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NEW APPROXIMATE METHOD FOR CALCULATING THREE-DIMENSIONAL
MAGNETIC FIELDS IN LAMINATED CORES

T.Nakata, N.Takahashi and Y.Kawase

ABSTRACT
A new approximate method for calculating
three-dimensional magnetic fields in laminated cores

has been developed by modifying the two-dimensional
finite element method. Using this new method, both
computer storage and computing time can be considerably
reduced compared with a three-dimensional analysis.

In this paper, the new technique is explained, and
then its usefulness is shown by applying it to the
analysis of flux distributions at the T-joint of the
so-called scrap-less type three-phase transformer core.

1. INTRODUCTION

At the T-joint of the
three-phase transformer core
silicon steel, the laminations are
over so that the angle between the
of overlapping sheets is 90°[1].
the flux distribution in one layer is different from
that in the adjacent one. Thus a three-dimensional
analysis is required. If an approximate analysis of
such three-dimensional fields is possible by modifying
.the two-dimensional finite element nethod, both
computer storage and computing time can be considerably
reduced,

A new approximate method for
three-dimensional magnetic fields in laminated cores
has been developed by introducing the "flux
distribution ratio [2]" defined in 2.2. BAn economical
analysis of the flux distribution in each layer has
become possible using the new methed.

so-called scrap-less type
made of grain-oriented
alternately turned
rolling directions
In such laminations,

calculating

2. ANALYSIS

2.1 Analyzed Model

so-called scrap-less type
core. Laminations are
The solid arrows ¢——> denote

Figure 1 shows the
three-phase transformer
alternately turned over.

the rolling directions of the grain-oriented silicon
steel sheets in the first layer and the dashed arrows
¢——-3 denote those in the adjacent layer. In the
hatched parts of Fig.l, the angle between the rolling

directions of the adjacent sheets is 90°.

2.2 Flux Density in Each Sheet

Figure 2 shows the cross-section of the core along_

Fig.l. As  the laminations are
alternately turned over, it is sufficient to discuss
the behaviour of fluxes in only the two layers in
Fig.2. The magnetic reluctance in the x-direction of
the first layer is different from that of the second
layer. Therefore, the flux ®x:1 in the first layer is
different from the flux ®x: in the second layer.

The x-components Bxy, and Bxa: of the flux densities

the line a-q' in

in the first and second layers shown in Fig.2 are
denoted by
Byi=¢x, ft=0xFx1/t | (1)
Bya=0x2/t=0xFx2/t , (2)
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where ¢x, ¢x, and ¢x2 are the x-components of the total

flux in the two layers, the flux in the first layer
and the flux in the second layer, respectively. These
are the fluxes per 1(m) in the y-direction. "t" is the
effective thickness of one sheet in the =z-direction.
The flux distribution ratios Fxi1 and Fxz in each
element are defined as follows:

FX1=¢x1/¢x' (3)

Fxa=bx1/oy=1-Fx, (1)

The total flux ¢x can be written,in terms of the
vector potential A, as follows [31:

dx=2t3A/3y , (s)

By substituting Egs.(4) and (5) into Egs.{(1l) and
(2), the flux densities By, and By, can be rewritten in
terms of A and Fyxi as follows:

Bx,=sz,3A/3y' (6)
Bx2=2 (1-Fx1)3a/3y (7)

The y-components By, and By, of the flux densities
in the first and second layers can also be derived in
the same way and written as follows:

By,=-2Fy, 3A/3x , (8)

By,=-2(1-Fy,)32/3x , (9)

where the flux distribution ratio Fy, is defined by
FY1=¢Y1/¢Y (10)

by, and dy are the y-components of the flux in the
first layer and of the total flux respectively.

2.3 Calculation of Energy, Vector Potentials
Distribution Ratios

and Flux

In our new approximate method, the vector
potentials {A} and the flux distribution ratios {Fx,}
and (Fy,} are calculated under the minimum energy

principle. The total energy X of the two
Fig.2 can be expressed as

layers in
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Fig.l Three-phase transformer core.
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Fig.2 Section a-a' of laminated core.
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X=X1*X1, (11)
where X1 and X2 are the energies in the first and
second layers, and these are given by

X1=Xxi+ Xy, (12)

X2=Xx2+Xy, , (13)

By,
X)h=t55 (valelde,)dxdyl‘ (14)
s 7¢
By,
xyl=cjs ( SvleyldByl)dxdyl (15)
s o
Bx2
sz=t§§ (S Vx2Bx2dBys 1dxdy, (16)
s a

Q

B

Y1
Xy1=tj5 (j.vylay:dsyx)dxdy' {(17)
s 0

In Egs.(14)-(17), it is assumed that the z-components
of the fluxes and eddy currents are neglected, and the
energy in each layer can be calculated using the x- and
y-components of reluctivities, S denotes the region to

be analyzed, and vg,, Vx2., Vy, and vy, are the x- and
y-components of the reluctivities in the first and
second layers, respectively.

In a laminated core, as the z-component of the

flux density is very small compared with the x- or
y-~component, the above-mentioned assumption is
acceptable, when the interlaminar air gap between the
sheets is very small compared with the thickness of the
sheet.

In order to calculate both the flux distributions
in the first and second layers, not only the vector
potentials (A} but also the flux distribution ratios
{Fx,} and {Fy,} are treated as independent variables.
The following equations are obtained under the minimunm
energy principle:

IX_ .
3};’—0 (1—1,—-—,“) , (18)
a0 (emt
3Exe -0 le= '-——,ne) . (19}
—iﬁ%1=0 (e=1,---,ne) (20)
af‘y} el
where Ai is the vector potential at node i. The suffix

(e) denotes the element e. n is the number of nodes
at which the vector potential is unknown, and ne is the
number of elements in the region to be analyzed.
Although, only the case of two kinds of
with different magnetic reluctances is discussed
the analysis of the case of m. kinds of
possible by introducing 2(m-1) kinds
factors.

layers
here,
layers is
of distribution

2.4 Finite Element Formulation

The energy X is a nonlinear function of the vector
potentials IA] and the flux distribution ratios {Fx,!}
and {Fy,}., Therefore, it is difficult to solve Egs.(18),
(19) and (20) directly and so an iterative technique
is introduced.

(a) Discretization of Eq.(18)

The derivative of X .in Eq.(18) with respect to the
vector

potential ai is given as follows from
Egs.(11)-(13):
X 3
= Xxy+#Xyy + Xxz+X
2A; 3A1( X b+ Kxatlya ) (21)

From Eq.(14), 3Xxi1/3Ai is given by

Axy __3xXxx 3By
IA§ 3By, A

2375

3By,
dA;

VXxsxdedY, (22)

<<l

where, (Fx;) and ({Fy,} are assumed to be known.
Any kinds of elements, such as high-order element,

isoparametric element etc., can be used for the
discretization of Eq.{(22). For simplicity, a
first-order triangular element is used here. Bx;. can
be written as follows from Eq.(6):
3 2
k
an‘—'ZFxe Ak, (23)
3y

k=l
Where, Nx is an interpolation function [3] of a first-

order triangular element associated with node k. From
Egs.(22) and (23), 3xxt/3Ai can be rewritten as
3
AXx1 1 INi aNy
—_— 4tFx,35 vy Z Axdxdy
A4 s Y 3y - (29

kml
The derivative of Xyi, XX2 and Xy:2 with respect to Ai
can be calculated in the same way, and the final 3X/ 3Ai
is given by )

3
2 aNi 3N
ax =t55 Z[l}(f‘x:‘)x; + FX;VXZ,-——]-———E-
A4 s oy Y
k=1
2 2 Ni 3N
+ 4(Fy, Vy,+Fy,Vy,) SALEPLLS }AkdXdy
3N X ‘
(25)
In the nonlinear analysis using the Newton-Raphson
iteration technique (3], ~ the increments {§aj} are
obtained from the following equation:
2
X
[51\]‘ =—{ 2X (26)
JA1IR) B RE S

;&/aAiaAj is given as follows from Egs.(11)-(13):

X ¥ X :
D= T (Xxa+ XY+ Xx2+Xya) (27)
3Ri3A3 3AL3A3 .
2
3Xx1/9AidAj is obtained from Eg.(24) as follows:
k3 .
X 2 INi Ny
ERLISY = 4tFx135 (vy, ——
3RidAj s ay 3y
3 Vx, aBXf INi 9Nk
* " 3 Ak) dxdy, -~ (28)
2 9Bxy 3y dy o Y
9Bx1/9Aj can be calculated as follows from Eq.(23):
2 .2
3 Bx z 3Nj 3Ny
XL L aFx, Z—-———AI' (29)
Ny dy Gy
2
From Egs.(28) and (29), 3Xx1/2A{3Aj is given by
2
3Ni  3Nj 2 IVx
_axXxa 4tFx:SS ( vy, + 8Fx, :
3ALIA] s 3y 3y 3By,
3 3
i ING aw LR
ang J Z k Ak.Z { Ay )axdy,
3y 3y i1 3y T2y

(30)

The derivative of Xy,, Xyx2 and Xy2 with respect to 2ai
and Aj can be calculated in the same way, and the final
3’X/3A13A4 is given by

a%x 2 2 INi 3Ny 2
PRI, S v —1
aary tl), (¢ rn e S il ey,
2 INi IN§ « Jvyg,
—_ 4 oV
FyaVya) g PR 4 r fz ).
) o, Bxy 3By,
ANi N5 aNy 3 aNg
X'—ry "_ay " Ak ;— AL
1 oY Ty
A IV INLI 9N
+ 32(Fy, lY: +Fy; ﬁz - i - J
3By, - 3By, * x
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Az]dxdy. (31)

3 k)
3Nk aNg
x ox .Ak.‘tz Ix

*=1 L

(b) Discretization of Egs.(19) and (20)

3X/9Fx1 and 3x/23Fy, are obtained from Egs.(6)-(9)
and (11)-(17) under  the assumption that the vector
potentials {A}are known as follows:

O
— =t Vi Exa{25—) -vxa(1-Fxa H2——) ]dxd =0
3Fxa s ! dy ! dy Y ’
(32)
ox =t53 {"y py -2 2800y 1oy )(—235‘—)2}dxdy =0,
aFy, sL 7T ax 2 ! 3x
(33}
Vxi, VX2, Yy: and, Vy; are functions of Bxi, Bxa2r By,
and By,. The flux densities are the functions of. Fyx1
and Fy,. Therefore, Egs.(32) and (33) are nonlinear
equations of Fx; and Fy,. Fyx; and Fyl. can be
calculated by the Newton iteration technique. The
increments §Fx; and §Fy, are given by
) 2
ai SFxy =- LY (34)
aFxy aFx1 »
2
BXZ §F L. (35)
3Fy, aFy, ’
2
;X/anxzand 3x/3Fx2'are given by
2
A ,2)_1 3 Vx
ax__ SS (z_aA )z{\)xlvt\lxzi-z(zj—‘-) {Fxx——;—l—
oF sy %y 3Bxy
3 VX, (36)
+(1-Fxx)z 3 ]dxdy’
By,
2 av
3A 1 2 Yy
2se ] 2 gprirreviaraagy {Fy‘ ;
aFyZ, s x 3By,
3%y2 : (37)
2 dxdy
+{(1-Fy } 1 } .
T 3By,
2.5 Calculation
Figure 3 shows the steps of calculation.
The initial values of vector potentials (A} and
flux distribution ratios {Fq} and (Fy,} are set.
: The increments of the vector potentials {8a} can
be calculated from Eq.(26).
The increments of flux distribution ratios  {8Fx,}
and (8Fy,) are calculated from Egs.(34) and (35). {e1}

and {82} are small numbers for the decision of

convergence., '
: The above steps are repeated alternately until the

final solution is obtained. {€,}is a small number for

determining convergence.

Initial values of
(A}, (Fyq)and(Fyq)

®

<

{5Fx1} : {eq}

{5Fy1} : {e.) (:> Calculation of(ééjJ
(:) (Eq. (26))
Calculation of = |
{6Fx;) and (6Fy;) (62} ¢ (€o)
(Eqs. (34)and (35)) ® =
STOP

Fig.3 Flow chart.

3. APPLICATION

The flux distribution in each layer of the T-joint
of a three-phase transformer core denoted in Fig.l has
been calculated. The core is made of 0,35 (mm) thick
grain-oriented silicon steel M-5, The dimensions of
the core are shown in Fig.l. .

Figure 4 shows the flux density vectors in each
layer of the T-joint. The overall flux density Bleg in
the limb is 1.7(T). The arrows denote the amplitude
and the direction of the flux density vector in each
element. The directions of fluxes near the corner of
the window in the T-joint are almost the same as the
rolling direction. The average flux distributions of
both layers in Figs. 4(a) and (b) are shown in Fig.5.

The spatial variations of the loci of the rotating
flux density vectors corresponding to Fig.4(a) and
Fig.5 are shown in Figs.6 and 7, respectively. The
spatial distribution of the maximum flux density
corresponding to Fig.4{(a) 1is shown in Fig.8B. In
Fig.4(b), as the flux passing through the line a-a'
wants to flow toward the corner a, the maximum flux
density at the corner is beyond 2.0(T),.

Figures 4 to 8 show that the apparent flux is quite
different from that in each layer. Therefore, there
would be a large error in estimating the iron losses
from the fluxes in Figs. 5 and 7, since the iron losses
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Fig.4 Flux density vectors in each layer
(M-5, 0.35mm, Bleg=1.7T).
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Fig.5 Apparent flux distributions
(M-5, 0.35mm, Bleg=1,7T).

Fig.6 Loci of the flux density vectors
in the first layer
(M-5, 0.35mm, Bleg=1.7T).
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Fig.7 Loci” of the apparent
flux density vectors
(M-5, 0.35mm, Bleg=1.7T).
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Fig.8 Distribution of the maximum flux
density in the first layer
(M-5, 0.35mm, Bleg=1.7T).

are a function of the fluxes in each layer denoted in
Figs. 4, 6 and 8.

The results presented here were calculated within
about 70(%) increase of computing time than a
two-dimensional analysis.

4. CONCLUSIONS

. By modifying the two-dimensional finite element
method, it has become possible to analyze easily the
flux distribution in each layer of laminated cores made
of grain-oriented silicon steel. In our new method,
the distribution of flux in each layer is determined by
the minimum energy principle. The method has the
following advantages:

(a) The approximate three-dimensional analysis is
possible by adding several lines to the usual
two-dimensional program,

(b) The computing time is within twice as much as
two-dimensional one,

The results 'obtained provide information for
designing the most suitable laminated core.

The method will be improved so that the energy due
to the z-component of the flux and eddy currents can
be taken into acc¢ount,
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