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This paper describes a numerical analysis
technique for 3-D eddy current analysis using T-wethod.
The technique is based on an iterative solution method
using two watrices. These two watrices are generated
by splitting a cowplex dense matrix which appears in AC
problem. Nuwmerical results for a simple problem showed
the wvalidity of an over-relaxation wethod ia the
iteration procedure. An application to eddy current
testing verified the technique's applicability to
practical problewms.

Introduction

Typical wmethods for the eddy current analysis are
A-@ method and T-§ wethod. Both methods require varia-
bles 1in space as well as in a conductor. Some of the
authors have already proposed the T-method [1,2] where
a scalar potential @ of the T-f wethod is not included.

Advantages of the T-wethod are summarized as
follows,

(1) The number of variables is reduced very much
because one kind of variable (T) is defined.

(2) Mesh division of space is not needed, because
current vector potential could be defined in an
analysis region.

But the wethod has disadvantage that a
mewory is needed due to a dense matrix.

The purpose of this paper is to develop numerical
analysis technique to overcome the disadvantage by us-
ing iterative solution technique. Bettess {3] has pro-
posed an economical solution technique for boundary
integral watrices. Bettes reduced calculation time by
an iterative solution techoique using two matrices
splitted from the fully dense mwatrix. 1In this paper
we present the wethod reducing core wemory needed
for calculation by making use of the characteristics of
a wmatrix which appears in T-wethod coupled with finite
element method.

large core

Basic Equations for T-method

Current vector potential T is defined by

J = V x T y 1)
which autowatically satisfies the coanservation of
current, V*J = 0. Frow Faraday, Awpere and Ohm laws,

we find the following equation,
2IxUxT = - (Be + Bo) (2)

where Bo = applied field,

Be = magnetic field due to eddy current,
. = tiwe derivative,
g = electrical conductivity.
We can find the relation between Be and T as follows
(2], u |
Be=UT+HJSTnV§dS (3)
where U = magnetic permeability, To = normal cowponent
of T on surface. Introducing eq.(3) into eq.(2) we
obtain the governing equation for eddy current
analysis.
1 VxVxT+uyu T+ Ta V 1 ds = - Bo (4)
o 4m R

s
In this study we deal with an A.C. problem so that time
dependent variables, T aund Bo, can be expressed as
follows,

T = T oMt
a

B = B oMt
a
where j? = -1, w = angular frequency. Introducing
these equations into eq.(4), we find,
Ly U+ juuT + 2% | oy Las=- jubo (5
o 4t s R

where a subscript "a" is omitted for brevity.

Iterative Solution Technique

The Galerkin method is applied to eq.(5). The
obtained coefficient wmatrix are complex, unsymmetric
and dense watrix. Direct matrix equation solution pro-
cedure such as Gaussian elimination has been cowmonly
used [2].

In this iteration technique, we split the watrix
intd two matrices. One matrix corresponds to the first
and second terms of eq.(5). It is complex, symmetric
and band matrix and is here called S wmatrix. The other
corresponds to the third term, "non-local terw." It is
imaginary, unsymmetric and dense watrix and is here
called N wmatrix. The matrix is not fully deonsed.
(i,j) cowponent of N watrix is not equal to zero when
j corresponds to normal cowponents of surface nodes.

The current vector potential is obtained as the
solution of the following equation.

{Us) + [NI}{T} = {Bo} (6)
where {T} = nodal vector of T (unknowns)

{Bo}= nodal vector corresponding to right hand
side of eq.(5).
The following equation expresses an iteration technique
here.

sHT ™} = {Bo} - Nz} 7
(n) =

-1 .
{T(n)} converges when spectral norm of [S] '[N] satis-
fies the following inequality.

Hes1 o)) < (8)
When ‘[[S]-l[Nlﬂ[ «< T, {T(n)} converges very rapidly.
When ]][S]—I[N]II O {T(n)} converges very slowly

where n-th iteration.

and this sometimes to wachine
epsilon.

We can accelerate convergence
technique like SOR wethod. Here three wethods are
proposed and the current vector potentials in n-th

iteration can be obtained by the following equationm,

e3¢} ! (9)
where {f(“)} = a[{so}-[Q](T(“’])}]o(l-a){f(“")} , (10)

generates errors due

by over-relaxation

o = relaxation factor.
Three methods are as follows.
Method |
(p] = (81, (Q] = (N] an
Method 2
{P] = [s]+[Nb] , [Q] = [N]-[ND] (12)

where [Nb] = band matrix which has components of N
matrix. (same band width as S matrix)
Method 3
(P] = {[5)+(Nd1} , (Q] = [N]-[Nd] (13)
where {Nd] = diagonal watrix of N matrix.
We could guess that the following inequalities
hold.
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In Figs.2 and 3 shown are convergence Material : Cu 'gq [a,
characteristics. The method 2 cooverged more rapidly gs1.0ei™ 1
than the wethod | as expected. Figs.4 and 5 shows c / E
relaxation factor dependency of number of iterations f: frequency
until the convergence criteria was satisfied. The / /
following convergence criteria was used in this l""
calculation. /

AT (T(n)_T(n-l))
[ [_——T——_"EE| <1077 (s
max max
The optimal values of a in the wethod 2 was swaller . 20mm ———
than those of wethods ] and 3. As the frequency Fig.l Test problem
increases, the optiwal values of g had the tendency to ,
increase. Figs.6 and 7 show frequency dependencies of 10 —
relaxation factor and the nuwber of iterations for
optimal value of 0. Optimal values of o did not change 10°
over the frequency of 500 Hz. Number of iterations
until the convergence criteria was satisfied for the et
optimal wvalue of o did not change wuch over the Jor
frequency of 500 Hz. :ﬁ-—g .
An Application to Eddy Current Testing -

In Fig.8 is shown the half of a block with a £ 6
rectangular prism defect. A wmesh division using 20 2
node isoparawetric element is also shown. A probe is a s
cylinder with an inducting solenoid and two swaller 20
receptive coils inside. The prove wmoves parallel to s
the plane of the defect. This wodel is sawe as that of = 16°
Bossavit's [4]. Fig.9 shows a distribution of current
vector potential on surface when the coil locates at 16*
80ww distant from the center of defect. Steep gradient
of the distribution weans the concentration of eddy »1
current. . 001020 30 40 56 & 7o 80

We calculated four cases as shown in Table I. Number of iterations
Those include one case using the conventional approach Fig.2 Convergence of the method 1 (£=500Hz)
and three cases using the preseat wethod. In Fig.l0 \
is shown an obtained Lissajou's figure for case No.4. 10 B
The shape shows the characteristic of the size and
depth of the defect. Table | gives the oumber of 10°
elewents, nodes, unknowns, wewory and CPU time. A
scalar cowmputer HITAC M682 was used for case No.l and 10" ]

a supercomputer HITAC $820 was used for other cases.

T

Conclusions 107

An iterative solution technique for 3-D eddy
current analysis using T-wethod was developed.

The technique was applied to two eddy current
problems and the following results were obtained.

(1) For the simple case, over-relaxation was effective
for frequency over 500 Hz. Addition of matrix
components of non-local watrix to local matrix
reduced the number of iterationms.

(2) For the case of eddy current testing, the I
technique developed here reduced the core wemory
and enabled us to apply the eddy current code to

the practical case. 0 10 20 30 40 50 60 70 80
Number of iterations

Fig.3 Convergence of the method 2 (£=500Hz)

Relative ditference (-M)
o,
)

-
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4 Table 1 Core momory and CPU time

for different mesh divisions
16 Case
% 500 1000 1500 2000 Ttea ! 2 3 4
Frequency (Hz)
. Nodes 600 600 690 1169
Fig.7 Frequency dependency of number of Elements 90 90 108 200
iterations 5

Nodes on surface 416 416 452 662
Elenents on surface 108 108 123 180
Unknowns 1800 1800 2070 3507
Half band width 588 588 264 387
Computer M682 $820 5820 5820

Method direct iteration iteration iteration
Core memory (Mbyte) 45 66 31 %

conductivity . 0 = 1.4 x i0° s/m nodes - 600 CPU time (sec)

. (Gl LOXIT M ements 105343 @Matrix generation| 140 31 10 99
:Z":f:nc‘ nyf ’:'E;OOH @LU deconposition 534 4 2 5
ey ! @Back substitution| 25 304 206 503
Fig.8 Mesh division for NDT model @®total 699 139 248 607
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