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Abstract—The loss-per-cycle versus magnetizing frequency characteristic of
grain-oriented silicon-iron tape-wound cores with various demagnetizing frequency and
magnetizing conditions is analysed by using a model for dynamic domain size
variation which results in a minimum value for total energy. The optimum tape
thickness, at which the iron loss is minimum , is also calculated using a wall-pinning
model.

Notation
2a domain-wall spacing (cm)
d tape thickness (cm)
f magnetizing frequency (Hz)
faem demagnetizing frequency (Hz)
odd integer
Vm maximum surface displacement of domain wall (cm)
Bn peak flux density
B, saturation flux density
Lmean mean length of a bowing domain wall over a cycle (cm)
M; saturation magnetization
W, eddy-current loss
W, hysteresis loss
W, iron loss
em mean energy per unit area of a bowing domain wall over a cycle
(ergs / cm?)
u quasi-static permeability as a function of peak flux density
fLa na in the case of “voltage excitation”
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dc wa in the case of “current excitation”

7]

0 resistivity  (emu)

w angular frequency (rad /s)

w* magnetic pole desity at grain boundaries
> summation over odd integers

1. INTRODUCTION

The discrepancy between the total measured power loss and the sum of the static
hysteresis loss and classical' eddy-current loss has been termed the anomalous loss in
grain-oriented silicon-iron and is, in present day material, responsible for large part of
the total loss. The increasing importance of the anomalous loss has been due to two
major causes, namely, improvements in the material, which decreased the static
hysteresis loss, and a greater knowledge of the shape of the loss-per-cycle against
frequency characteristic.

It has been pointed out by Williams, Shockley, and Kittel [ 1] (1950), that the
anomalous loss could in principle be accounted for if the domain structure Wwas
considered in the loss calculation. Pry and Bean [ 2] (1958) calculated the relationship
between the eddy current loss against various ratio of domain spacing to sheet
thickness by using a model consists of equal width, planar 180" domain walls
oscillating at equilibrium positions. Lee [3] (1960) also analysed the eddy current
loss as a function of arbitrary dynamic domain size, exciting frequency, and the
amplitude of small sinusoidal field by using a model consists of constant permeability,
equal width 180° walls which are bowed by high-frequency field. In later experi-
ments [4,5,6] , the decreasing of average dynamic domain size with increasing
magnetization frequency and / or peak flux density in a 3% Si-Fe single crystal was
observed by using Kerr magneto-optic effect, although the reason for this was not

apparent.

The mechanism of dynamic domain size variation is analysed by Haller and
Kramer [7] (1970) and Sharp and Horner [ 8] (1973) for 3% Si-Fe single crystals.
Haller and Kramer accurately predicted their experimental result, such that the
average domain width is found to vary with frequency as (f)"'/> and with peak flux
density as (Bn)~' above a threshold frequency and above a threshold flux density
respectively in a rectangular single-crystal specimen of an 3% Si-Fe alloy, by an
application of the principle of minimum entropy production. However, the domain
spacing, constant in region below a threshold frequency in experiment, goes to infinity
as f approaches zero. Sharp and Horner explained the low frequency observations of
Haller and Kramer [ 5] by computer analysis using the principle of minimization of
total free energy, the sum of domain-wall energy which includes a frequency
dependent term to account for domain wall bowing due to Lee’s expression for the
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wall profile with relevant assumptions of infinitesimal wall displacement and zero wall
energy ingnored, and magnetoelastic energy of the static case. The main limitations
of their theory are following;

(1) only valid for small wall displacements due to the assumption of constant
permeability, and then the discrepancy between the cases of so-called “voltage
excitation” and “current excitation” cannot be explained,

(2) domain spacing after ac demagnetization, 2a,, cannot be decided from the
energy minimization approach, since the value of magnetoelastic constant is
assumed as a function of 2a,.

In the present paper, the characteristics of the dynanic domain size variation
regarding magnetizing frequency, demagnetizing frequency, peak flux density, and tape
thickness in the cases of “voltage excitation” and “current excitation” in grain-oriented
3% Si-Fe tape wound cores are quantitatively analysed using the principle of
minimization of total energy, the sum of domain-wall energy which is same in
mathematical form as the result of Sharp and Horner [ 8] excepting the nonlinear
permeability and magnetostatic energy at the boundaries of misaligned grains. And
then the eddy-current losses under “voltage excitation” and “current excitation” versus
magnetizing frequency, peak flux density, and demagnetizing frequency are calculated
by using the results of the theoretical variation of dynamic domain size. These
calculated values due to a digital computer are compared with the experimental
results. The optimal tape thickness, at which the value of iron loss is minimum, is
also derived using the calculated results of eddy-currnt loss and a model for hysteresis
loss due to wall pinning.

2. FREE ENERGY COMPONENTS

The optimal domain size in a grain-oriented tape is that which leads to a
minimum value for the sum of the free energies associated with the grain structures
and the domain walls. Goodenough [ 9] (1954) has concluded that the surface density
of magnetic poles at the grain boundaries * is the most common source of domain
nucleation energy in polycrystalline material, especially in that with large crystailine
anisotropy such as Si-Fe tapes. It is difficult to calculate the magnetostatic energy
of the dynamic domain pattern because the walls are not plane but are continually
varying in profile. To simplify the analysis this energy component is approximated
as for the static case. The magnetostatic energy per unit surface, E,s, of a infinite
crystal surface which is divided with equal width 180° domains has been expressed [
10] as,

E nso=1.704 M% 2a (ergs /cm?)

where M, and 2a are saturation- magnetization and domain spacing.

This may be rewritten for unit volume of tapes, in which the number of grain
boundaries is 1 /L(L: mean grain length in the rolling direction), to take account
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of surface pole density at planar grain boundaries as,

Ens=1.704 & 2aM% (1—cosg) * /L (1)
where ¢ is the average angle of the magnetization vectors in the domains apart from
the rolling direction and & is assumed as a parameter relating to the effect of spike
domains, as shown in Fig.l, which will reduce the value of surface pole density and
the effect of finiteness of the area of a grain boundary which reduces the value of
the demagnetizing factor in the rolling direction.
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Fig. 2

The average 180° domain-wall energy per unit volume over a cycle, E,, is derived
relating to a domain model as shown in Fig.2 in the same manner as the result of
Sharp and Horner [ 8] which is relating to Polivanov's domain model;

Ew:emldmean/zad (2)
where em and Lmean are mean energy per unit area of a bowing wall over a cycle

and mean length of a bowing wall over a cycle respectively.

Lmean—_ dlz / [1+ym(l(z_) C050+ (Z lnﬂ)z] dﬂ

=wt
ym:(adBm/Bs)/F

F=[" (P(o)+ Q=) "%

w© (3)
P(z)=1—64¢2 72:§;A(z, n)/n
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Q(2)=16¢ 73 A(z, n) tanh(nxy)

Az, n)==*cos(nnz/d)/r(n®*tanh®(nr 7 )+16£2 y?)

where y=a/d, ¢=wusd?®/p, and B,/Bs is the normalized peak flux density.

The quasi-static permeability, w4, has been assumed constant in [ 8], but the
value of w4 is, in practice, a function of peak flux density. We represent, in this
paper, the quasi-static permeability as a function of peak flux density by using a
method of a describing function, which is frequently well known as an effective '
approach in dealing with nonlinear systems with ac excitation, for an approximated
BH initial magnetization curves as shown in Fig. 3 as illustrated in Fig. 4 (see
Appendix 1) . The solid line is the quasi-static permeability in the case of B=Ba
sinwt (voltage excitation) , and the broken line is that in the case of H=
Hasinwt (current excitation)
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Fig. 4

3. ENERGY MINIMIZATION
The total spacing-dependent energy of the domain structure of Fig.1 and Fig.
2 can be written as
E,=Ens+E, (4)
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The total energy E, cannot be easily minimized by analytic means, since the mean
wall length Lyeen is a complex function of the domain-wall spacing. A numerical
method was therefore adopted. The calculation of the summations involved the
evaluation of the first 100 terms, and the calculation of the three times integrations
in equation (3) are due to Gauss method (see Appendix 2) .

4. DYNAMIC-DOMAIN SPACING
The theoretical curves from the numerical calculations are illustrated in Fig. 5,
Fig. 6, and Fig. 7. The numerical values used in the calculations are shown in Table

Table 1.
Bs 1.7x10* gausses
d 0.01 cm

4.5%10* emu

em 2.0 ergs/cm®
¢ k3
L 1.2 cm
& 1

. The initial states at f=0 and B,/B;=0 in Fig 5 and Fig. 6 respectively are given
as that the tape with 10mm width and 0.lmm thickness is reset in saturation and
then is demagnetized with dc field. Since only one or two walls may exist in the
tape after dc demagnetization in the same manner as observed ina long 3% Si-Fe
single crystal [6] , the value of 2a/d is 50 at the initial state.
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It 1s found that the ratio of the domain spacing to the tape thickness decreases
with the magnetizing frequency, the peak flux density, and the tape thickness for the
both of “voltage excitation(solid lines)” and “current excitation(broken lines)”. The
values of 2a/d for “voltage excitation” are smaller than that for “current excitation”.
In ac demag’netizing process, 2a/d may vary from the point p to the point p” for
30 Hz and from the point q to the point q° for 60 Hz as shown in Fig.6 since
the total number of walls, nucleated with nearly saturated peak flux density, may be
maintained as far as no domain-wall conjunction occurs. Then 2a/d varies along the
curve p’—p”—q for the tape which is previously ac demagnetized with 30 Hz and
then magnetized with 60 Hz.

Then the characteristics of 2a/d versus f, Bn/B,, and are expressed in the
following mathematical forms by logarithmic-logarithmic plotting the results of Fig. 5,
Fig. 6, and Fig. 7;

2a/d=054 (f) ***(Bn/B, d™™ for B=B, sinet (5)
2a/d=0.48 (f)**° (Bw/B,) " d™*° for H=H,, sinwt (6)
we put Ba/Bs=09 in equations (5) and (6) for ac demagnetized states.

—0.45 —0.90
)

5. IRON LOSSES FOR VARIOUS DEMAGNETIZING FREQUENCIES AND
MAGNETIZING CONDITIONS
We now expiess the iron losses of a 3% Si-Fe tape-wound core as the sum of
the measured hysteresis losses and the calculated eddy-current losses. The hysteresis
loss 1s obtained by integrating the area of a measured quasi-static BH loop using a
planimeter. Fig. 8 and Fig.9 show the experimental results of the hysteresis loss
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versus demagnetizing frequencies, fgem. It is found that the hysteresis loss is
minimum at fgeme=600 Hz. The variation of the hysteresis loss with fgem 18

considered due to the variation of the number of spike domains at grain boundaries
because the incremental permeability of quasi-static BH loop is nearly independent of

faem
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Fig. 8

The eddy-current loss per cycle in the tape of Fig.2 is expressed in the following
equation [3] ,

We _ 4p8°yB7 & 1 7)
f T pintFif 2wnltanh(nny)+16nE%y?

and is numerically calculated by substituting the values of w4 and y from Fig. 4 and
equations (5) and (6) respectively into equation (7).

Fig. 10 shows the influence of demagnetizing frequency on the iron loss per cycle
versus magnetizing frequency in a 3% Si-Fe tape-wound core (70 mm-outer diameter,
55 mm-inner diameter, 10 mm-tape width, and 0.1 mm-tape thickness) with “current
excitation”. The solid lines and the broken lines are theoretical values for previously
dc demagnetized and ac demagnetized (fgen=Tf) states, respectively. The chained lines
are theoretical values for previously demagnetized state with f,.,=600 Hz, at which
the hysteresis loss is minimum. The experimental values, measured the area of
dynamic BH loops using a planimeter, for each demagnetized state are almost in
agreement with the theoretical values. These lines are expressed in the following

mathematical forms,
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—— X DC demag
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Fig. 10
We / £=0.22 {%5 (Bm /Bs)zdl'l for fdem:f and fdem:600 Hz (8)
W,/ £=0.21 {5 (B, / Bs) 244! for dc demagnetized state (9)

Fig. 11 shows the influence of magnetiziing conditions on the iron loss per cycle
versus magnetizing frequency in the core with fuem=f The soilid lines and broken
lines are theoretical values for “voltage excitation” and “current excitation” respecti-
vely. The order of the magnitude of the both lines is in agreement with the
experimental results.
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6. OPTIMAL TAPE THICKNESS

Sharp and Overshott [ 11 ] (1973) have experimentally clarified the existence of
optimum sample thickness of between 0.19mm and 0.25mm at 40 Hz, below which
the iron losses rise rapidly.

We now assume the hysteresis for BH major loop as follows by approximating
the shape of the loop as rectangular,

W,= 4BH, (8)

The coercive force has been expressed by Rodbell and Bean [ 12] (1956) using a
wall-pinning model as

HC :Hént+6 / Msd (9)

where H "t and ¢ are internal coercive force and wall energy density respectively.

The hysteresis loss is therefore inversely proportional to the tape thickness. Then the
total loss versus tape thickness in a 3% Si-Fe tape-wound core is calculated as shown
in Fig.12. It is found that the optimum tape thickness, at which iron loss is
minimumy, decreases with increasing magnetizing frequenncy and exists between 0.1
mm and 0.2mm at power frequencies.
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7. CONCLUSIONS

1. The nonlinearity of the characteristics of the iron loss per cycle versus
frequency (anomalous loss) is analysed by using a model for dynamic domain-spacing
variation.

2. The ratio of the dynamic domain spacing to the tape thickness, the value
of which is smaller at “voltage excitation” than at “current excitation”, decreases with
magnetizing frequency, peak flux density, and tape thickness.

3. The hysteresis loss is minimum at 600 Hz demagnetizing frequency in
experiment.

4. The theoretical values for the influence of various demagnetizing frequency
on iron-loss-per-cycle versus magnetizing frequency are in agreement with the
experimental results.

5. The influence of magnetizing conditions on iron-loss-per-cycle versus magne-
tizing frequency is also calculated by using a model for domain-wall dynamics with
a permeability as a function of peak flux density.

6. The optimum tape thickness between 0.1mm and 0.2mm for power frequ-
encies, at which the iron loss is minimum, 1s calculated by using a model for wall
pinning.
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: APPENDIX 1
permeability as a function of B./B; due to the describing function :

(@ H=H, sinwt

= £ . () B=B,sinwt
ne= 2 H,, [Ho (cospreosge) stav=1Bum/ [4Ho (1-cosg)
+Hn (24,-sin2¢, +sin2¢o) +2 (2H,-B, /us) cosg
4 Bn 5y cin2
+ e (By~usH,)cosg, + Py (2¢-sin2¢)
A Bn
+  Hs H, (x-2¢,+sin2¢,) ] + (n-2¢)
Hd Hs
where, ¢o=sin"! (Ho/Hn) $r=sin"' (H,/Hp) where ¢=sin"' (B,/Bn)

Hr:Ha+Br/#d
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APPENDIX 2
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3 Ky 23 50 SmS+AL(I)wAN
3 1F(N=8) 10430420 24 V=C20S
5 10 IF(N=1) 20430430 23 RETURN
7 20 res 26 END
[] 30 Cla(DeC)I#ue?
9 C2a(D"C)#0.3 ; gg:zgzqm Eunuz-ms>
10 K2mK oK " CowsBMIH ZZSINS2ZZCOS 1P THA 0
1 NKaK®(K=1)/2 3 G2=GeG (3621x036)
12 DO 40 J=1eK 4 B2eBMsRAM
13 ¥amhyed e w2ehaw
1a k2= el 13 H2wHen
1% vaCRex(¥J) : ;g-zﬂ
16 X1€J)=C1=Y m(a. %2 . O*THWRPRH2/4,5E4) # (4. 0%2. 0" T oWnPsI .
17 X1(IymCleyY 9 $120.0 0%2.0%T*WRPEH2/4.5E4) %02
18 ALCII=ACKS) 10 5220.0
19 40 Aul)-uw u DO 10 I=1149:4
20 50,0 12 rl-rum(n
21 DU 50 Imldl 13 FFaf |l
22 caLL nwcmm.ms) " C-CONFI-T'?/m/nu:ﬁnoun
23 30 S=S¢AL([)#ANS 15 S1=S148C/F
24 Vec24s e $2=52+8C
25 RETURN 17 10 CONTINUF
2¢ END 1 $320.0
19 S4=0.0
20 DO 20 Jm345isa
1 SUBROUT IME FUNC(2£1ANS) 21 F2uFLOAT ()
2 COMMON G o wsBMate 2 {STNIZECUS P T AL36) 1 X (36) 2? FF2eF2uf2
3 2Z51Nas1NLLY) 23 SMm=CUL(F2aTRI fH)/(T#CFF220DY)
“ 71C05=C05CLT) 24 S3m53e5M/bL
E AA®Q,0 25 Sa=S4+5M
6 n-nlz.u 26 20 CONTINUE
7 27 XKm2.GaTuwncans b, 574
. rAu. GAUSBCAALA TN V) 28 XX2EXXEXX
a ANS=(2.0/1+5T1y#VY 29 Owl.Gmth. USXXZRG28(51453)
10 REURN 20 Q=16,0RXXRGH(SP454)
1 END 31 ANS=SEHT (UsDrGr@A)
32 RETURN
33 FND
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