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Modeling Forces in High-Temperature Superconductors

Larry R. Turner and Matthew W. Fostefi
EnergyTechnologyDivision,Argome NationalLaboratory

9700 SouthCass Avenue,Argonne,Illhois 60439 USA

AMruct--We have developed a simple model that uses com-
puted shielding currents to determine the forces acting on a high-
temperature superconductor (HTS). The model has been applied
to measurements of the force between HTS and permanent mag-
nets (PM). Results show the expected hysteretic variation of force
as the HTS moves first toward and then away from a permanent
magne~ including the reversal of the sign of the force. Optitniza-
tion of the shielding currents is carried out through a simulated
annealing algorithm in a C++ program that repeatedly calls a
commeraal electromagnetic software code. Agreement with mea-
sured forces is encouraging.

Znukxterms--Electromagnetic analysis, finite element methods,
high-temperature superconductors, magnetic forces, modeling,
optimization methods, simulated amealing.

I. INTaODU~ON

High-temperature superconductors (HTS) hold both intrin-
sic interest and commercial potential. Consequently many
investigators have tried to model the characteristics of HTS,
particularly the shielding currents, magnetic forces, and mag-
netic stiffness [1]. Many of these attempts [2,3] have used the
Bean model. Recent ones [4] have used the Preisach hysteresis
model as well, because the shielding currents and forces
exhibit hysteretic behavior. Most often this modeling has
required the development of entirely new software or, at best,
the modification [5] of commercial codes. The simple model
described here permits the use of a commercial electromag-
netic computational code, in this case OPERA-2D [6], without
any modification of the code.

II. THEMODEL

Our model represents the HTS by regions of conductor that
carry (a) no current, (b) the (specified, constant) critical current
density Jc, or (c) the negative of the critical current density.

This way of treating the shielding currents was suggested by a
paper of Sanchez and Navau [7]. The boundaries of these cur-

rent-carrying regions within the HTS are varied to minimize
the cost function (also called the objective function), which in
this case is the integral of the square of flux density within a
specified interior portion of the HTS that carries no current.
The locations of these boundaries are constrained by the condi-
tion that any change of sign in current always originates at the
exterior surface of the HTS. Minimization of the cost function
is carried out through a simulated annealing procedure.
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III. OPTIMIZATIONTHROUGHSIMULATEDANNEALING

The global optimization technique known as simulated
annealing (SA) [8] operates by analogy with the thermodyn-
amic process known as annealing, through which a system
achieves a stable state of minimum energy by being cooled
slowly to thermal equilibrium.

In the Metropolis algorithm [9] for SA, small random
changes are introduced into the configuration of a system, and
the change in the system’s cost function AE is calculated. If Al?
is negative, the changed configuration is accepted; if AE is pos-
itive, it is accepted with a probability exp(-AW7’), where T is
analogous to the thermodynamic temperature. We have imple-
mented the Metropolis algorithm using C++ and the commer-
cial electromagnetic modeling software OPERA-2D. Our
code consists of a set of C++ class libraries and a program that
calls OPERA-2D to calculate the magnetic flux integral that
serves as our cost function. These SA libraries do not depend
on the use of the OPERA-2D software and could operate just
as well with a different electromagnetic modeling package.

Simkin and Trowbridge [10] optimized an electromagnetic
problem with six continuous variables by using SA to begin the
process and then switching over to a direct gradient-descent
method.
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Fig. 1. Schematic of the force measurements. An HTS hexagonal prism (mod-
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IV. EXAM- HTSCYLINDERABOVEA PERMANaNTMAGN~ DISK

Argonne National Laboratory, along with several other
laboratories worldwide, is developing flywheel energy
storage (FES) for electric utilities [11, 12], an endeavor
made practical by the existence of nearly frictionless HTS
bearings. In the process of building several experimental
flywheel units, it was necessary to measure the force
between the HTS and a neodymium-iron-boron permanent
magnet (PM). The yttrium-barium-copper-oxide (YBCO)
HTS was in the form of hexagonal prisms, but in the com-
putation the HTS was treated as a cylinder of the same vol-
ume. The geometty is shown schematically in Fig. 1.

The computations are performed with OPERA-2D in
the axisymmetrical mode, using the magnetostatic
solver. An HTS cylinder with height 14.22 mm and
radius 10.97 mm, is located above and coaxial with a
cylindrical PM with height 12.7 mm and radius 6.35 mm.
As in the experimental measurements, the HTS cylinder is
moved in axially to a position 14 mm above the PM, and
then moved further in as close as 2 mm. It then is moved
away ffom the disk out to 14 mm. At each position, coor-
dinates of the shielding current region are specified in the
HTS, and the cost function described above is evaluated
over the current-free region indicated by the square labeled
S in Fig. 2. The six coordinates that represent the four
comers (N1–N4) of the boundary between positive current

and no current (incoming) or the boundary between nega-
tive current and positive current (outgoing) are then varied
to minimize the cost function AE. - -
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Fig. 2. Cross-section of the cylindrical HTS. The nodes N] -Nd define
the boundary between regions with and without current. Coordinates of
the nodes are varied to minimize the integral of flux density squared over
the volume S.

Fig. 3. Convergence of fluxes and forrea 8s a function of accepted itera-
tion. (a) Ftux-density integrat for ail iterations; (b) For last 60 iterations; (c)
Computed force for rdl iterations; (d) For last 60 iterations. Ttre case shown

is for J=l 8 A/nunz, d=8 mm moving in.
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Fig. 4. Distribution of shielding current in HTS for three separations
between HTSarrd PM. Top, 14mmoving in; middle, 2~movingh,
bottom 14mm, moving out. Thecost funaion ismduatdovertisdI

white square. Dktgonal tines J = 18 A/mmz. Cress hatch. J = -18 A/mm2.

With each successful iteration G the temperature T is dec-

remented according to Tart, where a is typically
0.9. We choose T(0) to be somewhat higher than the maxi-
mum change in AE found in a test run with a very large value
of T(0). The finalvalue of T will be determined by whichever
of the following three criteria first occurs: (a) maximum
number of successful iterations no greater than 300, (b) total
number of successful and unsuccessful iterations no greater
than 500 to 1500, (c) no more than a 590 change in the force
in the previous 50 to 150 successful iterations.

To achieve convergence in a reasonable time, the range
over which any coordinate can move must, on average,
decrease with time [10], but large changes still must be possi-
ble to avoid being trapped in a local minimum. We achieve
this by accepting a randomly generated coordinate change Ar
with a probability p determined by a Gaussian distribution,

-Ar2
P = exp (—

kytRo)

where k is a constant analogous to Boltzmann’s constant, ‘y
is the range step multiplier (typically 0.9), t is the number of
successful iterations, and R. is the geometrical limit on the

range. If a randomly generated number is greater than the
value p, the move is rejected. Because the range obeys a
Gaussian distribution, large changes in coordinate can be
accepted, but with low probability.

Regardless of the values of the coordinates found tlom this
Gaussian distribution, the boundaries of a current region
must not intersect the region S over which the cost function is
evaluated, nor may boundaries of positive and negative cur-
rent regions intersect.

For each successful iteration, the force is computed as an
integral of the Maxwell stress tensor around the HTS. Force
computations with the Lorent.z force over the volume of the
HTS agree with those using the Maxwell stress tensor.

V. RESULTS

Figure 3 shows the cost function (integral of the square of
the flux density) and the computed force as a function of iter-
ation number for a typical run. Fluxes and forces were com-

puted for current densities of 18 and 36 A/mm2, although the

2 For higher Jactual value is probably closer to 400 A/mm .
values the small thickness of the regions carrying currents

can cause meshing problems. At 18 and 36 A/mm2, the mini-
mization typically reduces the value of the integral from a
very high value to somewhere between 0.2 and 500. After the
value falls below 2000 or so, the force varies little.

Figure 4 shows the distribution of shielding current in the
HTS for three separations of HTS and PM as the HTS first
approaches, then recedes from, the PM.

Figure 5 shows how the computed force varies with sepa-

ration for two values of J. For comparison, Fig. 6 shows the
measured forces, averaged over 50 HTS samples. Note that
the force reverses sign for both the measurements and the
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computations. The shapes of the curves in Fig. 5 and Fig. 6 are
simiIar, but the magnitudes are smaller in Fig. 5, largely
because of the smaller Y values. Computation at larger values

of./ yielded a force at 2 mm of 5.2 N for .l=72 A/mm2 (lower

than the measured 9.9 N), and 13,6 N for k400 Ahnrn2
@gher than measured).

When multiple runs are made with the same separation, the
computed forces are combined, and each result is weighted
inversely by the comesponding value of the cost function. In
practice, the combined value is not sensitive to how the indi-
vidual values are weighted.

VII. DISCUSSION

Computation times ranged from 3.4 to 24.5 hours on a 133-
MHz HP9000/770 computer.In general, higher current densi-
ties required more iterations and more time for the force to
converge. A more efficient optimization might result if an ini-
tial SA process, as described here, were followed by a direct
search, in the manner described in [10].

The C++ package of optimization subroutines will be made
available through the Energy Science and Technology Soft-
ware Center in Oak Ridge, TN.
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Fig. 5. Computed force acting on HTS vs. separation d for J=l 8 and 36 A/

mm2. Above moving in. Below: moving out, Where multiple runs were made
for the same condition, the results were weighted by the inverse of the flux-
density integral and averaged.
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Fig. 6. Measured force acting on HTS vs. separation d, averaged over 50
HTS samples. Error bars show tJrree times the standard deviation of the
mean.


