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Introduction

Technological air-gaps are inbuilt in the laminated
corners of the transformers’ magnetic systems. Though
attempts are made to reduce the air-gaps, it is not possible
to eliminate them completely. The additional
magnetisation losses occurring due to the existence of
technological air-gaps may be classified in the following
way:

1) losses conditioned by increased magnetic flux
density in the surroundings of technological air-gaps;

2) eddy-current losses in the plates of electrical
sheet-steel.

The losses of the first group drop with the decrease
of technological air-gaps. The losses of the second group
may be reduced using discretization for the steel plates in
the surroundings of the magnetic system corners [1]. The
purpose of this proceeding is to offer a technique for the
definition of eddy-current losses together with the skin-
effect assessment for electrical sheet-steel.

Mathematical model

The formulae are derived for the determination of
eddy-current losses [1], presuming that magnetic flux
density is constant in all points of the plate in the corner
vicinity of magnetic system. However, the plate of
electrical sheet-steel is a one-piece conductive structure,
conditioning the skin effect of the electromagnetic field,
i.e. uneven distribution of magnetic flux density in
different points of the steel plate.

Assume now that electromagnetic quantities vary in a
harmonic way and the permeability of electrical steel is
constant in all points of the plate.

An electrical sheet-steel plate having the shape of a
rectangle with dimensions a and b, as shown in Fig. 1, is
crossed perpendicularly by alternating magnetic flux
density b(#,x). Taking into account that eddy-currents flow
in closed ellipse-shaped contours, Fig. 1 shows the
elementary tube of eddy-currents having the width dx
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electromotive force induced in the inner contour 4 MN of

the elementary tube is
L(x)e(t,x); 6]

where L(x)= nx{l,S(l + éj - \/E } - length of ellipse
a a

(o)
arc 4 MN [2];
e(t,x) - electromotive force induced in one
length unit.
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Fig. 1. Rectangle with dimensions a and b of electrical steel plate,

the centre of which is superposed with the initial point 0 of
Cartesian coordinates system

The electromotive force induced in the outer contour
U

4 M ;N; of the elementary tube is

L(x + dx)[e(t, x) + de(t, x)] ;

where L(x+dx)=n(x+ dx{l,S(l + 2} - \/E} .
a a

Obviously, it is possible to write
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L+ axfelt, x)+ de(t, x)|~ L(x)els, x) = —%dtp(t, x1): 3)
where d@(t, X 1) is the alternating magnetic flow, crossing
the ring formed by the following ellipses:

2 2 2 2
x x
+2 + J =1;

’ (x]+dx)2 (y]+dy)2

2
Xp Vi
x; — the abscissa of the variable point of the ellipse’s
maximal semi-axis;

b
Yi=—X1.
a

In order to determine the skin-effect of magnetic flux
it is essential to know the minimal and maximal values of
magnetic flux density as well as the variation character of
the density between the above mentioned values. The
maximal value of magnetic flux density B,coswt equals
the medium density of the magnetic system’s magnetic
flux

B,=(B:+B,)/2; “

Where B,, B, are the densities of the magnetic fluxes in the
magnetic system’s core and yoke correspondingly.

The minimal value of magnetic flux density Bycoswt
is defined in the ellipse’s centre of magnetic system’s
corner. On the assumption that the magnetic flux density
varies according to the law of the elliptic paraboloid
between the minimal and maximal values, it follows that

b(t,x,y):[Bo +(8, —BO{ i

(a/2 )2

2 2
2 2

+ (bjjz)z ]] cosaxt (5)
Y

. X . .
If the ellipse —2+—2=1 is used to determine the
Xro )i
magnetic flux it is possible to describe it as

x 1o P
@(t,x,,y,)zﬂb(t,x,y)da=4J!dx ”Bo +(Bm—
D 0 0

2 2
-By r 2 cosatdy =
(@2 (b/2)

2 2
:;leyllBO +(Bm _BO{(a);Iz)z + (b);lz)z ]]cosa)t. 6)

The medium value of the magnetic flux density
becomes

2
bv(f,x1)=M={Bo +l(Bm —Bo{ al

™y 4 (ar2)?

2 2
+-2 5 | [cosat =| By +l(Bm - By )Lz cosat, (7)
(6/2) 2 (a/2)
b .
where the dependence y; =—x; is used.
a

For the elementary tube, in which eddy-currents
flow, the area’s differential can be written as follows
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b
dS(x;)=nlx; +dx; Ny, +dv;)-mepy; = 2”;xﬂlx] (8)

The differential of the magnetic flux created in the
elementary tube is

d(i,x;)=b, (1, S (x, )= zné[m 1, -
a

3

_B())L

(a/ 2)2
By transferring (9) to the differential equation (3), we
receive

7{1,5(1 N gj - \/ﬂ[e(t, xp ) + x delt,x; )| =

]Sina}tdx . (10)

}cosa)tdxl . 9)

b 1 x13
=270 —| B —(B,, -B))——
ﬂwa[ 0x1+2( m 0)(a/2)2

The above relation can be rewritten as

de(t,x;) 4 M - (a + fic? )sina)t; (11)
de X7

where
bB,—B
b w2l Zm 20
B @ (a/2)®

) o 5 bY [b
1,5(1 + j — .= 1,5(1 + j -
a a a a
The latter differential equation is linear and its
general solution available from [2] is

e(t,x)= gx+£x3 -1-£ sinat. (12)
2 4 X

If the boundary condition e(f,x)=0 when x=0 is
used, the integration constant is

C=0. (13)
The partial solution for electromotive force, induced
in one length unit, is

e(t,x): (%x +§x3jsina)t. (14)

Consequently, the power differential of the eddy-
currents is

dp(x)= [L(x)ele x)P _

2r(x)
2 2
{n’x{l,S(l + b) - \/E} (0{ X+ ﬁ x3]
a a 2 4
= 2r(x) dx;  (15)
where [1]
2
,,p{l,s(l 4)- b}
a a
()= :
2é Adx
a



A - thickness of electrical sheet-steel plate; p - resistivity

of electrical sheet-steel.
Total losses of eddy-currents

a/2
P= [dp(x)=
0
2 2
nbau{“ﬂ/’( /2)? +ﬂ(a/2)4}
a 2 3 12

(16)

2
96,{1,5(1&)_ b}
a a

Using « and S expressions the following relation is

received
b 3
”3f2(j a* AB2 5
P= —| +
2|\ B
b b m
16p| 1,5 1+ — |- |~
a a
18,( B\ 1(. BY
T | Dy R N (17)
3B, B,) 24 B,

The eddy-current losses are described by the formula
from [1] if the skin-effect (B,, = B,) is not taken into

account:

»)3
7Z3f2() a4AB,%1
a

2
b
a

Py

(18)

16,{1,5(1 + bj -
a

P/P
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Fig. 2. Dependence of eddy-currents’ specific losses on the ratio

of magnetic flux densities

Keeping in mind formula (18), equation (17) can be
transformed into
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2 2
B B B B
p=p||Bo] (Lo [y Bo | Ly Bo )| (19
B, 3B, B, ) 24\ B,
It follows from the latter, that function P/P; is the

rising function of By / B,, . The character of the function’s

variation is shown in Fig. 2.

Fig. 2 above shows that the decrease in specific
losses and B, is directly proportional. This effect may be
reached by diminishing the permeability in the centre of
the rectangle of the magnetic system’s corner. It could be
implemented technically by decreasing the permeability in
the central zone of the magnetic system’s corners.

Applying b =a/n to formula (17) we find that

P, =

3
7[3(me)2(1) a4A 2
2 Bm
16,{1,5(1@_ 1}
n n

+lB_0(1_B_0J+L(1_ﬁJ2
3 B, B, ) 24\ B,
The latter formula defines the active losses of the
eddy-currents in the rectangular electrical steel plate whose
dimensions are a and b=a/n. It is obvious that the
square plate with side a contains n rectangular plates
with the dimensions of sides a and b =a/n. Hence, the

total eddy-current losses of all the n rectangular electrical
steel plates with dimensions a and b =a/n are expressed

as
1 2
el )(j a*A
n
1 1 2
l6p{l,5(l+)— }
n n

B B
+l_0 1__0 +L
3B,\ B, ) 24

(20)
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Fig. 3. Dependence of active losses ratio i(n) on n



Using the ratio of active losses (21) and (17) it is
possible to define how many times the active losses
decreased after the discretization of the rectangular plate
ABCD (Fig. 1) into n rectangles:

2. Differential equations are obtained and solved for
the magnetic field distribution in the electrical sheet-steel
plate of the transformer’s magnetic system.

3. The dependence of the electrical steel plate eddy-

2 currents’ active losses on the ratio of the magnetic flux
density in the centre and periphery of the corner is
determined. Recommendations are offered for the
reduction of the losses.

4. It is proved that the discretization of the laminated
corners zone in the transformer’s magnetic system
determines the decrease in the active losses.

2
(-
Py n a a

= . 22)

P 3 2
-
a n n

When the magnetic system corner is square (a = b),
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elipsés formos. Tariant, kad yra zinomi magnetiniy srauty tankiai magnetinés sistemos kampo centre ir periferijoje, sudarytos
magnetinio lauko pasiskirstymo diferencialinés lygtys. ISsprendus diferencialines lygtis apskaiiuoti siikuriniy sroviy aktyvieji
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centrinés srities magneting skvarba arba diskretizuojant magnetinés sistemos kampo sriti elementariosiomis sritimis. Il. 3, bibl. 2 (angly
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L. Andriusiené, A. Degutis, P. Kostrauskas, D. Mikalajiinas. Conducting Plate’s Eddy-Current Losses // Electronics and
Electrical Engineering. — Kaunas: Technologija, 2004. — No. 5 (54). — P. 66-69.

It is assumed that all electromagnetic processes vary in a harmonic way in the laminated corner of the transformer’s magnetic
system.It is proved that due to technological air-gaps existing in the laminated corners of power transformers’ magnetic systems,
additional eddy-currents originate which are distributed unevenly because of the skin-effect. Ellipticity of eddy-currents contours is
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differential equations for the distribution of magnetic field are obtained. On the basis of the solved differential equations the active
losses of eddy-currents are calculated, which depend on the square of magnetic flux densities in the centre and periphery of the corner,
the thickness of plate, dimensions of the corner, specific resistance and the square of frequency. Methods are proposed for the
minimization of eddy-currents active losses by reducing the permeability in the central zone of the magnetic system’s corner or by using
the elementary zones for the discretization of the magnetic system’s corner zone. Ill. 3, bibl. 2 (in English; summaries in Lithuanian,
English, Russian).
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IIpennonaraercs, 4To BCe 37IEKTPOMArHUTHBIE MPOLECCH B IIMXTOBAHHBIX YIJIaX MAarHUTHON CHCTEMBI CHJIOBOTO TpaHC(hOpMaTopa
MPOTEKAIOT MO FAPMOHUUYECKOMY 3aKOHy. Jloka3zaHO, uTo 6iarojapsi TEXHOJIOTMYECKMM 3a30paM B IMMXTOBAHHBIX YIJIaX MarHUTHON
CHCTEMBI TpaHC(HOPMATOpa BO3HUKAIOT JOMOIHUTENIHBIE BUXPEBBIC TOKH B JIMCTaX MAarHUTONPOBOA; M3-3a OBEPXHOCTHOTO () deKTa
WHTEHCHBHOCTh BHXPEBBIX TOKOB BO3pAacTaeT OT IEHTpa yIJda MarHUTHOW cucTeMbl K ero mepudepun. [lo 3agaHHON MarHUTHOI
WHAYKIMM B IEHTPEe W Ha Nepudepun yria MarHUTHOH CHCTEMBI COCTaBIEHO I (epeHIHaTbHOE YPaBHEHHE IS ONpPEACICHUS
pacnpesesieHIss MarHUTHOW WHIYKIIMM B 30HE YIJa MarHUTHOW cucTeMbl. Ha ocHoBaHmm pemenus nuddepeHnnatsHoro ypaBHEHHS
pacrpesiesieHlss MarHUTHOW WHIYKIUM BBIYUCICHBI aKTHUBHBIE ITOTEPH, OOYCIOBICHHBIE BHUXPEBHIMA TOKAMH B YIJaX MarHUTHOU
cucteMsl TpaHchopmaTopa. [Toka3aHo, UTO aKTHBHBIC IOTEPH OT BUXPEBBIX TOKOB 3aBUCAT OT KBAJPAaTOB MArHUTHBIX MHAYKLIUH B
LEeHTpe ¥ Ha nepudepun yriia MarHUTOIIPOBOJA, TOJIIMHBI JIUCTA, Pa3MEPOB yIJia, YASIBHOTO CONPOTHBICHHUS M KBaJpaTa YacTOTHI
nepemMaranuuBanus. IIpeanoskeHel crocoObl MO yMEHBIIEHHIO aKTHBHBIX IIOTEPh OT BHUXPEBBIX TOKOB: CHHM)KEHMEM MAarHHUTHOMN
MPOHULIAEMOCTH B 00JAaCTH LIEHTpa yTJla MarHUTONPOBOA MM AUCKpPETH3alUell 00IacTH yria Ha 3JeMeHTapHble cocTapiatomue. V.
3, 6u61. 2 (Ha aHTIUHCKOM SI3BIKE; pedepaThl Ha JUTOBCKOM, aHTIIMICKOM H PYCCKOM $13.).
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