
Physics

Electricity & Magnetism fields

Okayama University Year 1994

An improved numerical analysis of flux

distributions in anisotropic materials

Takayoshi Nakata K. Fujiwara N. Takahashi
Okayama University Okayama University Okayama University

Masanori Nakano N. Okamoto
Okayama University Okayama University

This paper is posted at eScholarship@OUDIR : Okayama University Digital Information
Repository.

http://escholarship.lib.okayama-u.ac.jp/electricity and magnetism/91



IEEE TRANSACTIONS ON MAGNETICS, VOL. 30, NO. 5, SEPTEMBER 1994 3395 

An Improved Numerical Analysis of Flux Distributions 
in Anisotropic Materials 

T.Nakata, K.Fujiwara, N.Takahashi, M.Nakano and N.Okamoto 
Department of Electrical and Electronic Engineering, 

Okayama University, Okayama 700, Japan 

Abstract - The method for analyzing flux 
distributions in transformer cores made of grain- 
oriented silicon steel is improved in order to 
reduce error in calculation due to anisotropy in 
magnetic materials. A model to verify the 
improved method is proposed, and the calculated 
results are compared with measured ones. 

I. INTRODUCTION 

The flux distributions in transformer cores 
made of grain-oriented silicon steel have been 
analyzed using only two B-H curves in both rolling 
and transverse directions [ l l .  However, the 
magnetic characteristic along the magnetic hard 
axis cannot be represented exactly by this 
method C2-41. 

In this  paper, firstly, problems of the 
conventional modelling methods are discussed. 
Secondly, improvement of the method of analysis is 
described. Finally, the verification of the software 
for anisotropic analysis is proposed. 

11. P F ~ O B ~ M S  OF CONVENTIONAL METHODS 
The magnetic field strengths, Hx, Hy and HZ, 

in the x-, y- and z-directions are functions of flux 
densities, Bx, By and BZ, in respective directions as  
shown in (1) [3-53. 

transverse direction (T.D.). Fig. 1 shows the loci of 
B for constant I H I. Fig.l(a) shows the measured 
curves and Fig.l(b) shows the curves calculated 
using (2). The distance between the origin and a 
point on the locus corresponds to IB I .  When the 
distance is long, the permeability is large, because 
IH I is  constant on the locus. Therefore, the 
magnetic easy axis  estimated from the 
conventional modelling method shown in Fig. l(b) is 
completely different from the actual easy axis, 
which coincides with the rolling direction (x- 
direction). Fig. 1 denotes that  the permeability 
estimated from (2) is  higher than that  for the 
magnetic easiest axis at the high flux density 
region. This discrepancy is due to the assumption 
in (2). 

Fig.2 is an example which denotes the functions 
of (1) for the 2-D case. The B-H curves are 
measuredC31 for 0.3" thick highly grain- 
oriented silicon steel(AIS1: M-OH). In  the  
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For simplicity, let us explain in 2-D (only x- and 

Fig. 1 Loci of B for constant I H I 
(AIS1 : M-OH, 0.3"). 
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Fig.2 B-H curves (AISI : M-OH, 0.3"). 
conventional method C l ] ,  only two B-H curves, 
namely, Bx-Hx curve for B -0 and By-Hy curve for 
Bx=O are used. If H vector is specified, the x- and 
y-components, Bxc and Byc, obtained using the 
conventional approximation method (2) is much 
higher than those, Bxn and Byn, obtained using (1) 
as shown in Fig.2. Therefore, the flux density IBc I 
which is denoted by (3) is overestimated in the 
analysis using the conventional method. 

( b ) transverse direction 

YT 

Similarly, the  magnetizing current  i s  
underestimated, when the flux which is interlinked 
with the anisotropic material is specified. 

Fig.3 shows the relationship between 6~ and 
6 ~ .  € 3 ~  and 6~ are the angles o f B  and H vectors 
from the rolling direction. I t  is obvious that there is 
a large discrepancy between the actual phenomena 
(Fig.3(a)) and the conventional modelling (Fig.3(b)). 
Namely, in Fig.3(a), BB is larger than 6 ~ ,  only 
when I H I is large and 6p90deg.  In Fig.3(b), 6~ is 
larger than 6 ~ ,  only when I H I is large and 6~ is 
small. 

In order t o  improve the above-mentioned 
discrepancy, an elliptic model has been proposed 16- 
81. The locus of B shown in Fig.l(a) is tried to be 
approximated by an elliptic curve as shown in 
Fig.4. Although the curves at low flux density 
region are similar to  those in Fig.l(a), Bx-Hx and 
B -Hy curves converted from the elliptic curves 
wtich are shown in Fig.5 are much different from 
the measured curves shown in Fig.2 which are 

(a)measured , 
90 

- 60 P z? 
m 
CD 30 

-n- 
-a- * 
+ 
-A- 

5000 
2000 
1000 
500 
200 

0 30 60 90 
OH (deg) 

(b) conventional (approximation using Eq.(2)) 
Fig.3 8 B - h  curves for constant I R I 

(AISI : M-OH, 0.3"). 
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Fig.4 Elliptic model (approximation using Eq.(4)) 

denoted by dotted lines, because the permeabilities, 
px and py, are constant on the elliptic curve for the 
constant I H I as shown in (4). 

(AISI : M-OH, 0.3"). 

(z)2 + ($)2 = H 2 (4) 

111. IMPROVED METHOD OF ANALYSIS 

When the anisotropic magnetic field is analyzed 
using the B-H curves shown in Fig.2, the 
coefficient, dGi(k)/dAj(k), at the k-th nonlinear 
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Fig.5 B-H curves for elliptic model 
(AIS1 : M-OH, 0.3"). 

iteration in Newton-Raphson method can be 
represented by the following function: 

i j ~  (k) aHx(k) a~ (k) a~ (k) 
-- aAj(k) - ( a' aBy(k)' -,- aBx&) aBy&) 1 (5) 

where g denotes a function. Gi and Aj are the 
residual at a node i and the magnetic vector 
potential at a node j respectively. The coefficient 
matrix is unsymmetric due to aHx/aBy and 
dHy/dBx (In the conventional methods, i t  is 
symmetric due to  the assumption (2)). 

In order to  avoid solving unsymmetrical linear 
equations, the calculation procedure is improved as 
shown in Fig.6. Step@ : Let us consider only one B- 
H curve in Figs.2(a) and (b) respectively in an 
element during the Newton-Raphson iteration 
(N.R.) [9,101. Therefore, in step@ , aHx /aBy and 
aHy/aBx in (5) can be assumed to  be zero. Step@ : 
When Bx, Hx, By and Hy are determined a t  the 
end of N.R. iteration, the new B-H curve in Fig.2(a) 
is chosen from the new By ( 2 )  a t  the l-th iteration 
and that in Fig.B(b) is chosen from the new Bx(l). If 
there is no desired B-H curve in Fig.2, the B-H 
curve required is calculated by interpolation [l l l .  
When the difference between the new flux density 
B (l+1) and the former one B ( 1 )  is less than O.OlT, 

iterative procedure 2 
: convergence criterions 

Fig.6 Flow chart. 

the iterative process is terminated. 

following advantages: 
The improved method mentioned above has the 

(i) The software can be made by the minor 
change of the conventional one. 

(ii) As the coefficient matrix is symmetric, the 
ICCG method[12] can be applied to  solve 
the linear equations. 

The disadvantages are as follows: 
(i) I t  cannot be guaranteed to get the 

(ii) It  takes a long CPU time due to  the 
convergence. 

iterations for changing B-H curves. 

IV. VERIFICATION OF SOFTWARE 

A. Verification model 

Fig.7 shows a single-phase transformer core 
made of the same material as that in Fig.2. The 
shape is chosen so that the result calculated using 
the conventional method is very much different 
from that using the improved method. The core is 
laminated by 70 sheets(0.3x180x400mm). A 
rectangular window (40x220") is bored in each 
sheet. 

B. FEM analysis and experimental results 

The magnetic vector potential A is used in the 
2-D finite element analysis. Fig.8 shows the flux 
distributions at practical flux density (Bleg=.l. 7T) 
and at low flux density (Bleg=O.5T). Bleg IS the 
average flux density in the leg. 

Fig.9 shows the distributions of the absolute 
value IB I and the angle f 3 ~  of the flux density 
deviated from the rolling direction along the line a- 
p in Fig.7. The flux densities can be measured 
using a search coil which is wound through 0.6" 
holes drilled in the 70 laminations as  shown in 
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Fig.9. Fig.9 suggests that the results obtained by 
the improved method are nearer to the measured 
ones than those calculated by the conventional 
method. 

i Y 

20.3 

V. CONCLUSIONS 
Z 

The problems of conventional modelling 
methods for anisotropic B-H curves are examined. 
An improved method is introduced, and a 

I 70 laminations verification model is proposed. The results obtained 
can be summarized as follows: 
(1) Bx-Hx and Bv-Hv curves of the conventional Fig.7 Verification model. 

( i ) conventional (Eq42)) 
( a >  Bleg 

methods are ';nu<h different from the actual 
curves. 

(2) Results calculated using the improved method 
are in good agreement with measured results. 
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