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ABSTRACT

In the design of large-scale flywheel, load capacity and
bearing constants (i.e. spring and damping constants)
should be accurately calculated. In this report, a newly
developed analysis method for radia-type
superconducting magnetic bearings (SMBs) composed
of several couples of magnet rings and magnetic
material spacers is described. The analysis method is
based both on electromagnetic FEM of the magnetic
field and the 2- Dimensional Bean Model for analysis of
magnetization of oxide superconductors. To obtain
accurate magnetization hysteresis that reflects the
complex magnetic fields, a superconductor is meshed
into cells. Then the electromagnetic force between the
magnetic fields of magnets and the magnetization of the
superconductor are calculated. Recently, computer
programs which can calculate the axial load capacity and
bearing constants of radial-type SMBs have been
developed. Calculated results on axial load capacity
showed good agreement with experimental results.

INTRODUCTION

In response to increasing needs for electricity, surplus
electricity during off-peak hours should be efficiently
stored. There are several methods for storing electricity.
Among them, the flywheel method is very useful. To
store sufficient quantities of electricity, flywheels have
to be large. The bearings for energy storage flywheels
must have very low energy loss, so superconducting
magnetic bearings (SMBs) are suitable for this purpose.
[1][2] Particularly, radial-type SMBs are suitable for
supporting the high loads and rotational speeds of
energy storage flywheels. In the design of large
flywheels, load capacity and bearing constants (i.e.,
spring and damping constants) should be accurately
estimated.
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YBaCuO superconductors fabricated by the so called
melt-grown process (QMG)[3] or melt-powder-melt-
growth(MPMG)[4] shows very strong magnetic force.
These superconducting materials are suitable for the
bearings of energy storage flywheel.

Concerning calculation method of levitation force of
oxide superconductor, Sugiura [5] applied the
magnetic vector potential (A) method to solve the
Maxwell equations with a nonlinear J-E relation based
on the critical state model. Tsuchimoto [6] anayzed
numerically vertical levitation force in axial symmetric
model using magnetic vector potential(A), and
horizontal restoring force using current vector potential
(T) method. There are several other calculation method
has been published but there has not been reported
about the calculation method of radial type SMBs. In
this report, a newly developed analysis method for
radial-type SMBs composed of superconductor and
rotating magnetic structure is described. The analysis
method is based both on electromagnetic FEM of the
magnetic field and the 2-Dimensional Bean Model[7][8]
for analysis of magnetization of oxide superconductors.
The rotating magnetic structure is composed of several
couples of magnetic rings and magnetic material spacers.
The magnetic field generated by the magnetic structure
is very complex, so to obtain accurate magnetization
hysteresis of the superconductor, it is meshed into cells
in the calculation. The magnetization hysteresis of each
specific cell is affected by the changing magnetic fields
caused by movement of the magnetic structure.
Magnetization hysteresis is calculated using the 2-
Dimensional Bean Model. Because the calculated
magnetization of each specific cell isless than its actual
magnetization, the effect of dividing the superconductor
into cells must be corrected. After thisis completed, the
electromagnetic force between the magnetic fields
caused by the magnetic structure and the magnetization
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of the cellsis calculated and summed up over the whole
superconductor. We have developed programs that
can calculate axial 1oad capacity, axial bearing constants,
radial load capacity and radial bearing constants of
radial-type SMBs. Calculated results on axial load
capacity showed good agreement with experimental
results.

In this paper, we first explain our analysis model, and
present analysis of both the magnetic fields of magnets
and the magnetization hysteresis of superconductors.
We then discuss compensation for the effect dividing
the superconductor into cells, provide analysis of lifting
force and finally compare calculated and experimental
results.

AnalysisModel and M ethod

AnalysisModel:

Analysis model is shown in Figure 1. Analysis model
is radial-type superconducting magnetic bearings (R-
SMBs) that consists of superconducting stator and
magnetic rotor composed of plural pairs of magnet ring
and steel ring.
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FIGURE 1. Analysis Model

AnalysisMethod
Analysis of Magnetic Field of Magnets. Magnetic field
of magnetsis obtained by electromagnetic FEM.
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FIGURE 2: Bz Distribution of Pr-Magnet
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FIGURE 3: Br Distribution of Pr-Magnet

An example of calculated results on magnetic field of Pr
magnet by electromagnetic FEM is shown in FIGURE 2
and FIGURE 3. FIGURE 2isBz and FIGURE 3isBrinz
direction.

In FIGURE 2 and 3, Bz and Br distribution along z are
shown with the parameter r which corresponds radial
gap from magnets surfaces. In the other hand
superconductor ring is composed of several arc shaped
bulk superconductors. These Bz and Br distributions
are so complex that superconductor ring is dived into
cell to reflect the complex magnetic field effects.
Meshing is done with the parameters which are inner
and outer diameter and height of the superconductor
ring and axial length of magnet rings and spacer rings.

vz Zw o=
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FIGURE 4Meshing of Superconductor Ring

2-Dimensional Bean Model Analysis of Magnetization
in Superconductor. Magnetization hysteresis in each
cell owing to the changing external magnetic field is
analyzed by 2-Dimensional Bean Model. A sample of it
is shown in FIGURE 5. In FIGURE 5, there is a cell
whose sides are a,b,c and changing external magnetic
field H isacting on the cell along c axis.

When magnetic field acts on the cell aong c axis,
shielding current flows in a-b plane and the shielding
current corresponds to the magnetization. The
magnetization generated in rectangular element can be
calculated by 2-Dimensional Bean Model [5],[6] which is
the composition of two 1-Dimensional Bean Model

EARLIER | LATER

EARLIER LATER |



MAIN PROGRAM _ AUTHOR INDEX

Seventh International Symp. on Magnetic Bearings, August 23-25 , 2000, ETH Zurich

Ll s Ll T

iy ] oell

f’@"@m
2% /'II'\

- A »q;;rx'ﬂr\“ Z

(7}

LR

FIGURE 5: Magnetization Hysteresis by the 2-Dimensional Bean Model

application on each a and b side of the rectangular
element. In the Bean Model when the acting magnetic
field H,e; on the element increases from the initial field
cooling magnetic field H, the repulsive magnetization
occurs and it is calculated as the volume of the solid
which is enclosed within the lines whose gradients are
ra(B)=mX. The state (1) to (2) is the increasing
external field. In this step, repulsive magnetization
increases with increase in the external field. The state
(2) is the nearest approach of the magnets to the
superconductor. The process from (2) to (4)is the
decreasing external field case. In this step, attractive
magnetization is generated and increases canceling the
previous repulsive magnetization. The state (4) is the
farthest the magnetic rings get from the superconductor
and the magnetization becomes only attractive. In (4) to
(8), the increasing external field corresponds to the
approach of the magnets to the superconductor. The
state (8) isthe same as (2). After (8), the processfrom (2)
to (8) is repeated. Thus, repulsive and attractive
magnetization is generated as hysteresis phenomena
when magnets approach and remove from a
superconductor.

Automatic Calculation of Magnetization. The magnetic
field of radial-type SMBsis so complicated as shown in
FIGURE 2 or FIGURE 3 that changes of magnetic field
acting on each cell take varieties of patterns according
to the movement of magnets. So it is needed to
calculate magnetization automatically for any
changing magnetic field. The new calculation
method of automatic generation of magnetization is
as follows.

The calculation method is divided into two cases. Oneis
(@) when magnetization continues to increase or
decrease, and the other is (b) when magnetization
reverses from increasing to decreasing or from
decreasing to increasing. FIGURE 6 shows these two
cases.
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(a) Continuos Case (b) Reverse Case
FIGURE 6: Auto-Creation of Magnetization

(@ Continuos case: In FIGURE 6, magnetic field
increases continuously like from Hy to H, to H
Magnetization at H; = dM+ddM
Here, dM is the generated magnetization when magnetic
field changed from H2 to H3 and ddM is the
magnetization that remains after deleting the diagonally
lined sectionsin FIGURE 6 (a).
(b) Reverse case: In FIGURE 6, magnetic field reverses
fromH; toH, to Hs.
Magnetization at H;= dM+ddM
Here, the pole sign of dM is opposite to ddM. :
dM : the magnetization that remains after deleting the
diagonally lined section in FIGURE 6 (b) when magnetic
field changed from H, to Ha.
ddM : the residual magnetization which is deleted the
magnetization that is generated when magnetic field
changed from H, to H; from the magnetization that had
possessed at H..

Correction of the effect of Meshing. In the calculation
the effect of meshing has to be corrected. FIGURE 7
shows the magnetization of a single crystal by the 1-
Dimensional Bean model. The crystal islarge enough for
the acting magnetic field to not be uniform as shown by
broad line in FIGURE 7. In FIGURE 7, the crysta is
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divided into 4 parts and in each part the average acting
magnetic field (Hy,Ha,Haz, Hy) is different from each
other. In the figure, the whole average acting magnetic
field of the entire crystal is also represented as Ha
Magnetization calculated in the divided parts by Bean
model is represented by hatched triangle. This
magnetization is not correct. It is corrected as follows.
Accurate magnetization generated in part 1 where
average magnetic field Hy is acting can be obtained by
widening that part size(W/4) to whole size (W), acting
Ha on the whole size and dividing the obtained
magnetization by 4. The same procedure is used in the
other parts. Magnetization of the divided parts by this
means is shown in FIGURE 3. The total magnetization of
the whole crystal should be the sum of the
magnetization of the 4 parts.

In the 2-Dimensional Bean model, the same procedure is
used both in length and in width. That is as follows.
When a superconductor ring is meshed into cells, a
single crystal is meshed by min length and meshed by n
in width as one group. In the calculation of the
magnetization of the meshed cell, the length of meshed
cell is multiplied by m and the width is multiplied by n.
The calculated value is divided by (m*n) and then it
becomes real value of the meshed cell.

Hysteresis of magnetization of each cell takes various
pattern due to complex magnetic field. FIGURE 8 shows
several hystresis of magnetization in cells.

Calculateii Magnetization by Ha using Undivided Case
Y B _ P
\ éx 4‘\ Heose

\ \
Vv i |
\ }
|

Ny ! |
\ Has Uncorrected
/\ | Magnetization
Y p of w/4 width
/" Crystal

Ilas

z

4

Corrected

- Magnetization
of w/4 width
Crystal

T Magnetic Field

w/a W/ 4 w/4 “w/zt

- e -

w

- -

Width of Single Crystal

FIGURE 7: Correction of Meshing

Levitation Force Analyss. Levitation force of
SMBs can be obtained by electromagnetic force
between magnetization in each cell and magnetic field.

Thelevitation force f of acell whose volumeis dv can

be calculated as follow
f =m- NBdv @
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FIGURE 8: Magnetization Hysteresis of cells

here, m is magnetization, and B is magnetic flux

density.

Thelevitation force F of the whole superconductor is
F = om- NBadv )]

Equation (2) isrepresented as eq.(3)

The levitation force in axia direction is Fz. Fzof

radial-type SMBs can be treated as axial symmetric

problemand X isreplacedas r .

And Fz isrepresented as eq.(4).

1Bx 1Bx 1Bx
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Mr,Mz can be obtained from Br,Bz and
‘ﬂBz 'ﬂBz

7 can be obtained from Bz.

The levitation force hysteresis is obtained by equation
(1) using the hysteresis of m. Examples of levitation
force hysteresis of cells are shown in FIGURE 9. The
levitation force hysteresis of the whole superconductor
is obtained by equation (2) or (3). In the case of FIGURE

1Bz 'ﬂBz
ﬂr

2, z-Bz,— are shown in FIGURE 9.

Levitation force hysteresis of cell (1,13) and (1,30) are
shown in FIGURE 10. Levitation force hysteresis of the
whole superconductor can be obtained by summing up
the levitation force hysteresis of each cell.
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EXPERIMENT AND COMPARISON
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FIGURE 11: Experimental Equipment
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To investigate the accuracy of the cal culation calculated
results were compared with experimental results. The
experimental equipment is shown in FIGURE 11. The
tested bearing size is shown in FIGURE 11. The tested
bearing sizeis shown in FIGURE 1.

The tested materials of the magnets were Pr and
NdFeBo. The superconductor ring was composed
with 6 or 8 arc shaped bulk superconductor. In the
calculation  critical current  density of the
superconductor was set as 1.5€7 (A/nf).

Comparison

Comparison 1: Experimented levitation force hysteresis
of the case of 6 divided superconductor-Pr magnet is
shown in FIGURE12. The calculated resultsis shown in
FIGURE 13 and the calculated result shows good
agreement with the experimented result.

Lifting force

FIGURE 12: Levitation Characteristics of Pr-
Magnet-6-Divided SC

1000
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200 £

FIGURE 13: Calculated Result of FIGURE 12

Comparison 2: Experiments were executed in the
following cases according to number of dividing
superconductor and materials of magnets.

(&8 6 divided superconductor and Pr magnet

(b) 8divided superconductor and Pr magnet

(c) 6 divided superconductor and Nd magnet

(d) 8divided superconductor and Nd magnet
FIGURE 14 shows the experimental results. FIGURE 15
shows cal culated results.
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In the experiments, Nd magnet types had larger
characteristics than Pr magnet types because of their
higher magnetic fields.

In the case of Nd magnets, 6 divided Sc-Nd magnet
showed a little larger characteristics but the difference
was small between them. In the case of Pr magnet,
8divided SC type showed larger characteristics than 6
divided SC type.

On the other hand, the calculation gave results that 6
dived SC aways shows larger characteristics than 8
divided SC because 6 divided SC has larger bulk size
than 8 divided SC. The difference between experiment
and calculation comes from the fact that experimental
results are effected by the state of fabrication of SMBs.
Anyway comparing the calculated results with the
experimental results the calculated results gave almost
the same order resultsin value.

2000

1500 | amw%_‘_,_..’.
6 divided SC-Nd Mag, =
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FIGURE 14: Experimental Results of
6- and 8-Divided SC-Pr and Nd Magnets
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FIGURE 15:
FIGURE 14

Calculated Results of

CONCLUSION

(1) The calculated results on levitation characteristics
showed good agreement with the experimental results.
This calculation method is effective for calculating the
axial characteristics of radial-type SMBs.

(2) An analysis method has been established in which
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the magnetic field of magnets is calculated by
electromagnetic FEM and the superconductor is meshed
into cells for calculation. The magnetization in each cell
is calculated using the 2-Dimensional Bean Model.
Levitation force of SMBs can be obtained by summing
up the electromagnetic force between the magnetization
in each cell and magnetic field.

(3) A method has been developed for auto-generating
calculation of magnetization in a meshed cell of a
superconductor under a complex magnetic field .
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