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i. Introduction

In magnetic cores of the electromagnetic devices with a variable magnetic
flux power loss appears due to eddy currents closed in single sheets as well as
those passing through the imperfect sheet insulation. The method of analysis
and computation of power loss in a single sheet are widely represented in
literature and are not considered in this paper. Stray-eddy-current loss in
laminated cores has been the subject of earlier works [1, 2]. In those
considerations, it was assumed that the core with a rectangular cross section
did not contact at the edges with other conducting parts of electromagnetic
devices. In this paper, the other arrangement of the core is considered — Fig. 1
— that appears often in practice. In this structure, sheets of laminated core are
connected on one side by the material with a greater conductivity. For
example, the sheets can be electrically connected by the shaft or the case of an
electrical machine.

In the paper, an analysis of stray eddy currents in the one side electrically
connected laminated core is given and a method of computing addmonal
power loss due to these currents is presented.

Fig. 1. Cross section of the laminated magnetic core covered with an ideal conductor 1
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II. Mathematical formulation of the problem

The laminated magnetic core can be considered as an anisotropic body
with respect to its conductivity. Conductivity in perpendicular direction to the
sheets is less than that in parallel directions to the sheet surface, and
substantially less than the conductivity of the material covering the core, i.¢.
than the conductivity in the region 1 — Fig 1. That is why, in the mathematical
model, the core can be considered as an anisotropic homogeneous medium
adherent on one side to the isotropic region with infinitely great conductivity. It
has been assumed that the magnetic flux is oriented towards the axis and that
the waveforms of all quantities describing the electromagnetic field are
sinusoidal. It has been also assumed that the magnetic permeability of the core
is constant.

On the basis of Maxwell equations, the following equations can be
obtained for the magnetic field intensity H in the direction of axis and for the
components of the electric field intensity K_and K is the directions of x and y
axes, respectively:

¢*H ¢*H .
Py =5 P =lw pu H (la)
Toox* cy”
¢’K, ’K, .
Pyt P =0 1 K, (1b)
TCx” cy-
K, K, )
Py = + P — =i-o u K, {1c)
Tooxt oy~ ’

where:i=/ —liw=2nf: f -frequency; p, and p,— resistivities of the core in
the directions of x and y axes, respectively.
Introducing symbols:

k=t 2)
p)' AI"\
and
w=iwou (3)
we obtain instead of the relation (la)
é*H ¢*H .
e+ k —=u.-H (4)
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In the midst of magnetic field intensity H and the components of the
electric field intensity K, and K, the following relations occur:

cH i

K.=p. = (5)
oy
. cH

— K, =p, - (6)
T ox

Therefore it is reasonable to solve first of all equation (4) and then determine K,
and K, from the relations (5) and (6). The boundary problem for equation (4),
with assumption of equal value of the field intensity H, on the boundary line of
the core not adherent to a conductor was partly solved in work [1]. The
following relationship was obtained

shay 4 (o, \* sinan?2
Hix.y) = H[w__z<> s w2

cosha h =« Ji i
(7)
cosh ff,.-x . nmy
e T
cosh f3,,. b 2h
where
I=iwopuy, (8a)
L, [nmy?
J= LT : e 8b
nx y.\ + th) ( )
[)2 3](2 Lo nn ’ (OC)
DL =0T &)
e 2h

«? — in reference Eq. (3); remaining denotations according to Fig. 2.

In works [2, 3] the real and imaginary parts were separated from relation
(7) so the following expression for the distribution of the magnetic field
intensity H had been obtained

cosh m (h+y}-cosm(h—y)+cosmh—y) cosmh+y)
H{x,y)=Hq" +
cosh 2m, - h+cos 2m, - h

“+ ZEH,,'d;,] -+ 9)

n
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H {sinh mh+y)-sinmh—y)+sinhm(h—y) sin m(h+y)
iHg- -+
° cosh 2mh+cos2m, - h

+ 2 Egu d;:}

n

where ;

me=./w" - 7,/2 (10a)
1

dy = —[es+es+F(es+es)] (10b)
€y
1 . ;

dy =—[F, (e;+e3)—e,—es] (10c)
3!

e, =(1+F?*)- (cosh 2\/% : nz_‘.\/;b +cos ?.N/'me ©s," b)
e, =cosh \/me"n(b +x)-cos \/'7<171x -5, (b—x)
e;=cosh \/;m_\. “r(b—x)-cos \/Em_\. $,(b+x)

e,=sinh \/km,-r,  (b+x)-sin V/kmx “$,(b—x)

es=sinh \/km, r(b—x)-sin/k-m,s, (b+x)

nem 2
= <2V’/§n::, : iz) (1
o=~ F2+1+F, (12a)
5e =~V FE+1-F, (12b)
Ey, = %‘msin (7: n/2) -cos%ﬁi. (13)

Similar expressions can be obtained for the field intensities after differentiating
in accordance with relations (5) and (6) [3].



CURRENT LOSSES IN LAMINATED CORE 151

III. Computation of power loss

The eddy-current loss in a length unit of the core in the direction of z axis
— Fig. 2— can be expressed, with the help of the complex Poynting vector, by

the relation
1 -
PzRe[QJKdeS:]. (14)

N

The complex vector K and the complex vector H conjugate with H concern the
points of the core surface S. After substituting the conjugate value H obtained
from equation (9) and the electric field intensity K to the formula (14) and after
integrating we obtain the power loss in a volume unit of the core from Fig. 2 as

B CH o2 1 sinh ¢, —sin ¢,
D= - 0 Px My

4bh &, cosh &, +cos ¢,

N g 1 3 S, sinh &y~ r,—r, - sin &, ' s, (15)
T — - - N )
T G nt 1+ Fy - (cosh &y r,+coséys,)

4 (r” + F" : S”) ' Slnh Cjb : rll ‘+‘ (Sll - ‘I:H ’ rll) : Sln éb ’ S"}

&G V(L+F2)* - (cosh &, - 1, +c0s &, ° 5,,)

in which the following symbols are used:

&=2-m, kb (16a)
2m - h (16b)

X S

)

Fig. 2. Cross section of the laminated magnetic rectangulsr vore
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In the majority of practical problems, the field intensity H, on the core
surface is not known at the beginning of considerations. Instead of that, the
total magnetic flux in the core resulting from the average induction B, is given.

b h
@=4bhB,=p | j H(x,y) dx-dy (17)
—-b —h
After substitution H from Eq. (9) and some conversions we obtain the
following relation
By=pu-Hy (¢'—i¢") (18)
where:
8§ 1 i

, 1 Slnh Lf,,‘“SlI'l th +
Q=T LT3 (19a)
gh COSh C;h +C0Ss Sh L b p H: ) !

1 . (rn+Fn ’ Sn) ) Slnh L:h ’ I'”+ (Snan ’ rn,) ’ Sif] ‘ib Sy,

\(1 -+ F":' )3 COSh L.:hrn +cos éb " Sn

sinh &, —sin ¢,

1
¢ = h &, A =
Sh COS “h T COS Cp

I 1 1 1 (5” +F" ' 7',,) sinh ibrn - (rn + Fn ' Sn) sin éhsn (lgb)

- e S ——— - -
&, Tnt J(I+F2) cosh &y, +cos &y - s,

Computation of the field intensity H, from Eq. (18) and substitution into (15)
allow, after some conversions, to obtain the unit stray-eddy-current loss in the
core in which the average induction value is given.

B w7y, (2h)? 6 cosh ¢, —sin g,
r= 24 &o* cosh ¢, +cosé,

48 S, sinh &pr,—r, sin &, - s, B (20)

o <2 2 S — . ..
TGS PT T P/ 1+ F} - (cosh &yr,+cos &ys,,)

24 (ry+F,s,)  sinh &+ (s,— F, - r,) - sin ibsn]
S o (14 F2)3(cosh &, + cos &, - s,)
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where
PP ="+ (21)

The well known factor placed before the square brackets in Eq. (20) represents
the losses in a volume unit of the homogeneous isotropic, infinitely wide and
long plate, in which uniformly distributed flux is assumed [4]. In the expression
in brackets, a finite length, anisotropy, and irregular distribution of the flux in
the core, are taken into account. The expression in the brackets denoted by
n(&,, ¢,) wWas calculated by a computer and the results are shown in Fig. 3.
The results obtained in this way can be used to compute eddy-current loss
in a more complex structure shown in Fig. 1. In order to do this, it is sufficient to
notice that the current density component in the direction of axis x in points
y=01isequal to zero in both cases — Fig. 4. Therefore, on the basis of indentity
of boundary conditions on the remaining edges, it can be stated that the eddy
currents distribution in the core adherent on one side to an ideal conductor is
identical to the distribution in the upper or lower half of the core of a double
dimension h'=2h in the direction of axis y — Fig. 4. Thus, the additional loss in

0 2 4 6 8 10 12 14 16 §b

Fig. 3. Cores (. <,

®
([

2b . 2b

Fig. 4. Comparison of eddy-current lines in covered « and uncovered b core
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a volume unit of the core shown in Fig. I should be computed from equation

2
BZ-w?-y - h*

p e 22)

where the coefficient 7' can be read from Fig. 3 for ¢, in accordance with Eq.
(16a) and for ,=2m h.

IV. Simplified relations

Expressions (15), (20) and (22) for the power loss are extremely complex.
Therefore, by means of them, it is difficuit to draw conclusions about the
influence of the conductivity 7,, the core dimensions and the one side potential
connection of the lamina on the eddy-current loss. The expressions can be
considerably simplified without significant computational accuracy decrease.
When the remagnetization f{requency f <60 Hz, the core magnetic
permeability p< 1500 p, and the resistivity p,>0.5-1073 Qm and when the
core dimension h<! m — applied in practice, the parameter F, value
according to relation (11), fulfil the condition F2> 1 for n=1, and even more
for n=3;5; 7. Therefore

9
[

F

e

F

+1

1 1

and the expressions for the parameters r, and s, according to relation (12) are
considerably simplified

1',,2\,/2 -F, (23a)

5, x0. (23b)
The second component in the square brackets in relations (15) and (20)
becomes then equal to zero and the third component becomes negligibly small
in comparison with the first one. Physically it means that the eddy-current loss
is caused mainly by the current density component j;. Taking these
simplifications into consideration in relation (20), we obtain additional losses
in a volume unit:

- of the core shown in Fig. 2

)= B;-»®-y.-h* 3 sinh¢,—sin g,
24 ¢, cosh ¢, —cos ¢,
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(¥4

— of the core shown in Fig. 1

By, (2h)? 3 _sinh 2§, —sin 2¢,

p s ” " - paady
24 2&, cosh 2¢, —cos 2¢&,
_ B w2y, - h? 1 sinh 2¢, —sin 2¢, (25)
4 ¢, cosh 2¢, —cos 2¢, -

It has been shown, by means of experimental works, that in the laminated
cores of dimension />0.5 m, the eddy-current loss caused by the current
density component j, is distinct. This concerns especially cores covered on one
side with an ideal conductor. Moreover, it has been found that the component
J is cosinusoidally distributed according to coordinate y [3]

4
SyrH, =k ——=—==cos—y (26)
T \/’1+F~ n

The equivalent penetration depth of this component in the core is:
— for the core, shown in Fig. 2

. h
NS - (27)
T/ k
— for the core shown in Fig. 1
2h ,
A= - (28)
Tk

Power loss caused by the current component j, in a length unit of the core in the
direction of axis z can be expressed by the formulae:
— according to Fig. 2

hi2

P,=2p, f <f;‘;_)”-dy~4/ (29)
V2

—h/2

— according to Fig. 1
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Taking also relations (18), (24) and (25) into consideration we finally obtain
simplified expressions for additional eddy-current loss in the core:

2 2 . o . -
P B -w?-7.-h* 3 sinh &, —sin ¢y
24 &, cosh &, —cos g,

16B2-w? -y, h? & cosh ¢, +cos &,

= e - : (31)
7k J4&t—n* cosh {,—cos ¢,

— for the core shown in Fig. 1

Bl w? y.-h* 3 sinh2¢,—

P - a i X
6 2&, cosh?2

-
jond
(]

[

Bl

S
+

AT

(e
@]
wn
o
LAY
x

B

256BZw?*y h* 28, cosh 2&, +cos 2&,

EI
ok

—— - 2
\/’645,”,' + % cosh 2§, —cos 2¢, (32)

where: V. — core volume, L. — length of the core in the direction of axis z. The
other symbols are identical to those in previous expressions.

V. Final conclusions

As an effect of the core sheets connection with a conductor the stray eddy-
current loss, due to currents closing by the sheets insulation, considerably
increases. The lossen can be especially great in the cores of wide lamina, i.e. of
large dimension i — Fig. 1. The losses, due to the current density component j,.,
are proportional to the fourth power of this dimension. As a consequence this
results in the requirements with respect to the minimum value of the resistivity
p. of the core in the direction perpendicular to the lamina.

Suimmary

Intersheet eddy-currents in the laminated magnetic core with a rectangular cross section are
investigated. It is assumed that the core iIs covered on one side with an ideal conductor. A method of
computation of the additional stray-eddy-current loss, based on the Maxwell equations and results
previously obtained by the author are presented. Parameters affecting power loss are examined.
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