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Abstract - Eddy current and Lorentz force induced 
into metallic thin plates by the passage of a high 

(1) 4rc 
1 2  speed magnetic levitation vehicle are analyzed by - V T - 

using the current vector potential method (T- d 
method) and the integral eauation method (IEM). 
Kirchhoff's current law is imposed on the ahaiysis 
of a branch structure, and flux penetrating a hole is 
considered to solve a multiply connected problem. potential defined as [7-91 

where T i s  a normal cbmponent of the current vector 

Total eddy current and total Lorentz fo-rce are 
analyzed for several small thin plates. V x T = Je . 

INTRODUcTloN In above equation, po, Q, Je. B o ,  R are magnetic 

A test line of a high speed magnetic levitation vehicle is 
now under construction in Japan. The vehicle has pairs of 
700 kAT superconducting magnets and its maximum speed is 
about 500 km/h [l, 21. By the passage of the vehicle, 
complex, strong and fluctuating magnetic field is applied and 
eddy current is induced in metallic guide way structures. 
Estimations of Lorentz force are important for evaluations of 
magnetic drag force, structural integrity and energy loss of the 
system [l-61. In the present paper, eddy current and Lorentz 
force induced in metallic thin plates are analyzed by using the 
current vector potential method (T-method) [7-93 and the 

permeability in air, electric conductivity, eddy current density, 
applied magnetic field for the plate and a distance between a 
source point and a field point, respectively. n is a unit 
normal vector on surfaces of the plate, and " " and " ' " 
indicate time derivative and an operation with regard to the 
source point, respectively. In the thin plate analysis, the 
Coulomb gauge is satisfied automatically and the boundary 
condition becomes T=constant on the edge of the plate. When 
a fundamental solution @* of the Laplace operator is used as a 
weighting function in a weighted residual procedure, the 
following integral equation is obtained [ 113 : 

T-method used here are : (1) only one variable, (2) no C ~ T ~  + 

integral equation method (IEM) [lo, 111. Advantages of the 

variables in space and (3) an easy treatment of the external 
current and field. When the eddy current distribution is 
assumed constant through the thickness of a plate, the 
analysis is reduced to a scalar problem. Kirchhoffs current 
law is imDosed to the analysis of a branch structure and the 

- j@$dn&dR , (3) 
R 

f flux penitrating a hole is' considered to solve a multiply. where 
connected problem. In the IEM, first derivatives, which is the boundary of the domain n, and denotes 

correspond b eddy current in the T-method, are obtained with 
high accuracy- The total 4dY Current and the total Lorentz 
fore  are analyzed for several small thin plates and it is shown 
that the T-method and the IEM are useful to analyze the 

Cauchy principal value integration. The coefficient Ci at the 
field point is evaluated as follows for the sufficiently smooth 
boundary r : 

problem. 
Ci=O if ieT+R, Ci=lL? if i e r ,  Ci=l if iEQ. (4) 

FORMULATION 
Then the following matrix equations are obtained for the 
boundary and the domain respectively : When the eddy current distribution is assumed constant 

through the thickness of the plate, the governing equation of 
the T-method is obtained from Maxwell equations and Biot- 
Savartk law [7-91 : (3 [PlIer) = [Ql(Er) + [ A I U d  + {a) 
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The notation is also obtained from a different point of view 
[5] and a consideration of Lagrange derivative : where (er) is an unknown value on the boundary and (er) is 

the boundary condition. In the IEM analysis, (Tn) in (5) is 
also an unknown, and (5) is combined to (6) to solve the 
problem 1111. Since the matrix [PI in (5) is a square matrix, 
there is an inverse matrix : 

Equation (7) is substituted for (6), and both position and 
number of (Ti) are matched with those of ( Tn) : 

Equation (8) is solved as a time dependent problem. In the 
standard finite element method and fi i te difference method, 
first derivatives are calculated from differences of internal 
values. A rough discretization of the model often becomes a 
source of error even though internal values are obtained 
accurately. Since the IEM formulation is based on the BEM 
formulation, first derivatives in the a direction are obtained 
directly with high accuracy [ll]: 

In an analysis of a branch structure in Fig. 1, a condition 
T1=T2+T3 is obtained from Kirchhoffs current law 
(Ji=J2+J3) and (2), and the condition is imposed on T by the 
penalty number method [9]. In the analysis of a model with a 
hole in Fig. 2, total flux penetrating a hole is considered by 
two numerical techniques to solve a multiply connected 
problem [9]. One method is that the conductivity of the hole 
is assumed to be very small, where the hole region is also 
discretized as shown in Fig2(a). The other method is that the 
hole is considered a patch element and T on the edge of the 
hole (.) in Fig.2(b) is constrained constant by the penalty 
number method. There is no discretization on the hole region 
in the second method. 

NUMERICAL RESULTS AND DISCUSSION 

Fig. 3 shows a filament current model of superconducting 
magnets of the levitation vehicle [l ,  21. When the velocity V 
of the rigid magnets is constant in the x direction, the applied 
magnetic field in (1) is expressed by the following velocity 
term : 

- DBo -- - aBO + (V**V)Bo = 0 ,  V* = -V . 
Dt at 

The same numerical solutions are obtained by using both 
source terms, i.e., the time derivative of the applied field in 
(1) and the velocity term of above equations. 

A high manganese steel thin plate 10 cm x 10 cm x 
3mm is placed on the same center line at a distance of 0.5 m, 
and the model is discretized to 16 x 16 elements. Its 
conductivity and relative permeability are 1.35~106 0-lm-l 

Fig.1 Branch structure and Kirchhoffs curzent law (Ji=J2+J3) 
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Fig.3 Numerical model of moving magnets 
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and 1.0, respectively. The velocity of magnets is assumed to 
be 200 h/h. When the plate is placed parallel to the moving 
magnets, applied magnetic field at a center of the plate, the 
total eddy current and the total Lorentz force are shown in 
Figs. 4.5. Solutions of a perpendicular plate are also shown 
in Fig. 6. Peaks of the eddy current and the Lorentz force 
coincide with those of time derivatives of the applied 
magnetic field. The total eddy current in a plate with a hole 
3.75 cm x 7.5 cm is also shown in Fig. 4, where the same 
solution is obtained by using two methods in Fig.2. Figs.7 
and 8 show total Lorentz force and eddy current distributions 
in the case of the right-angled plate and that of the L shaped 
plate of Fig. 9. The total Lorentz force of the L shaped plate 
is larger than the right-angled plate. These numerical results 
show that eddy current in a parallel part is dominant since the 
time derivative of BZ is larger than that of B,. It is shown 
that eddy current flows into a vertical plate in the analysis of 
the H shaped plate of Fig. 10. 

CONCLUDING REMARKS 

In the paper, Lorentz force acting on thin plates under the 
moving magnets is analyzed numerically by using the T- 
method and the EM. Both methods have merits which are 
useful to the present analysis. Some numerical techniques are 
applied to the analysis of a branch structure and a multiply 
connected problem. Total eddy current and total Lorentz force 
are obtained for several simple thin plate structures. Further 
analyses of practical three dimensional structures will be 
carried out by using the two methods. 
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Fig.4 Applied magnetic field at a center of the plate produced by 
the passage of the magnets 
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Fig5  ' Total eddy current and total Lorentz force of a parallel 
plate 
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Fig16 Total eddy current and total Lorentz force of a 
perpendicular plate 



1437 

F l  -0.1 

Fig.9 
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Numerical model of right-angled plates and an L shaped 
plate 

Fig.10 Distributions of eddy current for a H shaped plate at 
k2.475 S) 


