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Magnetic Levitation Control of the YBCO Superconducting Bulks

Ken Nagashima (ISTEC-SRL, now at Railway Technical Research Institute)
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Sang-Im Yoo (Seoul National University), Hiroyuki Fujimote (Railway Technical Research Institute)

Abstract

We have succeededin controlling the magneticlevitatiop behavior of the YBCO superconducting bulks above an
elecromagnet composed of BSCCO superconducting coil. Levitation stability of the YBCQ bulks depended on the activation
procedures and a trapped field value. Stable levitation with ne tilting could be obtained beyond a threshold wapped field, which
depended on sample dimension. In comparison with the usual force balance method, we could successfully interpret general
levitation behavior in a much simpler way using a total energy method where the total energy consists of magnetic energy
and gravitational potential of a YBCO bulk.
¥—7—F @AELHE. BEIALY—, YBCO/ Wy BREEHE, BSCCO AL
(Magnetic Levitation Control, magnetic energy, YBCO Supercouducting Bulk, BSCCO coil)
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SUPERCONDUCTING BULK LEVITATION USING AN ELECTROMAGNET
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Abstract. We have studied the levitation of Y-Ba-Cu-0O superconducting bulks above a Bi-Sr-Ca-
Cu-0O superconducting electromagnet. It is found that stable levitation without tilting could be
obtained only when the sample trapped a certain amount of fields, the minimum of which depended
on the sample dimensions. We also employed the novel analysis method for levitation based on the
total energy balance, which is much simpler than the force method and could successfully be applied
to understanding general levitation behavior.

Key words. : magnetic levitation, Y-Ba Cu-O bulk, Bi-Sr-Ca-Cu-O electromagnet, magnetic energy.

INTRODUCTION

It is well known that the stable magnetic levitation is achievable with a combination of permanent
magnets and melt-textured Y-Ba-Cu-O bulk superconductors. Here it is important to notice that
stable levitation can be realized by the vortex pinning so that the gap between a superconducting bulk
and a magnet is fixed once the vortices are pinned by the superconductor. Itis aiso true that the
maximum levitation force is limited by the field strength of permanent magnets.  Therefore, the
levitation is not controliable, which may limit the applications. In order to overcome such
limitation, the use of an electromagnet has been proposed to actively control the levitation [1].
However, as long as normal conducting electromagnets are used, the force is again limited by the
heat generation, which can be minimized by using superconducting coils. Hence, we employed a
superconducting magnet as the magnetic source and studied the levitation characteristics of bulk
Y-Ba-Cu-O superconductors with an emphasis placed on the method to control stable levitation.

EXPERIMENTAL

We used bulk melt-textured Y-Ba-Cu-O samples grown by a top seeded melt growth process {2].
The samples are single grains, which allows us to assume that supercurrents are flowing uniformly
within the sample. Figure 1 shows schematic illustration of the levitation system used in the present
study. The inner and the outer coils are composed of copper and Bi2223 superconducting tape,
respectively.  The levitation was controlled by changing the currents in both coils. Figure 2
represents the field distribution above an electromagnet for [, =50A(inner coil) and /,=300A(outer
coil). For levitation experiments, on the basis of the former experimental results [3], which showed
that the presence of trapped field is important for stable Ievitation of bulk Y-Ba-Cu-O, weemployed
the following procedure: (i} pass the currents of fire,and [, in order to generate a certain
amount of fields; (ii} place the superconducting bulk at the center of the levitation coil, and cool it
with liquid nitrogen (field-cooling activation); (iii) change /. up 0 300A in order 10 levitate the
bulk. Here the conditions for the stable levitation were explored by controlling /, and f,. We also
performed zero-field-cooling (ZFC) activation for comparative studies.  The tilt angle and the
levitatton height were mosily menitored by a direct visual observation of the levitated samples. and
for more precise measurements the Tevitation was recorded in a video tape and analyzed.
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Table ! : Parameters of outer and inner coils

Parameters Outer coil(BSCCO) Inner coil{Copper)
Winding i. d. 400 mm 90 mm
Winding o. d. 512 mm 133 mm
Winding height 20 mm 20 mm
Number of turns 224 20
Maxamum current 300 A 50 A
Temperature <30K 77 K

; ' RESULTS AND DISCUSSION

The results of the levitation experiments are summarized in Table 2. The levitation can be
classified in three typical modes as schematically shown in Fig. 3. Without any trapped fields, the
‘ disk is levitated with its axis tilted by ninety degrees (see Fig. 3 (a)). The tilt angle gradually
; decreases with increasing the trapped field as shown in Fig. 3 (b), and finally the disk can be levitated

with no tilting (see Fig. 3 (c}}.  Here, it should be noted that although the levitation was stabilized
with increasing the trapped field, the maximum levitation height was reduced.

FC activation case

ZFC activation case

Fig.3 Levitaiion behaviors of a YBCO bulk
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Table 2: Experimental resuits
(YBCO bulk: dia. = 46 mm, thickness = 15 mm, weight = 150 g)
Field cooling Levitation starting Levitation behaviors
conditions conditions I.=300[A]
Coil  [Trappedf| Coil [Applied|Tiiting]| Applied[Levitation| Lateral
currents | field flcurrents| field {(angle|l field height | stability
Lire|lubcs| B, L, B, 8 B, Zosax
LA} [A]] (T] J(A]| [A]l] [T] [deg.] (T [cm]

0 0 0 0 1260{ 0.089 |[ 90 - > 10 |Unstable
200f 0.118 || 60 0.139 6.5 Stable

0 |50 0030 Jjo

0 175] 0044 || 0 [210] 0.124 1 45 0.135 7 Stable
0 |100]| 0.059 || 0 {230 0.136 15 - > 10 |Unstable
0 (150] 0.089 |[ 0 |270] 0.160 0 0.134 7.2 Stable
0 |200] 06.118 fO | - - - - 0 -

0 | 50| 0.030 |[50]150] 0.098°][ 45 0.152 5 Stable
50 (1 50| 0.039 [|50}150] 0.098 || 30 0.152 5 Stable
501751 0.054 ||50]180] 0.116 || 30 0.148 5.5 Stable
0 (100 0.05% ff50]190[ 0.122 [ <10 - >9 Unstable
50 |1 100] 0.069 ||50]200{ 0.128 [i] - >9 Unstable
0 |150] 0.089 ||50]240] 0.151 0 0.136 7.2 Stable
50 {1507 0.098 ||50]250]| 0.157 0 0.139 0.8 Stable
0 [200] 0.118 ||50]|280] 0.175 0 0.148 5.3 Stable
50 {200| 0.128 ||50( 280 0.175 0 0.163 3.5 Stable

B B B

b 4 4

v -

kY

Y L 1{

Shielding current /,

Fig.4 Calculation model (YBCO bulk)

The energy model
The levitation can be analyzed in terms of the shielding currents which are induced in bulk
superconductors. The magnetic energy with induced currents is given by

where L,,, is the inductance of the shielding curreat ioops, 1., and I, are the current components
flowing at the surface of bulk superconductors. Since Y-Ba-Cu-O bulk samples possess high /. of
order 50000 Aiem® below I T at 77 K_the shielding currents are considered to flow mainly at the
surface thin layer. Thus, the self inductance of the cylindrical loop current (see Fig. 4) is given by

L, =uR N 2)
!

where Nisthe number of wurns and isone for the present case. R, the icop radius which corresponds
to the bulk radius. and 7is the thickness. 2. isthe Nagaoka coefficient determined by the ratio of R,



and t.

The shielding current /, and magnetic energy U, can be calculated by the following equations:
I = A¢ — R’-Rdz(Ba B Br)

’ L(_n‘. L’c'_\'l',

2pd

Uum = l Lr\'l Isz = E—Rd_

&2 2L,

The total energy of the levitated bulk is then given by
n_lR 4

u Upgg. T Upr. = 5 4

toud — - mag.

3)

(B,~B) 4)

(B“—B,)2 + mgz (5)

vl

where the first term is the magneticenergy and the second term is the gravitational potential energy.
Figure 5 showsthe calculated total energy along z-axis (vertical axis) at the center of the coil system
for B,=0.098 Tand I,=300 A,I,=50 A. A stable position with zero net force is achieved at B, = B,
if the gravitational potential is not taken into account. Since the derivative of the energy gives the
force, one can see that the force is repulsive for z < 0.13 m, while the force is attractive for z >0.13
m, and therefore z=0.13 m is the magnetically stable point. 1f one takes account of the gravitational
force, which is represented by the potential energy, the equilibrium position for the levitation moves
downward, as shown in Fig. 5.

Figure 6 represents the relationship between the trapped field and the levitation height in the
maximum applied field(/, =300 A ,J, =50 A). Experimental data are also plotted in the figure, and
are in good agreement with the calculation.
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Fig. 6 Relationship between the trapped field
and maximum levitation height(/ =300A)

Levitation hetght z[m]
Fig. 5 Energy distribution of a bulk along z-axis

Lateral stahifiry
The conditions for the bulk superconductor to stably levitate is known as the lateral stability. The
magnetic force is given by differentiating the magnetic energy as follows:

aUlﬂﬂg an ! BB

F,=———:»—A—“—f"B—B {6)
or Ly or (8,-B) ‘
The required force to realize lateral stability is F,,, <0, and therefore  we have
) : B
in the case of repulsive force (Brr -8 > O). 7"— >0 (7-a)
r
. . . JB
in the case of attractive force (B, — B, < 0). 7” <0 (7-b)
-

For the present experiments. the condition for lateral stability is given by eq.{7-a}. And this condition
is satisfied up 1o a certain levitation height in the present study(see Fig. 2).
Figs. 7 and 8 represents the total energy distribution maps for two samples with the wapped field



values of 0.098 T and 0.069 T, respectively. The energy distributions along the vertical and the
horizontal lines are also shown in the figure. Here it is important to note that although the total
energy has the minimum along the vertical direction, the sample with smaller trapped field does not
have the energy minimum in the horizontal direction, showing that the levitation isunstable. Like
this, using the tota! energy distribution map, we can easily find the condition for the levitation,

— . {(E_R’)
// :e..'l:: //‘/lrinsitabk'\ \
7 B \
\__Stable_i—— zim] 57,

\-
2

Levitatiocn hei’ght

Levitation height| < A

P b

l lyl f/ |

¥ oz =2 = = s oasg38 " . ; .
Utomf ["] Ummf [J] r [m]

Fig. 7 Energy distribution on r-z plane Fig. 8 Energy distribution on -z plane

(Stable Case; B,=0.098T, I, =300A ,I;=50A) (Unstable Case; B,=0.069T, I, =300A , [;=50A)

Pitch stabiliry
We also tried to explain the relationship between the trapped magnetic field and the tilt angle by the
magnetic energy analysis. In this case, the magnetic energy of the cylindrical loop current is

represented as a function of tilt angle @ as follows.
— T Rd4
Umag.f)f. (9) -

2Lr_\'l'.
Thus obtained magnetic energy isshown in Fig. 9 asa function of the tiltangle. Here the ordinate is
the difference in the magnetic energy between the tilted sample and the one without tilting.  One can
see that with increasing the trapped field (represented by [, in the figure), the 6t angle, which
corresponds to the energy minimum, decreases and finally reaches zero. However, according to the
results, the sample should be tilted even when the sampie is field-cooled with the outside ¢oil current
I.ec,of 1504, in that the tilt angle was 0 deg. in the levitation experiments.  This is due to the fact
that superconducting currents are also flowing in the vertical direction as schematically shownin Fig.
i0. The contribution of this rectangular current loop to the magnetic energy is represented by a
dotted line in Fig. 9, which cannot be neglected.  When the current foops in the vertical direction are
taken into account, the total magnetic energy is modified as follows:

2 4
Uve(0) = Uy () + U TR,

(8)= o7 (B,cosf-B) +AL"'-—(B” sinf) (9)
T rect.

where. A, is the area of the rectangular loop currents. With such medification. the magnetic energy

respective to the one without tilting can be drawn as shown in Fig. 11, whichisin very good agreement

with our experimental data. Figure 12 summarizes the relationship between the tilt angle and the

wrapped field. showing that with increasing the rapped field. the nltangle gradually decreases and

finally reaches zero. that is the stable levitaton.

2

(B,cos0—B) (8)

5

LI mag.rect,
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CONCLUSION !

In the present study, we investigated the levitation behavior of the meli-textured Y-Ba-Cu-Q
superconducting bulks above the two electromagnet levitation coils composed of copper and Bi2223
superconducting tapes. Stable levitation without tilting couid be obtained only when the sampies
trapped a certain amount of fields, which depends on the sampie dimensions. The levitation
behavior including the tilt angle could successfully be analyzed using the total energy balance
method.
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A New World Opened up by Bulk Superconductors
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OMG materials Developed by Nippon Steel
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Non-superconductive-phase YzBaCuOs is finely dispersed in superconductive-phase YBa=CuaDx
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QMG is a YBCO bulk superconductor with high Tc,
developed by Nippon Steel Corporation (NSC). A main
feature of QMG is the fine dispersion of 211 particles,
which work as effective pinning centers, in the supercon-
cucting 123 matrix. Patents* are registrated in Japan, the
U.S.A., and Europe by NSG.

"QMG" stands for Quench & Melt Growth method, but
now no quench step is required as a result of improve-
ment of the original process (, thus Q means Quality, not
Quench). The modified QMG process opens the door to
large bulk superconductors because the crystal growth
can be controlled by a seed crystal.

QMG is expected to realize new applications such as
magnetic bearings, flywheelsy, magnetic shieldings, cur-
rent leads, and bulk magnets because of its high perfor-
mance in pinanig force and size.

The standard product is 46mm in diameler and 15mm
in thickness but up to 100mm max. diameter products are
available. Shapes available include cylinders, rings, fan-
shapes and many more. The price will be settled depend-
ing on specifications such as size and properties.

(U.S.A.) USS, 508, 253. Br (Europe) EP0374263A1
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Exampie of trapped flux density
of QMG materials. (Size 48mmg X15mmt)
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OMG matenals in various shapes

For more information on this product, please contact :

OISy E U ST - Tt
T2 MFHFREHEH 3 THSE 2
SRR SRR ER
TEIN-T
T EE044-777-4111 (KIEH)
F A X :044-752-5759
E-mail : kaneko@lab1.nsc.co.jp

Superconductivity Group \
Ceramics & Metals Division

Advanced Technology Research Laboratories
Nippon Steel Corporation

3-35-1  Ida, Nakahara-ku, Kawasaki 211, Japan
TEL : +81-44-777-4111

FAX | +81-44-752-5759

E-mail : kaneko@Ilab1.nsc.co.jp
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