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ion induced eddy current forces 
te. The movement of null €lux coils 
hed using a coupled boundary 
to compute the forces on the 

structure. The technique invotves treating the magnets as a 
separate circuit whose current is dictated by the product of the 
magnet thickness and the working coercivity. The mutual 

 be^^ the windows of the moving null flux coil and 
the stationary equivalent magnet coil hold the key for predicting 

I INTRODUCTION 
Among the more favored options for realizing lift and 

for a high speed magnetically vehicle 
(MAGLEV) is that of using null flux coils. The principle 

magnets force the null flux coil to laterally center in the 
midplane of the magnets. The transverse magnets yield the lift 
forces. As the null flux coil is moved vertically so that the 
lower coil Iinks more flux, a circulating current is induced 
which is additive in the center of the coil, but couater-directed 
on the sides of the COL 

It is clear that the problem is a transient eddy current 
p b l e m  in which the currents are induced by motion. 
Ignoring entry and exit effects, the problem can be treated as 
a motion induced sinusoidal steady state analysis. Such 
problems have been approached using Integral - Green's 
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Figure 2 ci€"y usedto analyze the lift of the d 5 u x ,  tteatingthe 

magnets and null flux coil as 3 separate circuits. 

funetion theory using a Oreens function which is 
nonsymmetric [1],[2], or a finite element approach using 
a Crank-Nicholson time stepping procedure. A third 
alternative is to treat the problem as a coupled circui~31, 
representing the magnets as a coil containing a surface current 
equal to its ccmzivity times the magnet thickness. 

Fim 1 Double sided field structures to realize stable leWon. E. ANAL.YSIS - m m  - 
Consider the analysis of the levitation coils only. The 

suggested by Figure 2 and modeled by the equivalent circuit 
of Figure 3. Recognize that the upper and lower windows of 

disk shaaed wheel been con~mcted to test caTl be as a 3 Ck,it system as 
e Of a %heme. A two 

dimensional rendition of these coils and magnets in a 
is &Own in '' The the null flux coil are in =fieS. The induced voltage 
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Figure 3 Equivalent circuit for the null flux mil. 

e2=130-. aM32 

ae 
The total current flowing in the coil will be dictated by the 
difference of e, and e, as 

di 
at 

2Ri+2(L+M& =e,-e,. (3) 

The drag torque will be given as 

and the commensurate vertical lift force follows zk 

Inductance Computations 
T h m  m a number of ways to calculate 

inductance, the most straight forward beiig to simply compute 
the flux linkage divided by the current. Based on (4) and (5). 
it is apparent that the key parameter of interest is how these 
inductance’s change with respect to position. It is sufficient 
to compute these inductance’s in a static analysis for a 
s p d  of positions. The equation governing the dekmination 
of the potential is based not only on the volume and surface 
source currents which are subscripted with i, but also on 
fictitious volume and surface sources which are themselves 
unknowns in the formulation. The governing equation is 

(6) 
The unknown surface sowes 3, are themselves determined 
fkom the boundary condition on the tangential component of 
the H field given as 

Note that in this formulation the requirement that the normal 
component of the B field be continuous is guaranteed by (6). 
Combining equations (6) and (7) yields the result 

Ax(l?2-l?l)=-fi&8*=z~. (7) 

(8) 
for computing the unknown surface current. The unknown 
volume current J, is only necessary if the material media is 
driven heavily into Saturation. In the event in which the 
material in Saturation, J, must be computed interactively. This 
added complexity was not incorporated in this work. The 
current I3 associated with the magnet is well defiued. 
However, the curzents I, and I, are unknown. Their 
magnitude is determiued by (3). 

The mutual and self inductance’s were computed 
through energy arguments. The mutual inductance MI, for 
example is found as 

(9) 
‘142 

where 2, represents the magnetic vector potential everywhere 
as a result of current source I, beiig energized. 3, is the 
volume current associated with coil 2. The integral must of 
course be divided by the product of I, and I,. The use of the 
magnet raises an intemting question. Since two magnets 
surround the structure both front and back of each null flux 
coil, they repsent a composite coil which here is designated 
as coil number 3. The current beiig used to energize this coil 
is equal to the coercivity of the magnet times of thickness of 
the magnet. If these two coils comprising the composite coil 
are wound in series, the current divisor of (9) is simply the 
same current energizing the coil. If on the other hand the two 
coils comprising the composite coil are in padel ,  the current 
divisor that goes into (9) should be double that which goes 
through any one of the two coils. Because the current b e i i  
used to represent the magnets is fictitous to begin with, in 
actuality they neither represent a set of coils in series or in 
parallel. In fact one is free to choose either option, as long as 
consistency is maintained in the application of this choice to 
(4) and (5). If a parallel winding assumption is maintaiued in 
(9). it necessarily follows that the current per coil must be 
doubled when applying (4) and (5). 

Transient and Steady State Computations 
With the inductances in hand, it is possible to combine 
equations (1)-(5) and directly simulate their behavior in time. 
A Runge-Kutta-Fehlberg algorithm [4] was applied to (3) 
to simulate the growth of the current with time for various 
vertical displacements over a set of transverse magnets. 

When the null flux coil sees a series of magnets, the 
current settles into a sinusoidal steady state after the initial 
transient. In this mode, the forces and torque’s involved can 
be computed a bit easier. An alternative expression for the 
mutual coupling mi& be 

2 13 
. I -  

1wi3 = SE -jc,”r ‘e e. (10) 
23 i=O 

Combining (3)-(5) yields a composite formula for lift as 
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a p o l ~ o ~ ~  approximation for the mutual &ductance, 
it follows 

formulation, the electrid frequency- o, is 

St~ili~twn 
To compute lateral stabilization forces, the 

orce 

4 Lift force for 1.34cm vertical disph.xmez& 

dependence of the mutual inductance on the lateral z 
ension must be computed. The expression analogous to 

(10) is 
3 13 

Inse s expression into the lateral force equation yields 

electrid frequency o, is that which is &en by the 
as the magnets roll past; here w , = M  and 
- 2n k - 

angular magnet displacement' 

4 shows the lift forces computed on an array 
magnets for the test wheel with the array 
from the magnets by 1.35 cm (0.53"). As 

oidal prediction is higher than both the 
ient and m e a s d  results. This supports the directive of 

positioning multiple magnets together to get the currents 

III. RESULTS 

wiihin the null wils into a sinusoidal state as soon as 
possible. 

G uidan 
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Figure 5 Stabilization forces with a 0.3175cna lateral oE&L 

Figure 5 shows a similar experiment performed to 
evaluate the guidance forces. Both hannonic 
approxi" and the transient analysis rces higher 
than those meas& Since there were only two repulsive 
magnet sets used in the test wheel, the time harmonic 
approximation will undoubtedly be overly optimistic. The 
transient analysis assumed the current began at zero. Since 
one of the two magnet sets was positioned after 4 sets of 
transverse magnets, this assumption was not correct for at 
les t  one of the two sets. Second, the measurements for the 
lateral forces may be pessimistic; the 200 pound magnet 
assembly had to be gimballed against its weight to measm 
only the lateral force. 

CONCLUSION 

Coupled circuit analysis is a convenient way to 
analyze transient, motion induced eddy current problems. To 
push the limits of the technique, an efficient means for 
computing the i n d u d  current's effect on the inductance due 
to saturaton must be sought. Skin effect alteratiom of the 
coil's resistance should also be wnsi&red. 
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