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T. Nakata, 5 .  Takahashi, K. Fujiwara, K. Muramatsu and Z.G. Cheng* 

Dept. of Electrical Engineering, Okayama University, 
Okayama 700, Japan 
*Baoding Transformer Research Institute, 
China 

Table 1 Various methods for 3-D 
eddy current analysis 

ABSTRACT 

Computer codes of the A - @ ,  4 - q 5 - R 1  A ' - Q ,  
P-Q and E-8 methods have been developed, and the 
accuracy, the computer storage and the CPU time are 
compared with each other for linear eddy current 
models. It is shown that the A-@-Q and 1-Q methods 
are preferable from the viewpoint of the accuracy. The 
A*-R and E - Q  methods are preferable from the 
viewpoints of the computer storage and the CPU time. 
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1. INTRODUCTIOK 

Although various methods, such as the A - @  [l], 
A-@-S2 [2], A * - Q  [3], T-Q L.41 and E-R [ 5 ]  methods, 
have been proposed for 3-D eddy current analysis, the 
advantages and disadvantages of each method are not 
discussed systematically until now. It is important to 
know the most preferable (accurate and fast) method in 
order to solve a given problem. 

We have recently finished the codes for those 
methods, and the accuracy, the computer storage and the 
CPU time are compared each other using two linear eddy 
current models, one of which can be solved 
analytically, and the other has a hole in a conductor. 
Two methods for modeling holes in conductors are a l s o  
investigated. 
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2. GENERAL DESCRIPTIOK 

rot( Y ro tE)  2.1 Definitions of variables and basir equations 1 n l  aE =- (T- 
a t  

E-i-2 The number of unknown variables and the CPU time 
are considerably increased in 3-D eddy current 
analysis using the A - @  method, because the magnetic 
vector potential A with three components is defined in 
the whole region as shown in Table 1. 

In order to reduce the computer storage and the 
CPU time, various other methods shown in Table 1 are 
proposed. A ' ,  T, E ,  @ and Q are the modified 
magnetic vector potential, the current vector 
potential, the electric field strength, the electric 
scalar potential and the magnetic scalar potential 
respectively. A '  is defined by the following 
equation[3]: 

A' =A t grad (bdt ( 1 )  

In those methods except the A - @  method, the vector 
quantities A ,  A * ,  F and E are defined only in the 
current carrying region Rj, and the scalar quantity Q 
is defined only in the,current free region Ro except 
the T - 8  method as shown in Table 1. 

Basic equations for those methods are also shown 
in Table 1. For simplicity, it is assumed that there 
is no magnetizing current in the analyzed region. 

cdnductor ;ole 

( a )  thin conducting sheet (b) conductor with 
very low conductivity 

Fig.1 Modeling methods of holes. 

applicable to the T-R method[7]. 
The thickness 2D of the thin sheet in Fig.l(a) and 

the conductivity oa  of the hole in Fig.l(b) are 
determined taking into account the accuracy and the CPU 
time. 

3. COMPARISONS AND DISCUSSIONS 

3.1 Description of models 

The characteristics of the proposed analyzing 
method and the validity of the developed software 
are examined by the following methods: 
(1) comparison with the results obtained analytically, 
(2)  comparison with the experimental results, 
(3) comparison with .the results obtained by other 

methods, 

2.2 Modeling of holes  

The methods except the A - @  method shown in Table 
1 cannot be applicable to a model with holes, because 
the magnetic scalar potential 9 cannot be defined in 
the region where the interlinkage of currents 
exists[3]. Though two kinds of modeling methods as 
shown in Fig.1 have been proposed[6] to overcome th i s  
difficully, the method shown in Fig.l(a) is not 
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method 

n-umbe r n i 

( 4 )  comparison with the results obtained by other 

Two linear eddy current models shown in Figs.2 and 
3 are examined to determine the most preferable method 
for those models. The thin square model shown in Fig.:! 
is chosen in order to compare the accuracy with the 
analytical solution[81. The brick with a hole shown in 
Fig.3 is chosen as a special eddy current model, in 
order to clarify the advantages and disadvantages of 
each analyzing method shown in Table 1. 

The conductivity of the thin plate shown in Fig.2 
is 1.0~ 107(S/m). The applied magnetic field in the z- 
direction is uniform in space and changes with time as 
follows: 

groups. 

(Fig.l(a),Fig.4) conductivity 
D/L=1/10 I V I 0 0  I 1/1000 (Fig.1 (b)) 

The number ne of tetrahedral elements is equal to 8586. 
The conductivity oC of the brick shown in Fig.3 

is 0.25x 108(S/m). The conductivity oa of air inside 
the hole corresponding to Fig.l(b) is chosen as 
l(S/m)[4] for the T - Q  method, and zero for the other 
methods. The conductivity of the thin sheet shown in 
Fig.l(a) is the same as oc  of the brick. The applied 
magnetic field in the z-direction is uniform in space 
and decays exponentially with time as follows: 

( 3 )  Bz = 0.1 e-t/o.ollo 

The number ne of elements is equal to 10098. 
1/8 of the whole region is analyzed in each model. 

The time interval of the step-by-step method(91 for 
solving the transient phenomena is l(msec). 

method 

107 
CPU tine 

( s e d  

Fig.3 Brick with a hole. 

221 814 116 

3 . 2  Comparisons of t.wo methods f o r  modeling holes 

The scritable thickness D of the thin sheet shown 
in Fig.4 is investigated, and both the methods shown 
in Figs.l(a) and (b) are compared each other in terms 
of the accuracy and the CPIi time. 

Figure 5 shows the effect of D onlIeal/(iebl in the 
case of the A'-Q (E-52) method. lea and Ieb are the 
eddy currents at. lO(msec) flowing through the cross 
sections of the thin sheet (W) and the conductor 
($mi) respectively as shown in Fig.4. L is the half 
thickness of the conductor. Figure 5 denotes that D/L 
should be less than 0.03 under the condition that the 
eddy current in the hole is within 1(%) of that in the 
conductor. Table 2 shows the number ni of  iterations of 

Y 
X 

Fig.4 Thin sheet. 

3 1  
I 

I I 

0.001 0.01 0.1 

D/ L 
Fig.5 Effect of D/L on \rea/ / Ired 

(A*-R(E-R)methodX 

Table 2 Comparison of t w o  kinds of 
methods for modeling hole 
(A? Q(E- 0) method) 

I thin sheet I low 

Computer : SX-1E (NEC supercomputer) 

the ICCG method and the CPU time for various D/L. The 
computer codes are not vectorized. The number ni is 
rapidly increased when D/L is decreased. This is 
because the coefficient matrix becomes ill-conditioned 
when D/L is small. 

The flux and eddy current distributions calculated 
by both methods shown in Fig.1 are almost the same. The 
number ni and the CPU time of the method shown in 
Fig.l(b) 

Almost the same results can be obtained for  the 
A -  @ -Q  method. 

3 . 3  Accuracy 

are also denoted in Table 2. 

The accuracy of each method shown in Table 1 is 
compared with analytical solutions using the thin plate 
shown in Fig.2. Figure 6 shows the time variations of 
the x-component, Jex and the absolute value lJel of 
the eddy current density. The analytical solution at 
the steady state is also shown in Fig.6. The accuracy 
of each method can be checked by comparing results 
obtained near steady state limit (t=l5(msec)). As the 
results of T - Q  ( - - - )  and that of A-@-Q(----)are 
almost the same, they are overlaped in Fig-6. The 
result of the A * - Q ( E - Q )  method is a little 
different from the analytical one. Figure 6 suggests 
that the A - G - Q  and T - Q  methods are preferable from 
the viewpoint of the accuracy. 
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The accuracy is also compared f o r  each method for 
the conductor with a hole shown in Fig.3. Figure 7 
shows the comparison of the total circulating current 
(eddy current) calculated by each method. In this 
situation, the differences among the .I.-@, -+@ - Q ,  
A ' - Q ( E - Q )  and T-i2 methods are larger than those 
for the case of Fig.6. 

~ ~- ~~ ~ 

number of- computer 
unknown storage 
variables (MB) 

CPU time 
( s e d  

3.4 Computer storage and CPU time 

Table 3 shows the comparison of the computer 
storage and the CPU time fo r  the model shown in Fig.2. 
In this case, the eddy current is analyzed taking into 
account three components of vector quantities. The CPU 
time of the A * - R ( E - S ; )  and T-C2 methods can be 
considerably reduced to less than 1/10 compared with 

analytical 
(steady state) 

-:A-O 

analytical 
(steadv state) 

t ( m s e c  ) t (msec ) 
(a) point CY ( b )  pint 6 

Fig.6 Time variations of eddy current density 
(z=1.67( mm) ). 

ttmsec) 

Fig.7 Total circulating currents. 

Table 3 Comparison of'computer storage 
and CPU time (Fig.2) 

CPU time 
method 

A-9-Q 2788 3.9 
3.2 

T-Q 2208 3.3 

computer : SX-1E (NEC supercomputer) 

that of the A - @ method. 
Table 4 shows the comparison fo r  the model with a 

hole shown in Fig.3. I t  suggests that the CPti time of 
the T - Q  method is not decreased much due to the ill- 
condition of  the coefficient matrix when the hole is 
modeled by the conductor with very low conductivity. 

Table 4 Comparison of computer storage 
and CPU time (Fig. 3)  

A- 9 1 5512 1 6.5 I 1912 
A-9-Q 1 3592 I 4.9 1 498 

A'-Q(E-Q>I 2824 I 3.9 I 116 
T-Q 1 3064 I 4.2 1 851 

Computer : SX-1E (NEC supercomputer) 

4 . ~:os(:iLS I ONS 

The accuracy, the computer storage and the CPli 
time of various methods are compared. 

The obtained results can be summarized as follows: 
(1) From the viewpoint of the accuracy, the A - @ - B  

and $-52 methods are preferable. 
(2) From the viewpoints of the computer storage and the 

CPU time, the A * - G  and E-C2 methods are 
preferable. 
More syst,ematir comparisons of various methods 

will be reported later. 
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