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2.53 ANALYSIS OF MAGNETIC ANOMALY
IN FERRO-MAGNETIC LAMINAE

Kameichi TaAkaKI

SYNOPSIS

Magnetic flux distribution across the magnetic lamina section is changed
by magnetizing force and its frequency, then, magnitude and distribution of
magnetic permeability change according strength of magnetizing force as well
as its frequency. Therefore, an anylitical method of estimating magnetization
losses and magnetic flux distribution of the laminae due to magnetic hysteresis
and eddy current is complicate and difficult.

In this article it is assumed that there is no higher harmonics but only
a fundamental wave, magnitude and phase angle of the permeability of the
lamina are changable according to magnetization force, frequency and distance
from the center of the lamina, then we can calculate and analyze these compli-

cated problems.

INTRODUCTION

When caleulating eddy current in a ferromagnetic system, it is usual to assume that
the permeability does not change with frequency, and is the same at all points in the
system. In real case, distribution of magnetic fluxes is varied with frequency and it
induces variation of pernleaBility in the lamina section.

Therefore, there is the discrepancies which exist between results obtained experimen-
tally and those determined from the classical solution in which permeability is con-
sidered as constant when the specimen is subjected to alternating current magnetization.
In spite of various extensive literatl(;r)g(é)ealing with the discrepancies, the interaction
between the eddy current, magnetic hysteresis and non linear relation between the ma-
gnetic flux density and exciting current prevent any strict quantitative analysis in any
case. No worker has seemed to calculate the eddy current and the iron losses in the
Magnetic laminated core considering nonlinear relation between magnetic flux
density and magnetizing force. In this paper, at first variable permeabibty is calculated

approximately and using conception of complex permeability it is expressed by an ex-
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ponential function of distance from center, frequency, and dimension of the specimen,
after that, relation between the magnetic fluxes and magnetizing force are expressed
by Bessels’ equation of complex variables, and solving the equation we can calculate

distribution of the fluxes and equivalent impedance of a coil containing magnetic lamina-

ted core.
FUNDAMENTAL EQUATION

In magnetic laminae, Maxwell’s equations turn out following equation,

vsz%%?— ......................................................... (1)

where H is magnetic field strength, B magnetic flux density, p resistivity of lamina
and ¢ is time.

Fig. 1 shows the coordinate of the lamina. If we assume
that there i1s no change of magnetic fluxes in » direction,
equation (1) is reduced as follow,
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Moreover, now we assume that flow directions of eddy

current induced by change of magnetic fluxes is parallel to

rims of the lamina, then we can put u=ax, w=bx, equation

y

’ Fig. 1 Coordinate of the
1 AB lamina, u axis represents

(2) turns out as follow,
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and ¢ is a half length of thickness and % is a half length of !

breadth as shown in Fig. 2.

VARIABLE PERMEABILITY Eb

g

il
;

. Even though the sheet is homogeneous, it does not follow

that we can assume the permeability is constant. When the

laminae are subjected to magnetization in the direction of

1
their length, shielding effect or skin effect of the eddy current w

l

Fig. 2 Eddy current flows

. . . in parallel directions of
the lamina from the surface to the center of it. In practice, rims of the lamina.

results variation of magnetizating force which decreases across
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it is known that permeability changes according to magnetizing force or magnetic flux

density.
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Fig 3, Magnetizing curve and hysteresis curves of 78.5 Permalloy.

For a given material, there is a definite magnetization curve and many hysteresis
curves relating magnetizing force and magnetic flux density, for example, Fig. 3 shows
these curves of 78.5 Permalloy. We can make

equivalent ellipses whose areas are equal to the corres- B

ponding hysteresis loops as shown Fig. 4. From the
equivalent ellipses we can find out phase difference

angle § between the magnetic field and magnetic

flux density when the magnetic core is subjected in

alternating current,

0=sin’11n—ﬁéB——, BL‘/A}H:/JC_iGH"'(4>

where A is area of hysteresis loop and ¢ is complex Fig. 4 A hysteresis loop

. and equivalent ellipse.
permeability of the core.

At first, we assume that the permeability is constant as usual, then equation (3)
turns out as follow.

CH_ ol g opd gy

d:}:2-—] o B R (5)

We can solve eqnation (5) in a boundary condition in which H is H, when x is

1 and H is even function of x.
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Fig, 5 Magnetic flux density vs complex permeability in which
1 is effective value and ¢ is hysteresis angle of it.

o Hicoshyx e, (6)
~cosh 7

where
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From above equation we have

B, H, sinh®m +cos*n

Equation (7) shows the first aproach of distribution of magnetic flux density in

B _ H _ [sinh®mxdcostux 7

lamina and B, is magnetic flux density at surface of the lamina and B, is found out
from so called B-H curve and also the magnetic flux density B, at the center of the
lamina is calculaled from equation (7) if we put x is zero.
' Then from Fig. 5 we can decide complex permeability at the surface and the center
of the lamina
p=pe i when x is 1 at the surface

p=proe= 7% at the center of the lamina
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CALCULATION OF DISTRIBUTION OF
THE MAGNETIC FLUXES

From above mentioned conditions and calculations, we can consider the complex

permeability is a fnnction of distance x from the center of the lamina, then we assume

/'1: gRat2ha

AT S————— (8)
a=a,+j a,, B=B+7jB:
and when x is zero
o= €201 0, = Dy eeeeeeeeeee e (9)
when x is 1
= e?eiten —0, = 2@y By eeereeeeene (10)
and from eqnation (4) we can write
AH__ Jo fd® fr o saksia ] e
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Now we put
U BT = X ettt e e e a e (12)
then
dX — &+ x
“ax SBe
and equation (5) reforms as follow
dzH 1 dH 2 1 I R R N R R R
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Equation (13) is Bessel’s equation of zero order and we can solve
H=CJy(KX)+CoYy(KX) werremrreeermmnmmimmiiiiiiiiiinan, (15
C; in the equation (15) is zero because H is finite in every case and
H=H,, X=eott =X, when x=1
X=e=X, whenx=0
then we have
H=C,Jy (KX e erereeemmmmieemmnaaiiesiiiie e (16)
where
H,
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and

therefore, magnetic fluxes in the lamina becomes

1 1
¢1=4abedx:4abe1X2 (KX )dx
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Let us assume that cross sectional area of laminated core is S and magnetic fluxes

of the core becomes
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where

o, is space factor of the core
e d | i
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From equdtion (20). we can calculate equivalent impedance Z of the coil con-

taining magnetic laminated core.
. iwn fwn jon
7= ]—l.l=~],;.—](¢)+]—;.wlx’(¢) ........................... 21

where I(¢) is imaginary part of equation (20)
R(¢) is real part of equation (20)

EXAMPLES

We take laminated Permalloy ring type core as a specimen to ascertain the derived
results are correct. The specimen has the following dimensions.
v thickness : 0.35mm. . outerdiameter : 45 mm.
inner diameter : 33 mm. no. of sheet : 5. no. of turns : 300.
From these dimensions and curves of Figs 3 and 5, we can calculate following

results:

In the case of 200 c/s.
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We assume that exciting current is 0.8 mA that is seemed to be constant in any
frequency. Then from the B-H curve showed in Fig. 3 we can take H; is 1.97 AT/m
and from equation (6) m=#n=0.92 B;=0.0474 W,/m? then
a=—1.926, [;=0.0621, 2=17.95 | —26.2"
ay=—0.177, B,=-—0.0375, 2,=16.87 | —24°
after these numeral values are calculated, we have the following last result »
Z=2T4+ 7407
In the other frequences

In similar process, we can calculate as follow

F=500c/s, Z=605+ 759

F=1000c/s, Z =918+ 664

F=3000¢/s, Z=1485+ ;926

F=10000c/s, Z=13320+7 2080
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Fig. 6 FEquivalent inductance L. and resistance R and their comparison
between calculated results and experimental results.

Fig. 6 shows these results and experimental results which are measured by im-
Pedance bridge, and also calculated results by obsolete method which is shown by
Quation (6) in which permeability is seemed to be constant.

Besides these sesults, we can calculate magnitic flux distribution in the lamina by

fQuations (12), (16) and (18) but in this case we can not ascertain experimentally.
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CONCLUTION

It would be possible for us to calculate correctly the distribution of magnetic fluxes

in magnetic laminae and equivalent impedance of iron cored coil if we had measured

basic characteristics of the laminated core, but it is a rather troublesome calculation

because of using Bessel function of complex variables.(®

D
2)
3
4
5)

References

C. Dannatt : J. I. E. E. Vol. 79, P.667 (1936).

D. Butler and C. Y. Mang : Pro. J. I. E. E. Vol 95-11 P.25 (1948).

F. Brailsford : Pro. J. I. E. E. Vol 95-II P.38 (1948).

H. Aspden : J. App. Phys. Vol 23, P.523 (1952).

H. Ataka and M. Monji : Table of Bessel’s Function of Complex Variables (Published in
Japan).

108 )



