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Drift of Levitated/Suspended Body in High-7.
Superconducting Levitation Systems Under
Vibration—Part II: Drift Velocity for Gap

Varying With Time

Xiao-Fan Gou, Xiao-Jing Zheng, and You-He Zhou

Abstract—To study levitation drift further, i.e., the gap between
a superconductor and a permanent magnet varying with time
in high-T,. superconducting levitation systems, drift velocity is
introduced. Based on the numerical simulations of the dynamic
response of a levitated body, and according to the essential reasons
for drift, the drift velocity is first divided into two regimes: Vi
[related to flux flow (FF)] and V;. [related to flux creep (FC)].
The drift velocity is shown to be mainly dependent upon prop-
erties of superconductivity (such as the critical current density
of superconductors), initial disturbances, and applied excitations
(such as the amplitude and the frequency of external excitations).
Furthermore, the corresponding influences of the drift velocities
Vg and V;. have been investigated quantitatively in this paper.

Index Terms—Drrift, drift velocity, gap varying, high-T . super-
conducting levitation system.

I. INTRODUCTION

S mentioned in [1], the drift of a levitated/suspended body

(LB/SB) in high-T,. superconducting levitation systems is
often induced by a vibration of permanent magnet (PM)/high-T7.
superconductor (HTSC) or an alternating magnetic field applied
to HTSC, which is directly related to the levitation stability of
the systems [2], [3]. Considering of the safe operation and de-
sign of such systems, it is very important to comprehensively
study the drift further.

Followed the previous study [1] on the condition of the drift
occurring for the LB/SB in high-T, superconducting levitation
systems, drift velocity is introduced in this paper to study the
motion velocity of the vibration center of the LB. Terentiev et al.
[4] observed that the drift vertically down (i.e., gap decreasing
with time) of an LB is induced by a vibration of PM/HTSC or
an alternating magnetic field applied to HTSC, and the average
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drift velocity at the initial part of trajectory increases with the
amplitude of applied magnetic field increasing. However, few
further investigations [5], [6] on this problem have been done
so far.

In this paper, the case of drift vertically down (see [1]) is se-
lected as the example for further research. Based on [1], the aim
of this paper is to numerically study the drift velocity of an LB
levitated above an HTSC and the influence on it of various main
factors, such as the material parameters of HTSC, the initial
cooling condition for HTSC, the initial external disturbances,
and the applied excitations, etc.

II. DRIFT VELOCITY

The basic equations (including the basic electromagnetic
equations and the constitutive relation linking the electric field
intensity E and the current density J) and the numerical proce-
dure in this paper are the same as those in [1]. In addition, the
examination of the numerical code is also adopted as the same
as that in [1]. So, these necessary equations and processes are
excluded in this paper. The geometric and material parameters
used in the following simulations are listed in Table I, some
of which are the same as those given in Yoshida et al. [7]. In
addition, other parameters are the same as those in [1] in this
series.

As observed by Terentiev et al. [4], in the process of drift of
LB, the gap between the LB and the HTSC decreases with time,
or the spatial location of the LB from HTSC descends with time.
So, to quantitatively describe this variation, it is very necessary
to define a drift velocity of the LB. Obviously, the drift velocity
is directly related to the displacement of the vibration center
of the LB varying with time [4]. Before its specific definition
is introduced, the dynamic response under free and forced vi-
bration, in which the drift can be characterized for the different
parameters of the systems, have been simulated numerically, as
shown in Figs. 1-3. The results show various main influences on
time-variation of the displacement of the vibration center of the
LB. Fig. 1 displays the dynamic response of the LB under free
vibration for different initial velocities. With time spanning, it is
shown that the vibration center of the LB drops down no matter
what initial velocity is achieved; the larger the initial velocity,
the faster is the variation of the displacement of the vibration
center with time in the initial period (about <0.2 s), and after
the initial period (about >0.2 s), the variation of the displace-
ment at the different initial velocities are almost same. Fig. 2
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TABLE I
GEOMETRICAL AND PHYSICAL PARAMETERS EMPLOYED IN SIMULATION
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Fig. 1. Dynamic response of LB under free vibration for different initial veloc-
ities. (Initial cooling height 15 mm; static equilibrium gap = 3 mm).

also presents the dynamic response of the LB under forced vi-
bration for the different excitation frequencies (A = 0.1 mm)
and the excitation amplitudes (f, = 8 Hz or f, = 20 Hz). Re-
sults similar to the ones in Fig. 1 are found: in the initial period
(about <0.2 s), the larger the applied excitation frequency, the
faster the variation of the displacement of the vibration center
with time; but with time spanning, the variations for different ap-
plied excitation frequencies are almost the same [see Fig. 2(a)].
The results indicate that the influence of the excitation frequency
on drift exists only in the initial period of the dynamic response
of the LB. In two cases of different excitation amplitudes [see
Fig. 2(b)], if the applied excitation frequency is lower than the
natural frequency (here the natural frequency at static equilib-
rium gap 3 mm is about 10 Hz estimated from the magnetic
stiffness at this location) of this levitation system, in the ini-
tial period (also about <0.2 s), the larger the applied excitation
amplitude, the faster the variation of the displacement of the vi-
bration center with time; but with time spanning, the variations
for different applied excitation frequencies are almost same [see
Fig. 2(b) (I)]. While the applied excitation frequency is higher
than the natural frequency of this system, the displacement al-
ways increases with the applied excitation amplitude enlarging
[see Fig. 2(b) (ID]. Thus, these results show that the influence
of the excitation amplitude on drift exists only in the initial pe-
riod on condition that the excitation frequency is less than the
natural frequency of this system, and in the whole response on
condition that the excitation frequency is more than the natural
frequency of this system.

From the E — J constitutive relation of flux flow and creep
model (see [1, eq. (7)] or Fig. 4), the material parameters of
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Fig. 2. Dynamic response of LB under forced vibration for different (a) exci-
tation frequencies (A4 = 0.1 mm) and (b) excitation amplitudes. (Initial cooling
height 15 mm; static equilibrium gap = 3 mm; initial velocity of LB o = 0).

HTSC E. and Uj are closely related to flux creep, and py is
closely related to flux flow in HTSC. To explore the essential
reason of drift in high-7,. superconducting levitation systems,
the dynamic response of LB under free vibration in two cases
of different material parameters of HTSC has been simulated
and shown in Fig. 3. Obviously, the time-variations of the dis-
placement of the vibration center are different for the different
material parameters of HTSC. In these results, the more impor-
tant ones are that the influence of the material parameters £, and
Uy displays mostly after the initial period [also about >0.2 s, see
Fig. 3(a) and (b)], while that of the parameter p; does in the ini-
tial period [the period is closely related to the p, see Fig. 3(c)].
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Fig. 3. Dynamic response of LB under free vibration for different material pa-
rameters of HTSC. (a) E.; (b) Uy; (c) p. (Initial cooling height 15 mm; initial
velocity of LB 2o = 15 mm/s.)

Besides, the data also show that the larger/smaller the value of
E. /U, is, the faster the variation of the displacement of the vi-
bration center is [see Fig. 3(a) and (b)], and the larger the value
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Fig. 4. Diagram of macro-models of HTSCs. (a) Flux flow model; (b) flux flow
and creep model.

of py is, the faster the variation of the displacement of the vi-
bration center is [see Fig. 3(c)]. Thus, it can be concluded that
LB’s drifting in such levitation systems in essence results from
flux motion (flux flow and creep) in HTSC.

From the above discussion, it can be found that the two dis-
tinct processes exist in the dynamic response of the LB: in the
initial period (about <0.2 s), the time-variation of the displace-
ment of the vibration center of the LB is rapid, and after the
initial period, the time-variation is stable and slower than that in
the initial period. As is well known, flux creep is thermally ac-
tivated, while flux flow is often induced by some disturbances;
and in general, flux flow and creep exist in superconductors at
the same time, but at the different period only one dominates
flux motion [8], [9]. Connecting with Fig. 3, we can conclude
that flux flow (denoted by py) is a dominator in the initial period
of the dynamic response of the LB, while flux creep (denoted by
E. and Uy) is a dominator instead after the initial period on con-
dition that the applied excitation is smaller (e.g., A = 0.1 mm).
Thus, we divide the drift velocity into two regimes: in the initial
period, the drift velocity is denoted by Vg [related to flux flow
(FF)]; while after the initial period, the drift velocity is denoted
by Vi [related to flux creep (FC)]. For simplicity, V4 is regarded
as the average velocity in the initial period of 0 ~ 7,,,, and Vi
is regarded as the average velocity in the period of 7,,, ~ 7. So,
these specific definitions are given as

Vi = |Z|timc:7m - z|timc:0| )
Tm
and
vac — |Z|timC:’;’_ : j—|timc:7m (2)
m

where z|time is the displacement of vibration center of the LB
relative to its static equilibrium position (see [1, Fig. 4], z =
Z — Zoq = 0) at the time; 7 is the given time when the vibra-
tion of the LB becomes more stable, and assigned as the unified
value 2 s for simplicity under the parameters in this paper; 7,
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Fig. 5. Material parameters of HTSC dependence of the drift velocity of LB under free vibration for different initial velocities. (a) J.; (b) E.; (c) Uo; (d) ps

(initial cooling height 15 mm).

is the magnetic diffusion time in single domain YBCO, and ap-
proximately given by [10], [11]
2
T = 22 (3)
Pf

where 1 is the permeability of free space; a is the characteristic
dimension of the superconductors, typically some thickness or
length over which diffusion occurs. In this levitation system, a
is considered the radius of the cylindrical HTSC. py is the flow
resistivity as that in the flux flow and creep model. Obviously,
the 7, is varying with p; for different HTSC samples.

III. RESULTS AND DISCUSSION

Based on the definition of the drift velocity above, the influ-
ences of various main factors on the drift velocity Vg and Vi.
have been studied quantitatively in this paper. Material param-
eters of HTSC dependence of the drift velocity under free vi-
bration in two cases of different initial velocities has first been
shown in Fig. 5. In general, for different material parameters of
HTSC, the magnetic force exerted on the PM (or HTSC) at the
same gap are not different. So, for an LB (including a PM/HTSC
and an additional load) with a given weight, there exist different
static equilibrium positions. In this paper, the weight of LB is

given as the same as the magnetic force for gap 3 mm and ini-
tial cooling height 15 mm under the parameters given in Table I.
Fig. 5(a) displays that the critical current density .J. of HTSC de-
pendence of the drift velocity in two cases of different initial ve-
locities. Obviously, the drift velocities Vg and V. decrease with
the critical current density .J., and approach zero little by little
when the critical current density .J, is more than 1.5 x 105 A/m?.
In general, the bigger critical current density .J. means that flux
pinning in HTSC is stronger, or the influence of flux motion is
weaker. As a result, the drift of the LB is unapparent. In addi-
tion, the value of the Vi is always larger than that of the Vg,
and also, the influence of the initial velocity on the Vg is more
apparent and stronger: the bigger the initial velocity, the bigger
the Vg, while the influence on the V. is weaker [also shown
in Fig. 5(b) and (c)]. As the impotent parameters F. and Uy in
the constitutive relation of HTSC which describe flux creep in
HTSC, their influence on the drift velocity in two different initial
velocities has also been simulated as shown in Fig. 5(b) and (c).
Besides some similar characteristics to those shown in Fig. 5(a),
it is shown obviously that the curve tendency of the variation of
the drift velocity with the E. is opposite to that with the Uj.
The reason consists in different characterizations of flux creep
in the constitutive relation: bigger F. and smaller U, means
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Fig. 6. Excitation amplitude dependence of the drift velocity of LB under
forced vibration for different excitation frequencies. (Initial cooling height
15 mm; static equilibrium gap = 3 mm).

intenser flux creep in HTSC. So, as a result, the drift velocity
Vi increases. In addition, the curve tendency of the variation of
the drift velocity Vg is also similar to the variation of the drift
velocity V.. From the E — J constitutive relation of flux flow
and creep model, though flux creep in HTSC is characterized
by the F. and Uj, whose varying also induces additional flux
flow. As mentioned above, flux flow in HTSC is characterized
by the material parameter py; its influence on the drift velocity
in two different initial velocities is shown in Fig. 5(d). It should
be noted that the 7,,, is varying with p; according to (3), which
has been considered in simulation. Besides some similar results
as shown in Fig. 5(a)—(c), there is an obvious increasing of the
drift velocity Vi, while almost no variation of the drift velocity
Vie with py.

Under forced vibration, applied excitation amplitude depen-
dence of the drift velocity in two cases of different excitation
frequencies has been further simulated as shown in Fig. 6. Con-
necting with Fig. 2, one can find that, when the excitation fre-
quency is higher than the natural frequency of this system (for
example 20 Hz), the drift velocities Vg and V. increase with
the excitation amplitude; while when the excitation frequency
is lower than the natural frequency of this system (for example,
5 Hz), with the excitation amplitude increasing, only the Vi in-
creases slightly, but the V4. does not almost vary.

For the different initial cooling conditions (i.e., initial cooling
heights), the magnetic forces at the same levitation gap are not
the same. As a result, for the LB with a given levitated weight
(here, for example, also adopted as the magnetic force for gap
3 mm/s and initial cooling height 15 mm under the parameters
given in Table I), its levitation gap (or static equilibrium posi-
tion) is also different from each other. So, one can guess that
there is a distinct difference in the dynamic responses of the LB
at different levitation gaps. Under free vibration, initial cooling
height dependence of the drift velocity in two cases of different
initial velocities is shown in Fig. 7. Besides the similar results
those above, there is an obvious increase of all the drift veloci-
ties Vg and Vi with the initial cooling height.

For a given initial cooling condition, it is apparent that, at dif-
ferent levitation gaps, the magnetic forces are different, and in
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other words, the weights levitated by HTSC are different. Thus,
the dynamic responses of the LB with different weights are dif-
ferent. The weight of the LB dependence of the drift velocity
under free vibration in two cases of different initial velocities is
shown in Fig. 8. It is also obvious that, besides the similar re-
sults to the above, the drift velocities Vi and V4. increase rapidly
with the weight of the LB.

IV. CONCLUSION

To study levitation drift of the LB levitated above HTSC fur-
ther, drift velocity has been introduced. Based on the numerical
simulations of the dynamic response of the LB levitated above
HTSC, and in consideration of the essential reasons for drift,
we first divided drift velocity into two regimes: Vg and V.. On
these bases, the conclusions are summarized as follows:

1) Under free vibration, the influence of the initial velocity
of the LB on the Vg is very remarkable, but on the Vi
is almost unapparent. The Vf is increasing with the initial
velocity.

2) Under forced vibration, the influence on drift velocity is
closely related to the applied frequency: when the fre-
quency is higher than the natural frequency of this system,
all the Vg and Vi increase remarkably with the applied
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amplitude, and when the frequency is lower than the
natural frequency, with the applied amplitude increasing
the Vg increases, but the variation of the Vi is almost
unapparent.

3) The influence of material parameters of HTSC on drift ve-
locity is more essential. With the critical current density
J. increasing, all the drift velocities Vg and V;. decrease
remarkably; with the E.. /U increasing/decreasing, all the
drift velocities Vg and V4. increase remarkably, and with
the p¢ increasing, the Vi increases remarkably, but the Vi,
is almost unvaried.
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