axial
oscillations in a SMB setup [21–23]. Such a passive system consists of a specially designed coil placed above the
PM,which is connected to a shunt circuit with a resistor and a capacitor. Anothermethod to reduce the
detrimental oscillations significantly is to use eddy current dampers (ECD). They are simple, effective, and
cheaper than active elements, for which external devices typically need to be added in experimental setups [24].
Since the eddy currents produce a repulsive force proportional to the velocity of themagnetic bearing, it behaves
as a viscous damper. Eddy current dampers are used in a variety of industrial and technological fields, such as
civil structures to prevent earthquake and strongwind damage [25], automobile suspension [26], vibration
suppression of a beamor a cantilever [27, 28], andmitigatingmulti-mode cable vibration [29]. ECDswere
already studied in combinationwith SMB setups tomaintain stable levitation. For example, Jiang et al
numerically investigated the effect of additional conducting elements on the damping of vertical vibrations
inside a simple SMB setup consisting of a parallel-aligned superconducting andmagnetic disk [30].
Furthermore, Jin et al studied the effect of an ECDon the dynamic behavior of a linear levitatingmaglev system
when subjected to external disturbances such as cross-wind or track irregularities [31]. Finally, Detoni et al
evaluated the damping characteristics for a radial permanentmagnetic bearingwith additional ECD elements by
finite element simulations and experimental studies [32].

We aim to study the influence of such ECDelements on an existing SMB setup used for ring spinning studies
at high speeds numerically and experimentally. Therefore, we added additional conducting Cu rings to the
bearing, as illustrated infigure 2. In a first step, the PM ring’smagnetic fieldwasmeasured to develop and
validate a numericalmodel for this field usingCOMSOLMULTIPHYSICS 5.6. These data were used for a 3D
numericalmodel of the SMB to study the dynamic behavior for different arrangements of eddy current damper
around the PMring. In a second step, the bearingwas characterized in a static and dynamicmode to verify the
influence of selected ECD arrangements. This will allow us to optimize the ECD further for our application
scenario.

2. Basic investigations on the SMB setup

Figure 2 illustrates the schematic setup of the SMBwith integrated conductive Cu rings. For this study, we used
the following steps to initialize the bearing. The PMringwas placed by spacers at 4.5mmdistance to the upper
edge of the superconductor ring, which consists of YBa2Cu3O7−x (YBCO) segments. Afterward, liquid nitrogen
cools the superconductor to 77K inside the cryostat. Finally, the spacers were removed so that the PM is freely
levitating above the superconductor. At this stage, the PMmoves about 0.1mm towards the superconductor due
to its weight, i.e. the final working distance between PMand superconductor is about 4.4mm. It should be
noticed that the gap between the cryostat wall above the superconductor and the PM ring is just about 1.5mm,
limiting the thickness of the lower copper ring. In afirst step, the behavior of the SMBwas characterized by
differentmethodswithout anyCu ring. Afterward, Cu rings with different thicknesses were placed on top of the
cryostat between the superconductor and the PM to study the influence of the eddy current dampers on the
behavior of the SMB. For a second set of experiments, a 1mm thickCu ring having a larger outer diameter was

Figure 2. Schematic drawing of the used SMB setupwith a freely levitatingmagnet ring and the position of additional copper rings as
damping elements.
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fixed on the upper surface of the cryostat below the PM. This allowed to place additional copper rings above the
PM,which aremechanically connected to the lower copper ring by threated rods and nuts.

2.1.Magneticfield distribution of the PMring
A ring-shapedNdFeB permanentmagnet (gradeN40SH)with an outer diameter of 80mm, an inner diameter of
50mm, and a thickness of 6mm is used for this study. During operation at high rotational speed, the centrifugal
force on the sintered PMringmight result in a crack formation and, finally, in a breaking of themagnet. To avoid
this, the PM ringwas reinforced by an outer shell from anon-magnetic high-strengthNi alloy (Alloy 718)with
an outer diameter of 100mm.More details are described in [14].

Themagnetic field distribution of the axiallymagnetized PM ringwas scanned at different heights (h= 1–8
mm) above the surface with aHall sensor (MCA-2560-WN-03) attached to a steppermotor-controlledX-Y table
(compare figure 3(a)). The used step size for themeasurement inX andY directionwas 2mm. TheHall sensor
was sensitive to themagnetic flux density inZ direction, i.e., only themagnetic field’sBz component was
determined. The results in figure 3(b) show a homogeneous distribution of themagnetic field along the
circumference, which is essential for a lossless operation of the superconductingmagnetic bearing. Figure 4
summarizes themeasuredmaximummagnetic flux density for different distances between theHall sensor and
the top surface of the PM.

2.2. Numericalmodel for thefluxdistribution
Anumericalmodel was created for themagnetic field of the PMring to simulate the influence of the damping
elements on the behavior of the SMB. Since themeasurement results in section 2.1 showed a homogenous
distribution ofmagnetic flux density along the circumference of themagnet ring, we only consider the cross-
section of the PM ring to build the numerical 2Dmodel, which is easier to handle andmore time efficient.
Therefore, a numericalmodel based on the finite elementmethodwas set up inCOMSOLMULTIPHYSIC 5.6
usingMaxwell’s equations. In this numericalmodel the equationswere solved by the stationary solver of
COMSOL. In general, the used simulation domain consists of the PMand surrounding air only. The boundaries
of air domainwere set tomagnetic insulation condition. A linear dependence of themagnetization on the
magnetic field is expected as themagnet is kept at room temperature. Afterwards, a parametric studywas
performed, where the remanent flux densityBr wasfitted to themeasuredflux density at different heights as
shown infigure 4. The optimizedBr will be later imported to the 3Dmodel of the eddy current damper.

2.3. Static forcemeasurement of the bearing
For this study, the permanentmagnet ringwas placed at a distance of 4.5mm from the surface of YBCOduring
field cooling. The interaction force between the levitating PM ring and the superconductor wasmeasuredwith a
3-axis force sensor setup (Model number: FTD-Mini-45 SI-580-20), where themagnet wasfixed to the sensor
itself, and the cryostat, including the superconducting ring, wasmoved by steppermotors in radial direction.
The stepmotor velocity was set at 1mm s−1 for allmeasurements. The experimental procedure is sketched in the
inset offigure 5. Therefore, the PMringwasmoved±2mmout of the cooling position in radial direction

Figure 3.Characterization of themagnetic flux distribution for the used PM ring, (a) schematic illustration ofHall probe
measurement setup (h:measuring height), (b)Contour plot of themagnetic field distribution 2mmabove the PMring.

4

Eng. Res. Express 6 (2024) 035524 MBaloochi et al



recording the restoring force. It should be noted that this displacement is comparable to themaximal amplitude
of the PMoscillations observed in our SMB setup (comparefigure 7). The results infigure 5 indicate that the
restoring force exhibits an almost linear behavior with a very small hysteresis loop. The linearfit of the slope
gives a value of about 1700N/mfor the radial static stiffness of the bearing for small displacements.

2.4.Modelling of the dynamic behavior
As the restoring force shows an almost linear dependence for radial displacements of the PMup to 2mm
(figure 5), wewill neglect the effect of a non-linear behavior for the numerical study of SMBoscillations.
Consequently, the levitating PM ring can be represented by a simplemass-spring-dampermodel, as shown in
figure 6(a). Themotion equation that holds for such amodel is:

m x C x K x f t 1SMB SMB̈ ( ) ( )+ + =

Here,m is themass of the PM,which is 0.25 kg in our case.CSMB in [N.s/m] andKSMB in [N/m] are the
damping coefficient and the spring constant or dynamic stiffness of the SMB, respectively, f (t) is the external
force in [N] applied on the PM, and x in [m] is the displacement in radial direction. Adding theCu rings as
external eddy current dampers will give an additional damping coefficientCECD in [N.s/m], which leads to the

Figure 4.Maximum flux density at different heights above the used PM ring. The numericalmodel of themagnetic flux density uses
the remnant flux density Br as fitting parameter.

Figure 5.Measurement of the radial restoring force for the SMB (cooling height: 4.5mm,T= 77K).
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following equation:

m x C C x K x f t 2SMB ECD SMB̈ ( ) ( ) ( )+ + + =

For basic investigations, the levitatingmagnet of the SMBwas deflected by an impulse using a hammerwith a
titanium tip. Themovement of themagnet in radial directionwas recorded by an array of optical laser sensors
(more details are given in the following section aswell as in [12]). The system’s response to the impulse signal is
shown infigure 6(b) for an exemplary case. Afterward, themeasured displacement curves werefittedwith the
general solution of themotion equation for an underdamped free vibration:

x t A e tsin 3t
d d

n( ) ( ) ( )w f= +zw-

1 4d n
2 ( )w w z= -

z is the dimensionless damping ratio,ωn in [rad/s] andωd in [rad/s] are the system’s natural undamped and
damped frequency, t in [s] the time, and dÆ the signal’s phase. The damping ratio is given as:

C

K M2
5

eq

eq eq

( )z =

Ceq in [N.s/m],Keq in [N/m] andMeq in [kg] are the bearing’s equivalent damping coefficient, stiffness, and
mass, respectively.

2.5. Analysis of the SMBduring the acceleration phase
The complete SMB setup is installed in a ring spinning tester as described inmore detail previously [12, 33]. For
the tests,fibers from100%cottonwith a yarn count of 20 tex (1 tex= 1 g km−1)were used. Additionally, a yarn
twist of 800 TPM (twist/meter) and a total draft of 26were used. In the following, the behavior of the SMBwas
studied for thefirst time during the acceleration phase. The rotation speed of the spindle was increasedwithin
several intervals with a rate of 27.7 RPM/s (2.9 rad s−2). The resulting spindle speed is plotted in the related
figures. During the process, the yarn ismoving through a clip attached to the PM ring andwound on the spindle.
As a result, the yarn pulls on the levitating PMring and accelerates it. The resulting speed of the PM is about 2%
smaller compared to spindle speed [12]. In general, the yarn force pulls on the PM ring under an angle with a
radial and an axial force component. However, the force value is typically below 200 cN [33, 34], i.e., only a
minor displacement is expected. Additionally, vibrations fromothermoving parts of the ring spinning tester
might couple in the SMB resulting in an excitation of the bearing as previously shown for the steady spinning
case [12]. In the following, the behavior of the PMduring accelerationwill be studied in detail.

A set of 5 synchronized optical laser sensors is used to track themovement of PMduring operation.More
details on the setup of this sensor array are described in a previous publication [12]. The real-time signal during
the acceleration phase obtained from two of the five distance sensors is shown infigure 7(a). At low rotational
speeds, the oscillation amplitude in both axial and radial directions is small; therefore, so the ring spinning
process is stable. However, for a specific rotation speed range, high amplitude oscillations arise, which aremore
severe in radial direction. This is plausible as the restoring forces between the superconductor and PMare

Figure 6. (a) Schematic setup of themass-spring-dampermodel, (b)Exemplarymeasured response signal of a radial impulse
excitationwith the result of the fitting giving a natural frequencyωn= 81.24 rad s−1, a damping ratio ζ= 0.044, a damping coefficient
CSMB= 1.79N.s/mand a dynamic stiffness KSMB= 1656Nm−1.
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smaller in radial compared to axial direction, i.e., the bearing shows the smallest stiffness when submitted to a
radial force, resulting in larger oscillations. It should bementioned additionally that the amplitude of these
vibrations is larger compared to previous studies as a larger cooling distance (4.5mm instead of 3mm) as well as
a higher temperature at the superconductor (77K instead of 66K)was used for the newmeasurements resulting
in a lower stiffness of the SMB.

A Fast Fourier Transform (FFT) algorithmwas performed on the signals to convert the data from the time
domain to the frequency domain usingMATLAB functions. Themain peaks in the resulting frequency spectra
were similar for the radial and axial cases. The peakwith the highest intensity corresponds to the oscillation
frequency of the bearing. It will be shown later that this frequency is close to natural/resonance frequency of the
bearing in radial direction. Other peaks arise fromhigher orders of this harmonic oscillation.When the spindle
speed reaches 12,000RPM, the bearing enters a resonance region and starts oscillating at high amplitudes. In this
region, the applied tension on the yarnmight get larger than itsmechanical strength eventually leading to yarn
breakage, whichwill stop the ring spinning process. One approach toward solving this problem is to decrease the
oscillation amplitude by increasing the damping coefficient of the bearing using eddy current dampers as shown
in the following.

3. Influence of the eddy current dampers on the behavior of the SMB

In the following, we analyzed the influence of additional eddy current dampers on the dynamic behavior of the
SMB. These elements have the advantage of not requiring an active control systemwith an external power supply
or other electronic equipment. ECDs typically consist of a highly electrically conductivematerial. The
alternatingmagnetic field of themoving PMring induces eddy currents creating amagnetic fieldwith opposite
polarity to the initialmagnetic flux. So, the coupling between the induced eddy current and the originalmagnetic
fieldwill generate amechanical repulsive force between the conductor and the PM ring through the so-called
Lorenz force, which is proportional to the velocity of the PM ring. As a result, this forcewill reduce the oscillation
amplitude of themagnetic ring. At the same time, the induced eddy current inside the conductivematerial will
generate heat, which is proportional to the electrical resistance of the conductivematerial and the induced eddy
current density. To study the behavior of an ECD in detail, Cu rings (grade Cu-DHP (CW024A))with different
thicknesses are placed in the free space between the superconductor and the PMaswell as above the PMring. In
the circumferential direction, themagnetic field of the PM is homogenous, i.e., nofield change occurs when the
PMrotates over theCuplate. As a result, no eddy currents are induced in the copper ring if the PM rotates only.

3.1. Influence of ECDon the damping ratio of the SMB
As afirst step, the influence of the ECDon the SMBproperties was studied in a stationarymode using an impulse
test similar to the investigation in section 2.4. The results of these studies allowus to optimize the damper
configuration for the ring spinning process itself. Therefore, copper plates with different thicknesses were placed
in the air gap between the cryostat and the PMring. Afterwards, an impulse test was done ten times recording the
position of the PMringwith the optical sensor array in radial direction. The oscillatorymovement of themagnet

Figure 7. (a)Displacement of the PMring in radial and axial direction during the acceleration phase of the ring-spinning process (the
arrows show the PM ring speed during the acceleration phase) (b) Fast Fourier Transform (FFT) analysis of the displacement signals
during the acceleration phase, a vertical offset of 0.05was applied for the radial case for better visibility of the peaks.
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is exemplarily shown infigure 8(a) for different Cu thicknesses. It clearly indicates how an increasing Cu
thickness increases the damping of the system. The determined damping ratios z are summarized infigure 8(b)
showing a clear correlation between damping and copper plate thickness. As a result, adding a 1mm thick
copper plate increases the damping by a factor of 2.6 comparedwith the original case. Therefore, these copper
platesmight ensure the stability of themagnetic bearingwhen large oscillations occur in a resonance case.
However, the available space for theCu plates in the air gap between the cryostat and the PM is restricted. In
general, a small distance between the superconductor and the PM is desired to increase the stiffness of the
bearing itself. Additionally, anymechanical contact between the PMand theCu ringmust be avoided for high
rotational speeds to ensure a safe operation of the ring spinning process. To solve this problem,wewill use an
additional copper plate above the rotating PMring (compare figure 2), whichwill help to increase the damping
by increasing the total thickness of the conductive plate.

3.2. Estimation of damping in resonance
It was shownwith the FFT analysis of the data from the laser distance sensors during the acceleration phase that
the large amplitude oscillations in radial direction above 12,000 RPMhave a frequency of 12.8Hz. In contrast,
other frequencies can be neglected (compare section 2.5). Previous studies on similar bearings indicated that the
natural frequency of the bearing is in this range [14, 16].Wewill describe our bearing as a single-frequency
harmonic oscillator in radial direction aswe observe just a single frequency.With this assumption, the
magnification factorM, which is the transmitted force over the excitation force, can bewritten as:

M r
r r

,
1

1 2
6

2 2 2
( )

( ) ( )
( )z

z
=

- -

Where r is the ratio between the excitation frequency and the natural frequency of the bearing:

r 7
n

( )w
w

=

Figure 9 shows themagnification factor as a function of the damping ratio for our case. As it is apparent from
thefigure, smaller damping ratios result in largermagnification factors in the resonance region (r= 1). For the
first four cases, we used the results of themeasurements (comparefigure 8(b)). Additionally, we calculated the
magnification factor for cases with an even higher damping ratio. It is shown that a damping ratio z of 0.3would
already reduce themagnification factor below the value of 2. These results indicate that an increased damping
results in a significantly smallermagnification factor reducing the oscillation amplitude for the resonance case.

3.3. Influence of ECDs on the ring spinning process
3.3.1. Single copper ring
As alreadymentioned, the stability of the rotating bearing is of great importance for the ring spinning process as
the quality of the yarnwill reduce drastically otherwise. Therefore, the influence of a single ECDon the process
during the acceleration phase was tested as afirst step. For this experiment, the PM ringwas placed again at a
distance of 4.5mm from the superconductor during cool down to 77K. Afterwards, the behavior of the bearing
was characterizedwith andwithout a 1mm thick copper ring between the superconductor and the PM ring. The

Figure 8.Effect of the thickness of a single Cu ring between the superconductor and the PMon: (a) the response signal to a single
impulse in radial direction; (b) the damping ratio of the bearing.
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gap between the PMring and the cryostat surface of about 1.5mm limits themaximum thickness of the ECD
ring to 1mm to ensure that nomechanical contact appears during high-speed rotation even for axial oscillations
(compare amplitudes infigure 7(a)).

Figure 10 shows the displacement of the PMring in radial direction during the acceleration phase for the
setupwith an additional ECDcompared to the originalmeasurement without anyCu ring.Whereas the
displacementwas too severe without an ECD to continue the acceleration above 12,000RPM for safety reasons,
these oscillations were significantly reducedwith an additional 1mm thickCuplate so that the rotation speed
could be increased further up to 24,000RPM. But even in this case, resonances occur between 12,500–17,500
RPM,whichmight be triggered by an additional impulse input of themoving ring rail at its turning point.
However, the amplitudes are smaller than in the original case and are damped awaywith increasing spindle
speed. In summary, the yarn spinning process runs smoothly up to high speeds except forminor disturbances,
which do not severely influence the yarn quality. Nevertheless, an even higher process stability is targeted, which
might be achievedwith a secondCu ring above the PM.

Figure 9.Magnification factorM as a function of the frequency ratio r for different damping ratios ζ. Solid lines are based on the
damping ratios determined from impulse testmeasurements in section 3.1, whereas the broken lines are hypothetical cases with
higher damping.

Figure 10.Radial displacement of the PM ring during the acceleration phasewith andwithout a single 1mm thickCu ring (cooling
height 4.5mm, 77K). The low-frequency oscillation of themeasurement signal is due to the up-and-downmovement of the ring rail
leading to a continuous position change of the PM.Additionally, the spindle speed is shown for the case with the Cu ring; the PM
ring’s speed is slightly smaller.
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3.3.2. Two copper rings
To further increase the damping and to stabilize the ring spinning process, a new setup of the ECDwas built,
including copper rings below and above the PM. For simplicity, only 1mm thick copper rings were fabricated,
i.e., several rings will be piled up to increase the thickness of the upper ECD. Additionally, thefield cooling height
was increased to 4.8mm for this set of experiments resulting in a reducedmagnetic field in the superconductor,
which lowers the interactive force between the superconductor and the PM, i.e., decreases the bearing stiffness.
As a result, large oscillations of the PM ringwere observed during accelerationwithout and evenwith a single 1
mm thick copper ring below themagnet (figure 11, blue and red signals). In both cases, the process was stopped
due to safetymeasures. The lower stiffness of the bearingmight explain the different behavior of the SMB for the
case with a single copper ring compared to the previousmeasurement using cooling height of 4.5mm.However,
if a second copper ring is used above the PM, the oscillations are damped significantly stronger resulting in a
smooth operation of the ring spinning process up to high speeds (comparefigure 11). No significant changes
were observedwhen the thickness of the upper ring is increased from1mm to 3mm.The results indicate that
eddy current dampers are effective passive devices for high-speed SMB applications.

3.4. Numericalmodeling of the eddy current damper
3.4.1. Theoretical foundation
The detailed knowledge of the characteristic bearing properties, themagnetic field distribution of the PM, the
geometrical distances between PMand superconductor, and the value of the Lorenz force arising from the
damping elementsmight help us to design a suitable eddy current damper for specific configurations. Therefore,
we created a numericalmodel to study the effect of these parameters on the dynamic properties, which helps to
optimize a suitable ECD for the passive damping of vibrations. For that, a 3Dnumericalmodel was developed in
COMSOLMULTIPHYSICS 5.6, which characterizes the dynamic behavior of the eddy current damper in
relation to the PMring. The numericalmodel was validated against the experimental results, whichwill be
discussed in the next subsection. If we assume that the surface charge is neglected, the eddy current induced in
the conductive platemovingwith the velocity ν can be described as:

J v B 8
  

( ) ( )s= ´

whereσ is the conductivity of copper andB is themagnetic flux density of the PM ring. Biot-Savarts law can be
applied to calculate themagnetic flux density in the space domain [35]. Here, we have to implement the
constitutive relation for themagnetic fieldB using the remnant flux densityBr, whichwas determined from the
measuredmagnetic flux as discussed before in section 2.2:

B H B 9r r0

  
( )m m= +

Here,μ0 is the permeability constant,μr the relative permeability of the Copper ring,H themagnetic field
strength, andBr the remnant flux density of theNdFeB PM ring. Sets ofMaxwell’s equations were solved to
calculate numerically the induced flux density and current density inside the conductive plate as shown in
equations (10) and (11)

Figure 11.Radial displacement of the SMBduring the acceleration phasewith different ECD setups (cooling height 4.8mm, T= 77
K). t1 and t2 are the lower and upperCu ring thicknesses, respectively. Additionally, the spindle speed is shown. The speed of the PM
ring is slightly smaller.
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A v A V 0 101( ) ( ) ( )m s s ´  ´ - ´  ´ +  =-

v A V 0 11∙ ( ( ) ) ( )s s- - ´  ´ +  =

whereA is themagnetic vector potential andV the scalar electric potential. The Lorenz force, which is the
interactive repulsive force generated between the PM ring and the conductive plate can be derived as follows:

F J B dV 12l
Cu plate

( ) ( )ò= ´

Here, the levitation force is calculated by integrating the cross-product of the induced current density and the
magnetic flux over the volume of the conductive plate. To consider the lateralmotion of the PM ring, the Lorenz
force calculated abovewas coupledwithNewton’sfirst law F=ma,where the accelerationwas reformulated as
dv/dt:

dv

dt

F

m
13l ( )=

withm as themass of the PM ring. This equationwas solved using a time-dependent ordinary differential
equation (ODE) solver of the COMSOL software in parallel with the stationary solutions ofMaxwell’s equations
described above. A triangular structuredmeshwas used for this purpose as shown infigure 12(a). Themain
geometrical parameters are included in the cross-section (seefigure 12(b)).

In the simulations, the conductive plates weremovedwith respect to the PMusing a one-directional
displacementwith an initial velocity. This procedure resulted in improved stability and convergence of the
numericalmodel compared to the case of amovingmagnet. However, the relativemovement of themagnet with
respect to theCu rings remains similar to the experimental study. Themaximal radial displacement velocity was
determined from the data acquired by the laser sensor array for themagnet under resonance conditions to a
value of v0= 0.18m s−1. All other geometrical and functional parameters used in the simulation are summarized
in table 1.

Figure 12. (a)Triangular structuralmesh used in the FEMmodel (b) Schematic cross-sectional view of one half of the ECD setup.

Figure 13. (a)Radial velocity of themagnet for different thicknesses t2 of the upper copper ring; (b)Damping force applied to the
bearing from the ECDelements.
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3.4.2. Results of the simulation
In the following, the ECDwasmodeled keeping the thickness of lower copper ring constant with t1= 1mm,
whereas the thickness of the upper copper ring (t2)was varied from0 to 15mm. The air gap between the copper
rings and the PMwas kept constant at 0.5mmonboth sides to be consistent with the performedmeasurements.
Infigure 13, the velocity of themagnet and the Lorenz force are plotted against time for different Cu thicknesses.
It is apparent that the velocity drops faster to zero, and the initial damping force gets larger as the thickness of the
ECD increases. This is due to larger values of the induced current in the conductive ring leading to a larger
magnetic field generated by these eddy currents.

Infigure 14(a), the damping density, determined as the damping force per volume of the conductive Cu
rings, is plotted versus the thickness of the upper copper ring. The damping density is afinemeasure for
evaluating the damping efficiency of the ECD. Thefirst two cases show the highest density among all studied
configurations, where one 1mmCuplate was underneath the PM ring, and either none or one 1mmCuplate
was placed above. As the thickness of Cu increases, the damping density will decrease as a smaller relative volume
of Cuwill contribute to the damping of the PM ring.

Finally, the damping coefficient of the ECD setupwas calculated by dividing the damping force by the
velocity of the PM ring. It is shown infigure 14(b) (red curve) that the damping coefficient significantly increases
with increasing Cu thickness.Whereas a value below 2N·s/m is typically observed for the bearingwithout an
ECD, an additional 1mm thickCu ring below the PM results already in a damping coefficient above 5N·s/m.

Figure 14. (a) Simulated damping density of the ECD setup in dependence of the upper copper ring thickness t2 (b)Comparison of the
simulated damping coefficientwithmeasured data for the ECD setup.

Table 1.Geometrical and functional parameters used for simulation.

Parameter

Value

[unit] Description

t1 1 [mm] Thickness of the lower copper ring

t2 0–15 [mm] Thickness of the upper copper ring

h1 0.5 [mm] Air gap between lower copper ring

and PM

h2 0.5 [mm] Air gap between upper copper ring

and PM

v0 0.18 [m/s] Initial velocity

din_Cu 40 [mm] Inner diameter of the copper ring

dout_Cu 100 [mm] Outer diameter of the copper ring

tPM 6 [mm] PMring thickness

din_PM 50 [mm] Inner diameter of the PMring

dout_PM 80 [mm] Outer diameter of the PMring

Br 1.27 [T] Remnantmagnetic flux of the PM

m 0.25 [kg] Mass of the PM

EC 4.3·107

[S/m]
Electrical conductivity of copper

according to themanufacturer
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This value further increases, when additional Cu rings are added above themagnet. To compare the damping
coefficient calculated from the ECDmodel with the experimentally studied cases (compare section 3.3.2), the
measured initial damping coefficient of the SMB systemwithout any external damper andwith the different Cu
rings were added to the plot. Both results are summarized infigure 14(b). In general, a good agreementwas
found between the experimental values and the simulations for thinCuplates.With increasing upper Cu
thickness, themeasured damping coefficients are smaller than the calculated ones. Asmentioned in
section 3.3.2, only 1mm thick copper plates were used for the experimental studies, i.e., up to 3 rings were piled
up to realize a larger Cu thickness. Thismight result in a different induced current flow,which can explain the
deviation between the simulation and themeasurement results for the 2mmand 3mm thickCu rings placed
above the PM.However, the difference between the simulations and themeasurements are not severe, which
indicates that the developedmodelmight be used andmodified for studying different ECDgeometries as well as
for the application of differentmaterials in such dampers.

In summary, the described simulationmodel allows to estimate the damping coefficient for our particular
SMB,whenCu rings with different thickness are added to the system. This knowledge allows to design a
dynamically stable bearing even if an external vibration excites the bearing close to its resonance frequency. It
was shown for a particular case in the ring spinning process in section 3.3.2. that already aCu thickness of 1mm
below and above the PMring can efficiently damp such detrimental oscillations occurring during the
acceleration phase. Additional tests will be performed for different cooling conditions (i.e. temperature and
cooling height) as well as at higher speeds to validate the simulation further.

4. Conclusion

The effect of eddy current damping elements was studied for a frictionless SMB twisting systemdesigned to
speed up the conventional ring spinning process in textile industry. The particular emphasis was on the passive
damping of large amplitude oscillations of the PM in such a high-speed rotating SMBobserved during the
acceleration stage. The analysis of the PMmovement during this stage by an array of laser distance sensors
indicated that these oscillations originate from a resonance case, where an external driving force with
frequencies close to the natural frequency of the SMB couples in the system. To avoid the detrimental effect of
these oscillations, conductive copper rings were implemented below and above the PM ring to act as an eddy
current damper by absorbing the energy of these oscillatorymovements. Different arrangements and
thicknesses of these copper rings were studied tofind an optimal setup for such ECD elements for the ring
spinning process. As a result, it was possible to eliminate the detrimental oscillations of the PM ring during
acceleration by adding at least two copper rings with a thickness of 1mmbelow and above themagnet.
Simultaneously, a 3Dnumerical finite elementmodel was developed using COMSOLMULTIPHYSICS 5.6 to
study the eddy current damping inmore detail and to calculate the damping coefficient for different
configurations. It was shown that the damping coefficient increases significantly with the copper ring thickness.
The simulationswere in good agreement with the experimental results, so that themodelmight be further
adjusted to optimize the design of the bearing for specific applications.
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