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Development and Analysis of Trapped Field 
Magnets in Electromechanical Devices 

Kent R. Davey, Fellow, IEEE, Roy Weinstein, and Ravi Sawh 

Abstract - High temperature superconducting trapped field 
magnets (TFM) offer great potential as an alternative to 2"d 
generation YBCO wire, both in cost and performance. Attention 
is given to the calculation of current distribution within YBCO 
disks at partial and full activation and comparing this to 
experimental values. The best results are obtained by treating the 
current as a sequence of nested current rings. The fields are 
computed by integrating the elliptic integrals representing the 
fields from these rings and using variable metric optimization to 
choose the ring radii to best match the activation field over the 
on-activated material. A technique for treating the sub-regions of 
the TFM as voltage fed coils appears most expeditious for 
computing forces. 

I11dex Terms-activation, bulk, HTS superconductor, variable 
metric optimization, synchronous motors 

I. INTRODUCTION 

BULK HTS SUPERCONDUCTORS can trap fields of 10.1 T 
before cracking under magnetic pressure, and with special 

provisions, fields of 14 and 18T have been demonstrated 
[1][2]. Crapo and Weinstein previously showed that pulsed 
activated TFMs could be used on motors and generators [3]. 
There is great difficulty in controlling the crystalline growth to 
form single grains. The performance of larger bulk materials 
with multiple sub-domains is usually quite poor. Preliminary 
work has been directed to assemble these smaller pucks into 
arrays. Multiple layers are required to compensate for zero 
normal current boundaries [4]. 

Effectively integrating bulk trapped field magnets into 
electromechanical devices is proving to be a challenge. The 
simplest application is that of magnetic bearings where the 
induced currents within the bulk YBCO produce stable 
repulsive forces against conventional permanent magnets in 
the rotating member [5]. Qiu [6] has successfully used the 
material in a reluctance machine to enhance saliency. The 
material is operated zero field cooled. Matsuzaki's group has 
developed an axial flux bulk HTS synchronous machine in 
which the pucks are pulse activated to a field level of 0.35 to 1 
T max [7]. Specially processed YBCO pucks are capable of 
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sustaining 2.1 T at 77 K; the challenge will be to activate 
arrays of these pucks in situ. 

It is essential to know the distribution of the current to 
design electromechanical devices with this material. Palka 
attempts an inverse problem calculation of these currents 
based on external field measurements [8]. An iterative process 
is employed in which the magnetic flux and the current density 
become degrees of freedom adjusted to avoid a variation of 
magnetic flux within the material [9]. An average 
"engineering" current density is assigned to different 
subregions in an effort to minimize the least squares fit to 
measured magnetic field data external to the bulk material. 

In the section that follows, the current density is determined 
by integrating elliptic integrals through the bulk material and 
using a variable metric optimization routine [10] to find the 
distribution. 

II. GETTING THE CURRENTS AND THE FORCES 

Critical current density Jc is directly correlated to 
temperature within these magnetic field bounds. If the material 
becomes superconducting at temperature T c• and the current 
density is known to be J1 at temperature T 1, then the current 
density at temperature T 2 will be 

J (T.)~J (T.)((~ -T2
))

2 

(1) 
c 2 c I (~-I;) 

The current density distribution is unknown. How this current 
density distribution is computed is best explained through the 
following example. 

Suppose a YBCO puck is exposed to a magnetic field 
(applied parallel to the c-axis) equal to or greater than the 
largest B field that can be supported by a current density of Jc 
throughout the puck. For YBCO prepared using the U/n 
method, this value is 2.1 T. If the material is exposed to this 
field, cooled, and then the source field removed, a current 
density of Jc will reside in the puck. It is in a state of full 
activation. A current density of the same value Jc resides in the 
puck when it is exposed to a 1 T field during activation, but the 
only a portion of the puck will have current, and the remainder 
will have none. 

Smythe[11] shows that the field of a circular current loop 

with radius a and current I at location p,z is 

B = -K + E pi z [ a 2 + p 2 + z2 l 
P 21r p~(a+p)2+z2 (a - p)2+z2 

(2) 
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Bz = Jl.l 1 [K + a2 - P:- z2 El 
2;r p~( a+ p )2 + z2 {a- p) + z2 

(3) 

where K and E are complete elliptic integrals of the first and 
second kind, each evaluated at the argument 

k= 4ap 
(a+ p)2 

+ z2 
(4) 

The fields for a disk with finite thickness and height are 
obtained by numerically integrating (2) and (3), here with a 48 
point Gauss Legendre integration [12]. For each disk spanning 
a radius from r1 to r2 , and height z1 to z2 the p directed field is 

BP = r [2 

BP,-;,g (r,z)dzdp = 
Zt l 

_ {rz -ri)(z2 -z~)~~ ( ) 
- .L. .L. wk w;B P r;, zi 

4 k=l i=l (5) 

where 

r = r2 +fj +(r2 -fj )x· z. = z2 +zt +(z2 -zl )x. 
l 2 2 "' 2 2 1 

A similar expression holds for Bz; the weights xi and wi are 
listed in [12]. 

When a puck is partially activated with a field B. smaller 
than the critical field commensurate with Ic, the center of the 
puck will have no current density. The bulk material will have 
current at density Ic in such a distribution as to reproduce a 
homogeneous field of value B. through as much of the central 
region as possible. For a vertical activation field, only !;.; of the 
problem need be modeled. The objective is to homogenize the 
field at level Ba in the rain drop shaded region of Fig. 1. 

Select n points along the perimeter of this shaded region; 
adjust the rings with current density to get the field along 
this perimeter as close to the activation field as possible 

Fig. 1 In a pmtially activated puck, cmTent density exists only on the 
periphe1y of the puck. 

The uniqueness theorem shows that this objective is 
achieved if the field around the perimeter of that same region 
is made equal to B •. The problem becomes an unconstrained 
optimization to determine the minimum radius of each of n 
rings to minimize the difference of the analytical field from the 
target field B. at n points on the perimeter of the shaded region 
in terms of the field due to the various rings Bring• 

(6) 

A variable metric optimization produces the current density 
distribution shown for upper right quadrant for a 2 step, 3 step, 
8 step, and a continuous distribution representation in Fig. 2. 
The current crowds towards the faces normal to the impressed 
activation field. It is impractical to work through this exercise 
for very large problems. Fortunately, it is usually unnecessary. 
The simple two step current density pattern representation 
experiences a force of 82.1 N when placed in a 1 T external 
field. By contrast, the smooth model accurate to better than 
0.7% experiences a force of 80.7 N. The simplest 2 step 
approximation differs from the most accurate by only ~ 2% in 
force. 
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Fig. 2 CmTent density pattern determined numerically using a 1 T activation 
field and Jc=400 MA/m2

. 

This process is tedious and time consuming. A more 
streamlined approach is to treat the puck as a set of nested 
voltage fed coils. If the resistance of the coil is zero, then the 
voltage dictates the flux. The voltage of a set of nested coils 
can be carefully chosen by pre-calculation to match the flux 
penetrating the puck before cooling. The current density in the 
coils must be checked to ensure none exceed I c. 

III. COMPARING EXPERIMENT TO THEORY 

A 20 mm diameter YBCO TFM disk, 8 mm high was activated 
at three different field levels,~ 2.1 T, ~ 0.7 T, and~ 0.35 T. 
The first activation level, 2.1 T, is used to fully activate this 
puck. The vertical field is measured 0.7 mm just above the top 
surface of the TFM puck. The steps required for the field 
theoretician to predict this field are as follows: 

1. Assume a homogeneous azimuthally directed volume 
current in the puck and back calculate the magnitude required 
to produce the maximum field supported at the surface on the 
axis. For this geometry and 2.1 T, Ic= 4·108 A/m2

• 
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2. Break the puck into sub-regions; define each sub region as a 
one tum voltage excited coil with zero resistance and zero 
external reactance. 
3. Frequency can be set to anything convenient (60 Hz). 
Compute the voltage induced in each sub-region coil when the 
puck is placed in an impressed homogeneous vertical field of 
0.35 T, 0.7 T, and 2.1 T. 
4. Assign each of the sub-region coils the voltage computed in 
step 3 (angle of 90"). Compute the field everywhere with the 
impressed field off and along with that field the current 
induced in each of the sub-region coils. Each sub-region coil 
current is inductance limited only, so that the flux linking each 
coil is V/Uro). 
5. For every sub-region that has a current density exceeding Jc, 
replace that voltage fed coil with a volume current with density 
Jc<O. 
6. Repeats steps 4 and 5 until no currents induced in a voltage 
induced coil exceed the current density Jc. Several iterations 
are required typically. 

The measured and computed B field for each of the three 
activations cited above is shown in Fig. 3. The measurements 
are taken about 5.5 hours after activation. 
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Fig. 3 Comparison of magnetic fields computed for 2.1 T, 0.7 T, and 0.35 T 
activation. All fields are measured 0.7 mm above the smface of the puck. 

IV. REASONS FOR ERRORS IN THIS MODEL 

The TFM pucks tested are real non ideal crystals; this is the 
reason for the small asymmetry of the fields recorded. Two 
additional phenomena complicate the modeling of TFM's, 
creep and lc dependence on B. Creep is easier to deal with. 
Until recently, it was thought that natural field decay within a 
TFM would prohibit its usefulness in practical applications. 
For the melt textured YBCO materials discussed in this paper, 
the decay is 4-5% per decade of time. For example, ifB initial 
is 1 T ·ten minutes after activation, it will be 0.96 T Gat 100 
minutes, 0.921T at 1000 minutes, 0.884T at 10,000 minutes, 
0.849 Tat 100,000 minutes, 0.814 Tat 1,000,000 minutes (2 
years) and 0.782 T at 10,000,000 minutes (20 years). Thus, 
field loss is limited to ~20% and becomes more stable with 
elapsed time. Furthermore, a simple procedure involving a 

small degree of cooling after activation has been developed to 
reduce creep to essentially zero. 

Without the subsequent cooling, the field will have the time 
dependence shown in Fig. 4. Creep is related to activation 
level. Activation close to the maximum supported field will be 
characterized by a 2% creep loss in 5.5 hours. By contrast, a 
lower field activation registers close to 0.1% creep in the same 
time. The data perturbation witnessed from 180 to 210 minutes 
for each of the three curves is due to thermal variations 
brought on by the addition of liquid N2. The apparent rise in 
the 0.7 T measurement is an artifact caused by the addition of 
the liquid coolant after 1 hour. 
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Fig. 4 B Field measured on the axis of the puck as a function of time. 

Note that the shoulders of the computed fields fall off sooner 
than does the measured data. The TFM model followed thus 
far assumes the current density at peak activation is constant 
through the volume, the so called Bean's model [13] . The 
Kim-Bean model [14] is more accurate and accounts for the 
fact that Jc is higher were B is lower. Weinstein previously 
proposed another field model that supplements volume current 
with surface current [15]. When the B field decreases, Jc 
increases [16]. 

V. FORCES ON ZERO FIELD COOLED TFM's 

A first step in computing forces on zero field cooled TFM's is 
to assign a zero voltage condition. This remains a good 
approximation assuming the induced current density remains 
below lc. The material used for this experiment is supplied by 
Can Superconductor, (http://www.can.cz/levitdisks.php), and 
the material specifications are supplied at their web site. The 
trapped fields as a function of temperature are supplied for 
their 21 mm diameter puck. A 0.7 T field is listed at 77 "K. A 
current density of 2.19·108 A/m2 generates the field recorded 
1.5 mm above the puck interface. 
A 0.5 T NdFeB permanent magnet with a 15 mm diameter and 
height is moved from the surface of the TFM to a height of 5 
mm and the repulsive force is measured as a function of 
height. Fig. 5 shows what the vector B field looks like as the 
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current density in the TFM builds from the outer radius in to 
minimize flux linkage. 

There are four ways to approach this force calculation. 
1. Discretize the complete TFM. Assign current density 

Jc = 2.198·108 A/m2 to every sub block to minimize 
flux linkage within the puck. 

2. Assign a current density of Jc to the region from 
some unknown radius r to the outer radius of the 
puck. Choose that radius to minimize the net flux 
penetrating the puck. 

3. Break the puck into multiple sub-conductors; assign 
a zero voltage excitation to the sub-conductors. 

4. Repeat step 3, but after each calculation, adjust the 
current density to Jc for all regions with induced 
current exceeding Jc. 

Method 1 is quite time consuming. Methods 2 and 3 were 
executed with some success. For method 2, the vertical B field 
along the upper edge of the TFM puck (annotated in Fig. 5) 
was computed. A variable metric approach was used to select 
the current density fill radius so that the flux penetrating the 
puck was minimized. 
Fig. 5 shows what the vector B field looks like as the current 
density in the TFM builds from the outer radius in to minimize 
flux linkage. 
Fig. 6 shows a comparison of these techniques. Positioning the 
placement of Jc to minimize flux linkage yields the best fit to 
the measured data. Method 3 was attempted with 12 and 24 
sub-blocks assigned with voltage zero and analyzed with ac. 
The current density induced in the outer radius blocks 
exceeded Jc at zero gap distance. The zero gap force drops to 
19.2 N when the voltage requirement is dropped for those sub
blocks and substituted with a fixed current density of Jc. 

VI. CONCLUSION 

The most expeditious way to compute fields and forces is to 
break the TFM puck into voltage fed sub-regions. The current 
is adjusted to ensure J<Jc. The problem is worked at a 
frequency consistent with flux penetration prior to cooling. Jc 
may need adjustment depending on temperature and B field. 
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Fig. 6 Force of a NdFeB magnet on a 14 mm diameter TFM magnet at 77'K. 
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