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A Proposal of Finite-Element Analysis Considering
Two-Dimensional Magnetic Properties

Koji Fujiwara, Takayuki Adachi, and Norio Takahashkellow, IEEE

Abstract—A technique for analyzing the magnetic field in y
anisotropic material using the effective anisotropic reluctivity pro-
posed by Enokizono is examined. It is shown that the Enokizono
model can be transformed into another model having a conven- 0
tional form. By expanding the examination of such a conventional 0 a
form, a new finite element formulation for taking account of the HB
two-dimensional (2-D) magnetic property is proposed. As the 0
modeling of the 2-D magnetic property at the high flux density B > x
region is important in the practical analysis of the magnetic device, 0
the extrapolation method of the magnetic property is examined. It
is shown that the Bézier interpolation is fairly effective to stabilize Fig 1. B andH vectors in anisotropic material.
the convergence characteristic of the Newton—-Raphson (N-R)
iteration in the nonlinear magnetic field analysis, taking account
of the 2-D magnetic property.

Index Terms—2-D magnetic properties, anisotropy, Bézier inter- A- Reluctivity of Anisotropic Material

Ry

Il. NEW EXPRESSION

polation, finite-element method. In anisotropic material, the direction &f vector is different
from that of B vector, as shown in Fig. yp is the angle
|. INTRODUCTION betweenH and B vectors shown in Fig. 1. The effective

. anisotropic reluctivity [1] is defined by
HERE are many papers examining how to take account of
two-dimensional (2-D) magnetic properties of grain-ori- @ 1)

ented silicon steel [1], [2]. Especially, Enokizono proposed Vet = |B|
various techniques to model the 2-D properties, such a Lo :
method using the effective anisotropic reluctivity [1]. The nonSB? some algebra, the reluctivityis finally given by
linear magnetic field analysis of such anisotropic materialis not [ ¥ez Vay | [Venw cosup —vexsinfup| [ Vax Vay
easy, because the Newton—Raphson (N-R) iteration sometirﬁ/e_s[ Vo L@J_L/eﬂ Sinfyg  Veg cosOpp } _[ —Vay Vi }
does not converge [3]. The fact that the 2-D properties used @)
in the calculation almost always include measurement error is
also the reason for the difficulty of the convergence of the N-Rhis is the reluctivity of Enokizono type. Equation (2) can be
iteration. rewritten as

In this paper, the method using the effective anisotropic re-
luctivity is examined in detail, and an efficient modeling tech-
nique of 2-D properties is examined in order to realize the pr&= B .
cise and fast analysis of magnetic fields. In this technique, the 0 l/eﬂB_x sinfgp + Vercostup
anisotropic reluctivity is treated as a function of the amplitudes Y )

of B (flux density),H (magnetic field strengthfs (direction By using the relationships ofH, = Hcosfy,
of B), andf (direction ofH). The finite-element formulation H, = Hsinfy, andfys = 6y — 65, and after some

for such a technique is shown. Moreover, in order to obtainggebra, the following expression of reluctivity can be obtained:
stable convergence of the N-R iteration, a method of extrapo-

B, .
l/e[[COSQHB — VeIl B_ SllleHB 0

X

lating the 2-D magnetic property at the high flux density region H cosOn 0

is proposed. The Bézier interpolation technique is applied for ~ ,, _ | Bcosts _ _ |:Vac 0 } @

smoothing the measured data. It is shown using a simple mag- 0 Hsinfy 0

netic circuit composed of grain-oriented silicon steel that such Bsinfg

extrapolation and smoothing techniques are considerably effeCeqyation (4) denotes that the reluctivity is represented as a

tive for the fast convergence of the N-R iteration. function of B, @5, H, andé;, whereas the reluctivity of Enok-
Manuscript received July 5, 2001; revised October 25, 2001. izono type in (3) is represented as a functiod¥ 5, ves, and
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B. Finite-Element Formulation
The derivativeaGge)/aAj of the weighted residual by the

vector potentiald; is given by g
9G 1 Oy 1 =
> 1/,
i 4+ -z — e Ag
o4, = & (adid; +wycicy) + oA, 4Az:1dzdke ke

90

I s
&

[deg

vy
+ aA 4A Z czckeAke (5)

(@ (b)
wherec;, d; are the functions of coordinates of nodes, @&ni  Fig. 2. 2-D magnetization property measured.ia)- (B, ¢ ) function. (b)
the area of the first-order triangular finite element 91 — (B, 6) function.
v, /0A; and dv,/JA; are given by (6) and (7), shown
at the bottom of the pag@H /9B, 0H/08p, 36y /0B, and using the completely closed magnetic path type of single sheet
06y /06 can be calculated using the magnetization property tefster with double excitation [4]. The grade of the silicon steel
grain-oriented silicon steel shown in Fig. 2, which are measured]IS: 35G165 (thickness: 0.35 mif; /50 < 1.65 W/kg).

v, 1 oH 08y
8—Aj ~ Becosfp cos b <8B> Hsinbr < 0B )

OH 90y
{<8B>C089H Hsinfy <8—B>}B—HCOSGH 8_B

B 9A;

1 o 90y
b eoson (22— Hsine
t Beosop |0 <893> s b <893>

OH ) ae .
{<%> cosfy — Hsinfy <£>}COS€B+HCOSQHSIHQB %
cosbp 0A;

(6)

Oy 1 . oH 00
- - H
94, ~ By |0 <aB> + Hcosu < 0B )

OH Ay
{<8B>81119H+HC089H<8B>}B Hsin 0y 9B
B 0A;

1 , OH 90y
S H
T Bemoy |S00H <aeB) + H cos by <aeB )

(2 s 1 (20 - e[ 1,

— 7
+ sinfpg 0A; (7)
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T u,v)=(1,1
s =00 2t ww=0.0
. T RKvo q§E= 8 !
} }0,,: B*+eB+f
H=aB*+bB+c 1
:ns p < €
I o
o
0 B,.B,B, B 0 B, B, B Fig. 5. Bézier interpolation.

@ (b)

Fig. 3. Technigues of extrapolation at high flux densityds .., B..:
maximum values measuredH ., 6., B,: values at saturation point.
(@ H—B. (b) 6z — B.

£ E
3 =
w3
9a[deg]
(@) (b)
18 19 20 21 22 . 1o 20 1 22 Fig. 6. Bézier surfaces of 2-D magnetization property. &)} (B, 65).
BT B[T) (b) 6 — (B, 05).
(@) (b)
i i . ) , 150 150 =
Fig. 4. Curves extrapolated at variods;s at high flux density region. D}Duegigfﬂ—ﬂanﬁ
—_ — [u]
(@ H—B. (b) 64 — B. € 100 E 100
g Bézier approximation / i 2?/ measured
I1l. M ETHODS OFMODELING T 5 T4,
. . . . measured Bézier
A. Extrapolation at High Flux Density Region . | approximation
. - i 0 \ 1
In order to obtain a stable convergence, it is necessary t 0 1.0 22 0 30 60 90
represent precisely the magnetization property up to saturatio. . B[T] 6p [deg]
However, it is considerably difficult to carry out the measure- (@ (b)

ment at very high flux density region over 2 T. Therefore, ﬁig. 7. Comparison between measured curve and Bézier interpolation.
technique of extrapolation was proposed. After saturation, tt# H — B (85 = 45°). (b) H — 65 (B = 0.5T).

gradient of B—H curve is equal to the permeability of vacuum

(no = 1/1), and the direction off is equal to that ofB  2-p magnetic properties shown in Fig. 2 is necessary. Then, 3-D
(eH = 93) F|g 3(a) shows the eXtrapOIatioan—B function. functionS,H_(B’ QB) andeH_(B’ QB), are Smooth|y interpo_

H over the measurement limit is approximated by a quadrafiged by using the Bézier approximation shown in Fig. 5. In this
function of B as follows: case,x andy correspond taB andfp, respectively. corre-
sponds tad or f. Then, the approximated valuds, S, and

2

H=aB"+bB+c (8) S. inthexz, y, andz components are given by
wherea, b, andc are coefficients. The value Atand the gradient " m
1o at pointy are given, and the gradient at pojnts calculated S = Z Z ki; B (u)B}" (v)
as(H,,— H,,—1)/(Bm — By—1). Then, unknown variableB, i=0 j—0
(saturation flux density)q, b, andc are determined. Fig. 3(b) T T
shows the extrapolation @f;—B function. 6y is defined as a S=[5% 5, 5] kij =[xy wij 2l
quadratic function o3 as follows: BMu) = nCpu(1 — u) B (v) = mCyvd (1 — v)m=i

0 =dB* +eB+ f ©) n!

WZCi = (10)

whered, ¢, and f are coefficients. The values at poiriteind in — )t

e and the gradient={ zero) at point are given. Then, the co- wherem andn denote the numbers of measured points and

efficients,d, ¢, and f are obtained. Fig. 4 shows ti&-B and 4 directions. For exampley;; is the measured value @ at

#y—B curves extrapolated at variodss. u = ¢ andv = j. The maximum values of them are normalized

to unity, and the minimum values are set to zero. In order to uti-

lize the Bézier interpolation, first, the values Hf (or 85) are
When the N—-R method is applied to the nonlinear analyssampled or interpolated at lattice points®fandég, then the

the calculation of the derivative8H /0B, 0H /96p, 86y /OB, Bézier interpolation is carried out. Fig. 6 shows the magnetiza-

andady /96, is required. In order to get a stable convergend®n property approximated by the Bézier interpolation. Fig. 7

for nonlinear iteration, the smooth approximation of measuretiows the comparison between the measured curve and Bézier

B. Bézier Interpolation
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TABLE |
NUMBER OF NONLINEAR |ITERATIONS

(a) B = 45deg

extrapolation and Bieg [T]
Beziér interpolation 0l 03 05 07 10
without (raw data) - - - - -
with 19 25 41 43 91

(b) Bieg=0.5T

@) (b)
Fig. 9. Flux distributions B, = 0.3 T). (@)0rp = 15°. (b) #rp = 45°.

(@ (b)
Fig. 10. Flux distribution{zp = 0°). (&) Biog = 0.1T. (b) Bioy, = 1.7T.

4000 — By, [T] 1 B, [T]

el A N T e
hew ot AR
wl LS =R E L o
Wl ol

0 10 0 0 10 20 30 40
iteration iteration

number of non-
converged element
g
2
relaxation factor o

(@) (b)
Fig. 11. Convergence characteristifs, = 0°).

extrapolation and Orp [deg]
Beziér interpolation 15 30 45 60 75
without (raw data) - - - - -
with 138 41 41 38 30

Note: The “~”mark means that nonlinear iteration cannot be converged.

0.1 Tand 1.7 T. A typical flux distributions under the 2-D mag-
netization property [3] at different flux density can be obtained,
and these results are reasonable. Fig. 11 shows the convergence
behavior« is equal to unity during early several iterations, and
then reduces quickly when the nonlinear analysis is converged.
The converged result could not obtained when the relaxation
factor « was not utilized. It has been understood that the rep-
resentation of the 2-D magnetization property using the extrap-
olation and Bézier interpolation and the introduction of the re-
laxation factorx is strongly effective.

V. CONCLUSION

The obtained results can be summarized as follows.

1) A new finite-element formulation for taking account of
the 2-D magnetization property has been proposed.

2) In order to analyze at high flux density region, how to
extrapolated over the measurement limit is shown.

3) Differential coefficients, such a®#H/9B, 0H/00p,
99y /0B, and 86y /08, which are necessary in the
Newton—Raphson iteration, can be effectively obtained
by using the Bézier interpolation technique. It is shown

interpolation. The figure denotes the effectiveness of the Bézier  that the Bézier interpolation is strongly necessary to get a

interpolation.

IV. VERIFICATION

A grain-oriented silicon steel having a rectangular hole,

converged result taking account of the 2-D magnetization
property.
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