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Abstract — A superconducting magnetic bearing (SMB) 
consisting of a stationary superconductor in a ring-shaped flow-
through cryostat and a rotating permeant magnetic (PM) ring is 
investigated as potential twist element in the textile technological 
process of ring spinning. Since the dynamic behavior of the 
rotating PM influences the yarn as well as the stability of 
spinning process, these factors are studied in this paper 
considering the acting forces of the yarn on the PM-ring, its 
vibration modes and the resulting oscillation amplitudes.  

For the assessment of a safe field cooling distance during the 
operation of the rotating SMB in a rings spinning machine, a 
correct calculation of the resonance magnification is particularly 
important. Therefore, the decay constant δ of the damped 
oscillation was measured as a function of the field cooling 
distance (FCD) and the displacement. The observed increase of 
the decay constant δ with the initial lateral displacement and 
decreasing FCD is discussed in correlation to the number of 
depinned flux lines. 

Index Terms— levitation, superconducting magnetic bearing, 
spinning, textile technology, Yttrium barium copper oxide 

I. INTRODUCTION 
Rotating machines, e.g. motor and flywheels are highly 

investigated potential applications for rotating 
superconducting magnetic bearings (SMB) [1]-[3]. The 
prospect of a passive bearing and contact free rotation is 
especially attractive for devices, were frictional wear and heat 
are the limiting factor for the productivity. This is also the 
case in the textile technological process of ring spinning, were 
SMBs are recently being investigated as novel twist elements 
[4]. In this paper, we discuss the specific challenges arising 
from the integration of an SMB as twist element in a ring 
spinning machine. 

Ring spinning is currently the most commonly used 
technology for the production of short staple yarn. The 
primary productivity-limiting factor of this process is 
frictional heat in the twist element, which consist of a c-
shaped clip (the traveler) dragged along a ring-rail by the yarn 
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during spinning and winding. This procedure twists the fibers 
thereby form sand strengthens the yarn. Details of the spinning 
process and various concepts to improve or replace the ring-
traveler system are described in the literature [5], [6]. The 
replacement of the ring-traveler system by an SMB eliminates 
the problem of frictional heat in the existing system. A 
detailed description of this process can be found in references 
[7]-[9].  

II. RING SPINNING WITH AN SMB TWIST ELEMENT

A. The SMB twist element 
The ring-traveler system is replaced by a SMB twist 

element consisting of a superconducting ring in a closed flow-
through cryostat and a permanent magnetic ring (PM-ring) 
encased in a steel shell (see Fig. 1). The eyelet for the yarn is 
integrated in the steel. In our system the superconducting 
material is an assembled YBCO-ring (outer Ø = 80 mm) and 
the PM-ring is a matching sintered NdFeB ring, which is 
similar to that system described in reference [8] and [10]. Each 
rotation of the yarn driven PM-ring imparts the required twist 
in the yarn during spinning. We recently demonstrated the 
spinning of good quality yarn with the presented SMB twist 
element at rotational speeds up to 15 000 rpm [9]. 

The SMB twist element has the potential to spin yarn at 
much higher speed compared to the existing ring-traveler 
system. The development of a novel ring spinning machine 
with SMB, aiming at a target rotation speed of up to 
50 000 rpm, require a better understanding of the behavior of 
SMBs under application conditions. Because the static and 
dynamic behavior of the rotating PM-ring influence the yarn 
tension as well as the stability of spinning process, the 
dynamics of the rotating PM-ring are investigated in this paper 
considering the acting forces of the yarn on the PM-ring, its 
vibration modes and the resulting oscillation amplitudes.  

B. Mathematical model of the SMB twist element 
The SMB as twist element in the ring spinning machine is 

mathematically described as a spring-mass-damper system, 
which is excited by an external force, i.e. the yarn force 
(Fig. 1). The yarn force acts at the eccentric contact point 
between yarn and permanent magnet (PM), i.e. the eyelet at 
the inner bore of the steel shell around the PM-ring.  

The yarn force FG, can be separated into two in-plain 
components FG

z (axial) und FG
r (radial) and the 

circumferential component FG
φ. The yarn forces FG

z and FG
r 

aim at displacing the PM-ring in radial, axial and tilt direction. 
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Figure 1: The SMB is subjected to an external yarn force FG, applying at 
the eccentric contact point between yarn and permanent magnet (PM). The 
directional components of FG are responsible for the displacement and the 
rotation of the PM ring. The restoring forces of the bearing FL

z in axial and FL
r 

in radial direction countervail this displacement.  

They are counteracted by the restoring forces of the bearing 
FL

z in axial and FL
r in radial direction. The bearing stiffness 

ki = dFi/dxi (index i being the displacement direction) causes 
forced oscillations in both directions. There is no restoring 
force in circumferential direction for this round SMB 
geometry, thus FG

φ acts as driving force for the free rotation of 
the PM-ring. 

The rotation of the PM-ring is superimposed by the above 
mentioned forced oscillations. This rotation speed dependent 
oscillation of the PM-ring can be separated into three modes, 
which are expressed by the equations (1) - (3). 

PM
r2

rd,r )/(= + 2+ mtFrrr ωδ ′′′ (1) 

PM
z2

zd,z )/(=z+ 2+ mtFzz ωδ ′′′ (2) 

ααα αωαδα JRtFGd / )( = + 2+ i
z2

,′′′ (3) 

Eqs. (1) and (2) describe the lateral and vertical oscillation 
of the PM-ring, approximated as mass point, around its center 
of mass. With mPM as mass of the PM ring, δ as decay constant 
of the damped oscillation without external force and 
Fi(t) = FG

i cos(ωt). For the tilt oscillation (Eq. 3) the PM ring 
is considered as rigid body, with α as tilt angle, Jα as the 
moment of inertia and ωd,i as resonance frequency. 

The amplitude of the oscillation A(ω) is described by the 
expression  

( )
( ) 2222

0
2 4

1

ωδωω
ω

+−
=

PM

G

m
FA (4) 

with ω and ω0 = (ki/m)0.5 as the angular frequency and the 
Eigen angular frequency of the system, respectively. 

While the stationary stiffness ki of SMBs is easily 
accessible by force vs. displacement measurements, the 
determination of the decay constant and the dynamic stiffness 
is more complex, which makes a correct prediction of 
maximum amplitude during operation difficult. So far, the 
resonance magnification, A(ω0)/A(0) ≈ ω0 / 2δ in our SMB 
system, could only be estimated by using stationary values for 
the stiffness, whereas the decay constant had to be taken from 
literature values for axial vibrations [8], [11], [12]. As a result, 
the SMB was operated in the ring spinning machine with 
FCD = 5 mm, i.e. 2 mm above the cryostat, in order to prevent 
a contact between cryostat and rotating PM-ring at the 
resonance frequency. A more precise A(ω) estimated from a 
decay constant measured in our actual SMB system and the 
additional measurement of A(ω) during operation would allow 
to design SMB twist elements with smaller FCDs and hence 
enable an increased stiffness and stability of the bearing.  

III. MEASUREMENT OF THE DECAY CONSTANT

A. Experimental setup 
The measurement setup in figure 2 consists of a 

superconducting YBCO-ring (outer Ø = 80 mm, inner Ø = 50 
mm), cooled to 77 K in flow-through cryostat, and the 
matching NdFeB-ring, above the cryostat. 

PM
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displacement
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Figure 2: Setup for the measurement of the damped oscillation for a lateral 
displacement. The initial position without displacement, during field cooling 
is shown. 

The permeant magnetic ring (PM-ring) is placed in a fixed 
field cooling distance (FCD) to the surface of the 
superconductor (SC). The PM-ring is encased in a shell with a 
small eyelet to which a cord with low elasticity is connected. 
The other end of the cord is knotted to a washer (small ring). 
After field cooling the SMB, the initial displacement Δr of the 
PM-ring is realized by fixing the washer to a bolt in one of the 
holes in the distance plate. When the bolt is pulled, the 
damped oscillation of the PM-ring back into its equilibrium 
position is measured with a Brüel&Kjaer 3-axis acceleration 
sensor. The parallel measurement of the acceleration in three 
orthogonal directions ensures that the direction of the 
measured signal and the initial displacement direction are the 
same. 

The initial displacement in axial direction Δz can be 
measured in a similar fashion with a modification of the 
measurement setup shown in figure 2. 
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B. Data analysis 
The measured damped oscillation of the PM-ring in the 

initial displacement direction roughly follows an exponential 
decay of a damped sine wave function [11]. The time-
dependent acceleration a(t) is given by 

( )








+= −

d

c
0

π2sin*A)(
T
t-teata tδ (5) 

The acceleration a and the time t are the measured values, 
whereas the decay constant δ and the time period of the 
oscillation Td are fitting parameters. The characteristic angular 
frequency of the damped oscillation is ωD =  2π/Td. 

Figure 3 shows the acceleration vs. time measurement for a 
field cooling distance (FCD) of 5 mm after an initial 
displacement of the PM-ring of Δr = 5.4 mm. The measured 
data can only be fitted by Eq. (5) using different decay 
constants for two different time intervals. The decay constant 
delta δ can also be determined from the maxima of a(t) 
according to  

teta δ−∗= A)(max (6) 

The decrease of the decay constant δ in the decay curves (Eq. 
6) indicates that the decay of the damped oscillation in radial
direction is not constant over a longer time period. A similar 
observation was reported by Futamura et al. [12] and Sakei et 
al. [13] in an SMB for initial displacements in axial direction.  
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Figure 3: Damped oscillation of the PM-ring for a field cooling distance 
FCD = 5 mm after an initial radial displacement of Δr = 5.4 mm. The decay 
constant δ changes during the course of the oscillation. 

C. Dependency of the decay constant on initial displacement 
It is not obvious, whether the observed damping behavior of 

the SMB over time is driven by external factors (e.g. air 
friction) or if the decay constant varies as a function of the 
initial or even the effective displacement. Therefore the 
damped oscillation of the PM-ring was measured for a number 
of initial displacements Δr at two different field cooling 
distances (FCD = 5 mm and 6 mm). Each measured a(t) is 

fitted by Eq. (5) in the time interval from the first minimum to 
approx. the tenth maximum of the respective function. The 
resulting decay constants δ and time periods Td are shown in 
figure 4 (a) and (b). The values for the initial displacement Δr 
were taken from the double integrated a(t) measurements at 
the time of the second maximum of a(t), which corresponds to 
the first minimum of the displacement. 

Generally, the observed decay constant for SMBs is small 
owing to the low external friction in the system due to air 
friction and dissipation in the YBCO ring. For both FCDs we 
observe an increase of δ with the initial lateral displacement 
which can be understood by assuming that the pinned flux 
lines are depinned, when the PM ring is moved from its initial 
position at ∆r = 0 to ∆r. As depinning of flux lines causes 
dissipation, the damping in the SMB increases with the 
average number of pinning centres within the displacement ∆r. 
Hence, an almost linear increase of the decay constant with ∆r 
is expected.  
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Figure 4: (a) Decay constant δ and (b) time period Td versus initial lateral 
displacement Δr for field cooling distance FCD = 5 mm and 6 mm. The open 
symbols represent a repetition of the experiment and give an indication for the 
accuracy of measurement setup. 

In Fig. 4 (b), only a slight increase of the time period with the 
initial lateral displacement is observed for both FCDs. This 
means that the resonance frequency ωD = 2π/Td and the 
dynamic stiffness kd = m ω0

2 which are closely related to Td, 
slightly decrease with the initial displacement. 
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At the smaller field cooling distance, a higher field is 
trapped within the superconductor. Due to the larger number 
of pinned flux lines, the damping becomes stronger (see Fig. 4 
a) and the stiffness of the SMB enhances which gives rise to
an increase of the resonance frequency and a lower time 
period (see Fig. 4 b). Thereby, the resonance frequency is 
much more influenced by the field cooling distance than by 
the initial displacement as shown in Fig. 4 (b).  

IV. CALCULATION OF THE OSCILLATION AMPLITUDE

The dependence of the decay constant δ of the initial 
displacement has consequences for the rotation frequency 
dependent amplitude of the oscillation A(ω) during the 
rotation of the PM-ring. The amplitude A(ω) increases with 
decreasing δ (see Eq. 4), which is most noticeable at the 
resonance frequency and best illustrated by the resonance 
magnification A(ω0)/A(0) ≈ ω0 / 2δ, for small damping with 
ω0 ≈ ωD.  
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Figure 5: Oscillation amplitude A(ω) of the PM-ring with δ = f (Δr). 

Figure shows the calculated amplitude of the oscillations in 
lateral, tilt and axial direction during rotation of the PM-ring 
[8]. The yarn force FG and the mass mPM = 241 g are measured 
values from the ring spinning process [9] with an SMB, 
whereas ω0 and δ are determined from the acceleration vs. 
initial displacement measurement described above. The yarn 
force FG = 0,05 N remains constant for n < 3400 rpm, whereas 
between n = 5000 rpm and 25 000 rpm the yarn force follows 
a polynomic function FG = 10-9*(10582,4 n + 1,22607 n2) [9]. 
Although FG was measured as the total force acting on the 
yarn in the ring spinning system with SMB, the directional 
components of FG are still unknown. Therefore all calculations 
assume that the maximum yarn force FG(ω) acts in each 
direction. This leads to an overestimation of the absolute A(ω) 
and gives us a safety factor for the system design. The 
stiffness and damping for the tilt mode could not be measured 
yet, and were estimated from ω0

t = 1.2 ω0 
r [14]. 

The measured damped resonance frequency ωD = (ω0
2 -

 δ2)0.5 where the amplitude of the oscillation A(ω) is maximal 
remains below 1500 rpm for all modes. These small rotational 
speeds are not relevant for the actual spinning process, which 

takes place between 5000 and 25 0000 rpm. However, during 
the acceleration and deceleration of the process, these 
frequencies occur and the respective oscillation amplitudes 
have to be considered for the setup and operation of the SMB 
system in the ring-spinning machine.  

In figure 5, A(ω) is shown for the radial, axial and tilt mode 
with two different decay constants, one measured for a small 
and the other measured for a larger initial displacement Δr 
(values taken from figure 4 a). As explained above, A(ωD) 
increases with decreasing δ, i.e. with smaller initial 
displacements Δr. Hence, the amplitude may be 
underestimated, if the decay constant measured for a high 
initial displacement is used (open symbols in Fig. 5), e.g. the 
resonance magnification for FCD = 5 mm rises from 12 to 18 
between Δr = 6.1 mm and 0.6 mm.  

Which decay constant has to be used in order to calculate 
A(ωD) correctly is not known so far. This has to be verified in 
the future by a direct measurement of the oscillation amplitude 
of the SMB in the ring spinning machine.  

V. SUMMARY 
The correct prediction of the resonance amplitude A(ωD) is 
crucial for the assessment of a safe field cooling distance for 
the operation of an SMB as twist element in the ring spinning 
machine. The calculation of the oscillation amplitude A(ω) 
requires the knowledge of acting forces as well as the decay 
constant δ of the damped oscillation. A simple measurement 
setup is described, with which δ can be determined for lateral 
and vertical displacement of the PM-ring. The decay constant 
δ is shown to depend strongly on the initial radial 
displacement ∆r and the field cooling distance FCD. Since the 
damping in the SMB is caused by the depinning of flux lines 
during oscillation, the linear increase of δ with ∆r can be 
attributed to an increases of the average number of pinning 
centres within the displacement. 
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