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Abstract  - Thirteen computer codes developed by eleven groups 
are applied to the benchmark problem 20 (3-D static force problem) 
for the TEAM workshop. The solutions are compared with each 
other and with experimental results. 
 
 
 

I. INTRODUCTION 
 
Benchmark problem 20 for the TAM Workshop [1,2] is a 3-D static 
force problem. The aim of this model is to compare various kinds of 
methods for calculating electromagnetic force. 
 
Twenty-one solutions from eleven groups were presented. The flux 
distributions and electromagnetic forces analyzed by different 
computer codes are compared with each other and with 
experimental results. 
 
 
 

II. PROBLEM DEFINITION 
 
Fig. 1 shows the dimensions of a 3-D model for verification of the 
dc force calculation. The center pole and yoke are made of steel. 
The model is constructed so that the mechanical deformation is 
negligibly small. The number of turns of the coil is 381 and the 
ampere-turns are chosen to be 1000, 3000, 4500 and 5000 (dc) in 
order to investigate the saturation effect. 
 
The quantities to be computed are as follows: 
1. z-components Bz of flux densities at mid-point P1 (0, 0, 25.75) 

and edge point P2  (12.5, 5, 25.75) shown in Fig. 2, 
2. z-components Bz of average flux densities along the line 

βα −  in the center pole and the line δγ −  in the yoke,  
3. distributions of x-components Bx of flux density along lines a-b 

and c-d,  
4. z-components Fz of the force. 
 
Fig. 3 shows the B-H curve of the steel. Typical values of B(T) and 
H(A/m) are also shown in Table 1. As the flux density at the upper 
edge of the center pole is very high, the B-H curve has to be known 
even above 2.3T. In order to measure the B-H curve in the high flux 
density region, a permeameter [3] is used. 
 
 
 

III. DESCRIPTION OF COMPUTER CODES 
 
The name and affiliation of authors, code name, 
formulation, force calculation method, element type, 
number of elements etc. of each code are summarized in 
Tables 2 and 3. 
 
A. Calculation Method of Magnetic Field 
 
Three methods are proposed for this problem: the finite 
element, boundary element and volume integral equation 
methods. In the finite element codes, either the magnetic 
vector potential A or the magnetic scalar potential Ω  is 
taken as an unknown variable. In the boundary element 
code AMPERES and the volume integral equation code 
CORAL, the surface current K and the magnetic field 
strength H are used as unknown variables respectively. 
 
Five finite element codes use the first-order edge 
elements. Six finite element codes use nodal elements: 
The second-order nodal elements are used in 
IGTEMAG3D and FLUX3D. The first-order nodal 
elements are used in other codes. In the boundary 
element code AMPERES, 4-sides surface element and 6-
surfaced subvolume are used. In volume integral 
equation code CORAL, the tetrahedral edge element is 
used. 
 
B. Force Calculation Method 
 
Maxwell stress tensor method [4] is employed in nine 
codes. The nodal force method [3] is adopted in 
EDDY3D. The advanced energy method [4,5] is applied 
to FLUX3D, GEP/3DSTAT and FIELD(/A3DT-E and 
/T3DT-N). The magnetizing current method [6] is used in 
FIELD (/A3DT-E and /T3DT-N)[7], and the JxB method in 
AMPERES. 
 
 

IV. EXPERIMENTS 
 
Fig. 4 shows the experimental apparatus [8]. The flux 
densities are measured using a Hall sensor (accuracy: 
2%, active area: 1X2mm) and search coils. The positions 
to be measured are decided using a three dimensional 
manipulator (resolution: 0.01mm). 



 

 

 
The z-component of electromagnetic force is measured with a load 
cell which is located at the top of a supporting rod made of 
nonmagnetic stainless steel which is connected directly to the 
center pole. The positioning of yoke and center pole is improved by 
using a special jig which can adjust the position to be restrained 
within 10 µ m from the most preferable position. The displacement 
of the center pole is measured using an eddy current type 
displacement sensor (accuracy: 1%). 
 
 

V. RESULTS AND DISCUSSION 
 
Table 4 shows the z-components Bz of flux densities measured at 
the mid-point P1 (0,0, 25.75) and at the edge P2 (12.5, 5, 25.75) in 
the gap. Table 5 shows the z-components Bz of average flux 
densities in the center pole ( βα − ) and yoke ( δγ − ). Table 6 
shows the z-component Fz of electromagnetic force [9,10]. 
 
Figs. 5 and 6 show the z-directional component Bz of flux density at 
the mid-point P1 (0, 0, 25.75) and at the edge P2 (12.5, 5, 25.75) in 
the gap shown in Fig. 2. The discrepancies between calculations 
and experiment of Bz at point P2 is larger than those of Bz at point 
P1. This is because the errors of calculation and experiment may 
increase at the point where the flux density changes abruptly. Figs. 
7 and 8 show the z-component Bz of average flux density in the 
center pole ( βα − ) and yoke ( δγ − ). Figs. 9 and 10 show the 
x-component Bx at 5000AT along the lines a-b and c-d shown in 
Fig. 2. There are oscillations in the results of 3DFE. 
 
Fig. 11 indicates the z-component Fz of electromagnetic force. 
Some results of electromagnetic force are different from measured 
values, although the flux densities calculated are not so much 
deviated from those measured. 
 
 

VI. CONCLUSIONS 
 
Twenty-one sets of results on the problem 20 were presented. Most 
groups used Maxwell stress tensor method for calculating 
electromagnetic force. 
 
The obtained results can be summarized as follows: 
1. The results of electromagnetic forces obtained using the 

second-order element are in better agreement with 
measurement compared with those obtained using the first-
order element. 

2. The results obtained using the advanced energy method and 
the nodal force method have good accuracy. 

3. Most of the results by Maxwell stress tensor method are in 
good agreement with measurements when the number of 
elements is large enough, except some cases. 

 
The measured flux densities along the lines a-b and c-d may have 
some errors, because the accurate measurement at the narrow gap 
is not easy. The comparison between flux densities calculated and 
newly measured will be reported in future. 
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