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Abstract The lateral reversible region of the high-7, su-
perconductor (HTSC) bulk YBCO above a permanent mag-
net guideway (PMGQG) is investigated experimentally in this
study. The dependence of the lateral reversible region upon
selected parameters, such as Field Cooling Height (FH),
Working Height (WH), and magnetic field structure, is stud-
ied. Results show that the lateral reversible region of the
HTSC bulk is not only proportional to the magnitude of the
guidance force or guide-force hysteresis, but closely related
to the external applied magnetic field structure, FH, WH,
and the size and shape of the HTSC bulk. A conclusion that
the lateral reversible region of an HTSC bulk over the single
peak symmetrical PMG prior to multipeak Halbach PMG is
drawn. The results may be helpful to the design and opti-
mization of maglev systems composed of a permanent mag-
net guideway and HTSCs.

Keywords YBCO bulk - Time relaxation - NdFeB
guideway - Change

1 Introduction

After the stable levitation of a NdFeB permanent magnet
above a high-T; superconductor (HTSC) bulk YBCO sam-
ple immersed in liquid nitrogen was observed by Hellman
et al. in 1988 [1]; the stability contributed to the intrinsic
feature of HTSCs with strong flux pinning made many ap-
plications [2—-5] possible. For a maglev system that is com-
posed of a permanent magnet guideway (PMG) and HTSCs,
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some studies have been reported on experimental, theoret-
ical, and/or computational aspects of the lateral restoring
force or guidance force [6—13]. The lateral stability of the
high-7,. superconducting (HTS) maglev vehicle system is
related to the lateral reversible region and, therefore, the
study of the lateral reversible region of the bulk HTSC above
a permanent magnet guideway (PMG) is very important for
understanding the system. However, the reports on this topic
were few after the related studies [14, 15].

It is well known that a wider lateral reversible region
means better lateral stability and larger available lateral
force (we also call this the guide force in a maglev vehi-
cle system). In this paper, we study the dependence of the
lateral reversible region upon Field Cooling Height (FH),
Working Height (WH) under two different types of mag-
netic field structure, i.e., monopole peak symmetrical PMG
and multipeak Halbach PMG.

2 Experiment and Results

The three melting textured growth YBCO HTS bulks used
in this study have different parameters; the parameters and
photographs of the bulks are shown in Table 1 and Fig. 3.
The two types of PMGs supply different applied fields,
and their structures and magnetic distributions are shown

Table 1 Parameters of HTS bulks employed in the experiment

Shape Length ~ Width  Height Diameter ~ Number
(mm) (mm) (mm) (mm) of seeds
Cylindrical - - 18 30 1
Cylindrical - - 12.5 50 1
Rectangular 64 32 13 - 3
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Fig. 1 Monopole peak PMG (a) photograph (b) magnetic field distribution of the PMG
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Fig. 2 Multipole Halbach structure (a) photograph (b) magnetic field distribution of the PMG

in Figs. 1 and 2. The SCML-02 measurement system, de-
scribed elsewhere [16], was employed to obtain information
required for this study. The experimental schematic diagram
and coordinate of the HTS maglev system employed in the
work are shown in Fig. 4.

The experimental procedures used to investigate the lat-
eral reversible region of YBCO bulk above a permanent
magnet guideway are as follows. The bulk YBCO was first

@ Springer

immersed in liquid nitrogen at a certain FH above the PMG
(distance between the bottom of the sample and the surface
of the PMG) for 10 minutes to make sure the sample had
transitioned to the superconducting state under field-cooling
conditions. Then the bulk YBCO was lowered to a particu-
lar working height (WH) to measure the guidance force us-
ing the SCML-02 measurement system. In the test case, the
bulk YBCO was moved in a horizontal loop from x =0 to a
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Fig. 3 Photograph of HTS
bulks in the experiment
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Fig. 4 The experimental schematic diagram and coordinate of the
HTS maglev system

given offset position (we called this offset displacement the
maximum lateral displacement (MLD)). Figure 5 shows the
guidance force exerted by the bulk HTSC with a diameter
of 30 mm, which was subjected to the monopole peak PMG
magnetic field under the test condition of MLD = 10 mm
and FH = WH = 5 mm, respectively.

As shown in Fig. 5, the guidance forces increase rapidly
on the curved OA segment and are opposite to the lateral
displacement direction when the bulk HTS departs from the
initial position O. It shows that the guidance force prevents
the bulk from departing the primary equilibrium point to
maintain the lateral stability. During the course of the bulk’s
returning to the initial position after the bulk moves to the
MLD, the guidance force decreases with decreasing lateral
displacement on curve AB and the direction of the guidance
force is also negative. That is helpful for the bulk’s return to
the initial position. While the direction of the guidance force
turns to positive from negative in accordance with the direc-
tion of lateral displacement when the bulk passes point B,
the guidance force will prevent the bulk from returning to
the initial position. In order to enable the bulk to return to
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Fig. 5 Measurement of lateral reversible region of the bulk HTS over
the monopole peak PMG

the initial position, an external force that equals the mag-
nitude of the force at point C will be applied, otherwise the
bulk will stay in position B. Here, OB is defined as the lateral
nonreversible displacement to describe the lateral reversible
region. Less OB means a wider lateral reversible region and
better lateral stability.

In order to investigate the lateral reversible region of
YBCO bulk above a permanent magnet guideway, the sim-
ilar loops were repeated under different conditions that in-
volved magnetic field structure (a monopole peak PMG and
a Halbach PMG), working condition, size, and shape of the
bulk HTS. The FC and WH were chosen to approximate the
actual operational situation of the HT'S maglev vehicle. Only
the experiments in a positive x-axis direction were done, be-
cause the system had the translation symmetry; they have the
same results in the negative x-axis direction.

The experimental results are shown from Figs. 6, 7, 8
and 10. In these experiments, we first investigate the lateral
reversible region of bulk HTS over a monopole peak PMG.
For the lateral reversible region over a Halbach PMG, the re-
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Fig. 6 The lateral reversible region under the condition of invariable
FH and WH and variable maximum lateral displacement (MLD)
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Fig. 7 The lateral reversible region under the condition of invariable
‘WH and MLD, variable FH

sults show that the varied tendency of the nonreversible dis-
placement is in accordance with the monopole peak PMG
under the conditions mentioned above. We only provide
curves compared with the monopole peak PMG under dif-
ferent conditions, shown in an interleaved pattern. Figure 6
shows the lateral reversible region under the condition of
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Fig. 8 The lateral reversible region under the condition of invariable
MLD, variable FH and WH
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Fig. 9 The lateral reversible region under the condition of invariable
FH and LD, variable WH

invariable FH and WH and variable maximum lateral dis-
placement (MLD). As Fig. 6 shows, when the MLD is larger
than 5 mm, the test loop is nearly nonreversible. The irre-
versibility of the lateral motion increases with the increment
of the MLD. Figure 7 shows the lateral reversible region un-
der the condition of constant WH and MLD, variable FH.



J Supercond Nov Magn (2013) 26:2391-2396

2395

P ™ L
5 ‘.‘ '0.
(=] -6 ‘\ “o a,
= e .
[+F] ‘\ b ..
=] \“ .
o ‘.‘ --\
3 =10 4 e
b‘ \.
v__‘\“
121 Monopole Peak PMG FH=20 WH=12
— « — @ 30mm
14 —+— @®50mn
rectangular 64mmX32mmX 13mn
0 2 1 6 8 10

Lateral displacement (mm)

Fig. 10 The dependence of the lateral reversible region upon size,
shape, seeds number of bulk over the monopole peak PMG

From Fig. 7, we can see that the irreversibility of the lat-
eral motion increases very slowly with the increment FH.
Figures 8 and 9 show the lateral reversible region under the
condition of constant MLD, variable FH, WH and constant
FH, LD, variable WH, respectively. From Figs. 8 and 9, we
know the irreversibility of the lateral motion decreases with
the increment FH and WH. However, the nonreversible dis-
placement of HTS bulk over the Halbach PMG is larger than
that of the monopole peak PMG under the three cases men-
tioned above. Figure 10 shows the dependence of the lateral
reversible region upon size, shape, and seeds number of bulk
over the monopole peak PMG. As Fig. 10 shows, the lateral
reversible region is relevant with their properties.

3 Analysis and Discussion

As shown in Fig. 6, in the case of constant FH and WH,
the nonreversible displacements of the bulk HTS subjected
to different maximum lateral displacements are different
and the nonreversible displacements increase with increas-
ing MLD. For infinite length PMG ignoring ending effect,
the magnetic field is composed of horizontal component B,
and vertical component B;. The magnetic forces of the bulk
HTS over PMG come from the following equation based on
magnetostatics [17, 18]:

7:/ (M-V)(x,dv (1)

From Eq. (1), the guidance force of the bulk YBCO can
be written as

heoov . 9B
G:szl/ dz/ M—dx )
0 —w dx

where the parameters /, i, w represent the length (or equiv-
alent length), height, and half-width (or equivalent width) of
the bulk YBCO. and

M = u; B, (3

The parameter p; is the permeability constant of the bulk
YBCO.
Define f(x) as
= Bz(x)—jz(x—d) @
When the bulk moves distance d along the horizontal di-
rection, the variation of B, and M can be expressed by f(x)
as follows:

AB; = B;(x —d) — B;(x) = — f(x)d &)
AM = jisAB; = — g f(x)d (6)

Differential expression (2) is represented by differential
expressions (5) and (6), the guidance fore of the bulk expe-
rienced during lateral displacement can be written as

h 0 w
G:l/ dz(/ Ale(x)dx—i—/ Asz(x)dx> 7
0 0

—w

After the field cooling process, B, in the bulk is equals to
that of the applied field, and no guidance force exists under
this condition. When the bulk YBCO moves horizontally,
the applied field changes and variation of B, occurs. Ac-
cording to Egs. (6) and (7), variations of M will generate the
guidance force. From Eq. (5), the sign of AM always oppo-
site to f(x), so the guidance force always prevents the bulk
from departing the original equilibrium point. When the lat-
eral displacement is small, we can regard that the magnetic
flux does not move and dislocate, so the bulk will return to
the initial equilibrium point. In this case, nonreversible dis-
placement will be zero and no remnant appears in the bulk.
When the lateral displacement is larger, the magnetic flux
dislocates from its initial pinning position by the flux flow
and creep motion, then the remnant M occurs in the bulk af-
ter the whole lateral motion. It causes energy loss so that the
bulk will not return to the initial equilibrium position and
the nonreversible displacement is not equal to zero, and the
nonreversible displacement increases with increasing lateral
displacement. For the two different types of magnetic field
structure, as shown Figs. 1 and 2, variation of B, (by in
Figs. 1 and 2) over the multi-peak Halbach along horizontal
direction is fast than that of the monopole peak PMG, so that
the influence of the flow and creep motion upon the lateral
motion is obvious for the HTS bulk over the multipeak Hal-
bach. This is the reason that the nonreversible displacement
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of HTS bulk over the Halbach PMG is larger than that of the
monopole peak PMG.

From Figs. 7 and 8, we can see that the nonreversible dis-
placement of the bulk decreases with decreasing FH at con-
stant WH, while the nonreversible displacement decreases
with increasing FH at variable WH. As the hysteresis of
the guidance force is decided mainly by WH, the hystere-
sis of guidance force is almost the same at constant WH
but variable FH. The nonreversible displacement of the bulk
depends on the magnitude of the guidance force. Larger
guidance force generates when the bulk trapped more mag-
netic flux at lower FH. So, the nonreversible displacement of
the bulk decreases with decreasing FH at constant WH. For
variable FH and WH, the nonreversible displacement of the
bulk is influenced by magnitude and hysteresis of the guid-
ance force simultaneously but mainly by hysteresis. Mag-
netic flux of the bulk trapped increases with decreasing FH
and WH, which causes the enlargement of magnitude and
hysteresis of the guidance force but hysteresis is more ob-
vious. As a result, the nonreversible displacement decreases
with increasing FH at variable WH.

From Fig. 9, we can see that the nonreversible displace-
ment of the bulk increases with decreasing WH at constant
FH. The hysteresis of the bulk increases with decreasing
WH, and it causes enlargement of the nonreversible dis-
placement.

From the interleaved pattern of the Figs. 6 to 9, we can
see that the nonreversible displacement of HTS bulk over the
monopole peak symmetrical PMG is larger than that of mul-
tipeak Halbach PMG. It means the lateral reversibility of the
HTS bulk over the monopole peak PMG is better than that
of the Halbach PMG. This mainly depends on the magnetic
field structure.

4 Conclusions

With regard to two types of PMGs, the lateral reversible re-
gion of the HTS bulk has been investigated experimentally
in this study. Relevant theory based on magnetostatics is
used to analyze the magnetization process and the guidance
force. From the experimental results and the ensuing anal-
yses, we may think that the remnant magnetization caused
by the flux dislocation is the essential source of the lateral
irreversibility. From the results, we see that the lateral re-
versible region is not only proportional to the magnitude of
the guidance force or guide-force hysteresis, but closely re-
lated to the external applied magnetic field structure, FH,
WH, and the size and shape of the HTS bulk. From the point,
we may draw a conclusion that the lateral reversible region
of an HTSC bulk over monopole peak symmetrical PMG
prior to multipeak Halbach PMG.
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