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THE PREDICTION OF POWER LOSSES IN SOFT MAGNETIC MATERIALS

G. Bertotti, F. Fiorillo and G. P. Soardo *

Istituto Elettrotecnico Nazionele Galileo Ferraris, GNSM-CNR and CISM-MPI, I-10185 Torino, Italy

Abstract. — Deterministic methods studying the losses due to the motion of single Bloch walls or of well defined domain
structures yield equations of limited accuracy, which only provide some hints as to the trend of power losses in different
materials. These results are compared with the ones obtained through a recently developed statistical treatment of the
loss processes, which predicts with good precision hysteresis and dynamic losses vs. frequency and induction, on the basis

of a very limited input information.

1. Introduction

The prediction of power losses in magnetic mate-
rials is an old problem, which has never been given
a rigorous solution. A successful approach would ac-
tually require the development of a powerful consti-
tutive equation of magnetization, capable of account-
ing for the very complex phenomenology of hysteresis.
This equation should involve a large number of intrin-
sic and structural parameters controlling the magne-
tization process. But we are still far from all of this,
and we must resort to approximate, phenomenological
models. These, on the whole, provide a good insight
into the physical problems, and further suggest some
practical guidelines, much required for actual applica-
tions.

In this paper the present knowledge on the predic-
tion of power losses will be summarized. Attention
will be focussed on materials for electrical use, i.e.
grain-oriented (G.0.), non-oriented (N.O.) SiFe and
amorphous laminations. Deterministic vs. statistical
models of losses will be considered, stressing merits
and drawbacks. Emphasis will be placed on some re-
cent steps forward towards a better understanding of
losses, obtained through a global statistical approach.
Many aspects of the origin of losses, however, are still
obscure, and some hints will be given as to the possible
future directions of research.

2. The hysteresis loss

A much used procedure in loss investigations is the
so-called separation of losses, in which total losses P
are divided into static and dynamic components Py
and Ps. The hysteresis loss P, / f is the limit of P/ f
for f (magnetizing frequency) tending to zero, while
P4 is assumed to be the sum of classical and excess
losses P, and P., so that

P=P,+Ps=FP,+ Pa+P.. (1)

P, is the loss of an ideal material uniformly magne-
tized, that is free of any domain structure. Equation
(1) is not just a simplifying assumption, but has im-.
portant physical meaning [1, 2]. Ph originates from
dissipative processes extremely localized in space and
time (say < 1077 s and 10™" m [3]). Clearly P,/ f is
expected to be independent of magnetizing frequency
and, a fortiori, of exciting field waveform, lamination
thickness and resistivity. The accurate prediction of

"B,/ f would require a sound theory of ferromagnetic

hysteresis, which, as previously mentioned, has not yet
been proposed. '

To a first approximation, the coercive field H. can
be taken as a good measure of P, but even so things
are far from being simple. In all studies of coerciv-
ity one realizes that Bloch wall motion or nucleation
is affected in real materials by energy fluctuations. In
crystalline materials, inclusions, dislocations, internal
stresses, grain boundaries, surface imperfections pro-
vide such fluctuations, but topological effects due to
domain structure also play a role. In amorphous rib-
bons local inhomogeneities, giving rise to anisotropy
and stress fluctuations, and surface imperfections ap-
pear as the main sources of H. [4].

To predict H. we must then first characterize the
material microstructure through suitable parameters,
which is often a difficult task. In G.O. laminations,
with many 180° walls, H. due to bulk impurities can
be calculated from well known formulas [5-7], once con-
centration, dimension, morphology of the inclusions
are determined. Internal stresses can be disregarded in
well annealed strips, but other, less quantifiable, con-
tributions may complicate the problem. For one thing,
transverse flux closure domains, whose fractional vol-
ume Vg increases with increasing misorientation of the
[001] axis vs. rolling direction, hinder the motion of
180° walls: a proportionality relation between H. and
Vg has indeed been found [8]. Surface pinning [9] and

. domain nucleation [10] may also play a leading role on

coercivity, while more complications arise when longi-
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tudinal compressive stresses accidentally set up. To
reduce magnetoelastic energy, magnetization I, may
switch from the [001] to the [010] or [100] directions,
thus producing a novel unfavorable transverse domain
structure [11]. The resulting increases of H. due to
domain rearrangements are generally arduous to cal-
culate. One can thus conclude that even in the seem-
ingly simple case of well oriented SiFe laminations, the
accurate predictions of H. can be difficult if not im-
-possible. .

The situation is not at all easier in N.O. polycrys-
talline laminations. The currently available good qual-
ity products have a low impurity content. Thus the
standard approach to calculate H., exclusively based
on models of Bloch walls crossing a random assembly
of inclusions, should be implemented considering the
role of grain boundaries and crystallographic textures.
However, very few studies in this direction were made
and even the openly instructive case of polycrystalline
pure iron still awaits deep investigations [12-14]. Ex-
" periments show that the overall dependence of H. on
impurities, average grain size (s} and texture has the
form

H. = Ho + A/\/{5), ' @)

where Hp is a term related to impurities and A a pa-
rameter incorporating the effect of texture, at least in
iron base alloys and for (s) less than the lamination
thickness [13, 14]. However, a quantitative theoretical
explanation of the combined role of impurities, grain
boundaries and texture has yet to be proposed.

But once the physical processes leading to coercivity
are identified and H. is evaluated, one still has to cal-
culate losses, providing some basic clues on the prop-
erties of ferromagnetic hysteresis. In particular one
wants to know the dependence of P, on peak induction
B, : to this end, the use of the Preisach representa-
tion seems rather attractive [15-18]. As known, in this
representation the macroscopic hysteresis loop is seen
as the superposition of a large number of elementary
rectangular loops, with reversal fields H' and H™.
These may be associated with regions of the sample
cross section, in which the magnetization is reversed
by a large Barkhausen jump. In fine grained polycrys-
talline samples these regions are reasonably identified
with single grains. The switching fields H' and H~
are characterized by a suitable distribution function
p(H*,H™) = f(H*) f(~H") [16]. If nothing is
known about f (H), by experience a reasonable choice
is'a Lorentzian function [19]

K
14 (H/Hm—1/2)*

) = 3

H,, is a measure of the distribution width and
K is a normalization constant, upon integration of
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p(H™*,H™) over the half plane (H*,H") for H* >
H™. Once Hy, has been determined, the area of a given
hysteresis loop between =B, can be computed as

Ph=4(Bs)f//[(H+—H')/2] X
x p(HY,H")dH"dH~ (4)

where (Bs) represents the height of the'elementary
Preisach loops. In G.O. SiFe (B.) equals the satu-
ration induction B,, while in isotropic materials be-
cause of the random orientation of crystallites we have
(Bs) = 0.85 B,.

Absolute predictions of P, vs. By, based on the:
knowledge of material microstructural properties can
then be attempted, for instance by equating Hy, with
the estimated value of H.. Conversely, if one single
experimental value P at a given peak induction B,
is measured and fitted through equation (4), Hy and,
consequently, the whole P, vs. Bm behavior can be cal-
culated. Typical results of such calculations are shown
in figure 1, where experimental values of P, in G.O.
and N.O. SiFe laminations are compared with the theo-
retical predictions of equation (4). It must be stressed
that the observed very good agreement over a wide
range of Bm relies on the knowledge of a single free
parameter Hy,.
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Fig. 1. — Comparison of experimental hysteresis loss com-
ponent at 50 Hz vs. induction Bp, on G.O. (squares) and
N.O. (dots) SiFe, with theoretical predictions (full lines)
based on the use of equation (4). For each material the
parameter Hm (see text) is determined from a single exper-
imental P}, value shown by the arrows.
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3. The dynamic loss

It was previously stated that there is sufficient phys-
ical evidence supporting equation (1), with P/ f (hys-
teresis loss per cycle) independent of f, although some
particular processes may suggest marginal deviations
from this constancy [20, 21]. It seems then appropri-
ate, when studying the frequency dependence of power
losses, to consider only those processes involving eddy
currents circulation over a sufficiently large scale in
time and space, beyond which Barkhausen discontinu-
ities are smoothed out. The dynamic loss Ps is gen-
erally quite larger than the classical loss P, the dif-
ference representing the so called excess or anomalous
loss Pe. Williams, Shockley and Kittel [22] and later
Pry and Bean [23] have accounted, quantitatively, for
this difference, considering, respectively, the loss due
to the motion of a single wall and of a system of equally
spaced 180° Bloch walls. Pry and Bean model has been
a very popular and much used one, since their ideal do-
main structure is close to the typical patterns of G.O.
SiFe. The model provides a simple rule (just decrease
the ratio 2L/d between domain wall spacing 2L and
lamination thickness d to reduce Pa), largely followed
in actual applications. But one must also stress that
only the gross features of the loss phenomenology can
be explained by this model. Discrepancies between
‘model predictions and experimental findings concern
not only, all too often, the absolute values of estimated
and measured dynamic losses, but especially the non-
linear behavior of Pa/f vws. f (even in a perfectly ori-
ented single crystal with a fixed number of walls [24,
25]), and the persistency of excess losses in very fine
grained materials with 2L/d <« 1. Refinements to the
Pry and Bean model can be made, if domain wall mul-
tiplication [10] and bowing [24] (two effects observed at
increasing fs) are properly taken into account. Bishop,
in particular, has considered the role of wall profile de-
formation (ruckling and bowing) on the non-linearity
of Pa/f vs. f [26]. However, discrepancies are still ob-
served between improved model and experiment, not
only in polycrystals but also in perfect single crystals.
On the other hand, it seems vain to push further the
-complexity of a purely deterministic approach, trying
to take into account all the intricacies of the actual
physical process.

One of the Authors (G. Bertotti) has reconsidered
the whole matter, from a statistical point of view. To
this purpose he has introduced a new physical entity,
the “magnetic object” MO, which provides the local
coherent magnetization reversal. An MO can be iden-
tified, in essence, with a group of strongly correlated
domain walls, which, in the limit of loosely spaced do-
mains, may coincide with a single wall or even a part of
it. As a first consequence of this statistical approach,
the classical loss turns out to be some background con-
tribution, related to the superposition of eddy currents
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due to different MO’s. The loss separation implied by
equation (1) is then further justified and we can now
discuss the excess loss term P.. The basic physical as-
sumptions on the properties of the MO’s can be sum-
marized as follows [25]:

a) in a given cross-section S of the lamination No
MO’s are available for a certain macroscopic flux re-
versal, each MO being characterized by a reversal field
H,;

b) the reversal fields span over a range, which de-
pends on a distribution function; this, to a first approx-
imation can be taken to be flat, with constant density
1/ (NoVb) (as a second approximation a Lorentzian
distribution, such as eqguation (3), can be used);

¢) in each MO the magnetic flux reversal occurs at a
rate ® determined by the local eddy current damping.
A damping excess field H. can be defined as

H.=0G®, (5)

where o is the material conductivity and G is a mobil-
ity coefficient, whose value is known. This excess field
can also be written as :

H.=P./B (6)

where B is the induction rate of change;

d) due to the actual distribution of reversal fields
H;, only a fraction 7 of the total number of MO’s in
a given cross section will simultaneously reverse the
magnetization at a given frequency, to produce the
macroscopic flux rate SB = 7®. From equation (5)
we obtain: N

i =0GSB/H.. (7

When f (i.e. B) is increased, the same tends to oc-
cur to H. (Eq. (7)), which requires a higher driving
field to obtain the magnetization reversal, but this at
the same time excites new MO’s, recruiting them to
the magnetization process. The very fact that 7 in-
creases with B will then account for the fact that H.,
or actually the excess loss per cycle P./f, does not in-
crease according to a linear law with f, but less rapidly,
in a non-linear way.

According to equations (8, 7), 7i is a quantity which
can be easily determined from measurements of losses
(see also Eq. (1)), of B and of some parameters of
the given sample. Actual losses per cycle P/f vs. f
relative to G.O. SiFe and FeBSiC amorphous ribbons
are reported in figure 2a. From these experimental
data, using equations (6, 7), we can calculate H. and
7, and in figure 2b we report 7i vs. H.. These can be
consideted as alternative representations of the P/ f vs.

'f curves, which transform into straight lines obeying

the equation
fi = fio + He/Vo (8)

where fip is the number of MO’s simultaneous active
for f — 0, which, as seen, is of the order of 1, at
least for the considered materials. The slopes of the
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Fig. 2. ~ a) Experimental power loss per cycle P/f vs. fre-
quency f measured on G.O. (squares), N.O. (dots) SiFe and
amorphous FeBSiC (triangles); b) Curves of figure 2a trans-
form into straight lines obeying equation (8), when plotting
number of magnetic objects 7 vs. excess field He calculated
from experimental data using equations (6, 7). One finds:
for G.O. SiFe sample: fig = 1 and Vg = 0.15 A/m; for N.O.
SiFe sample: fip =~ 0 and Vp = 0.12 A/m; for FeBSiC rib-
bon: fig = 1.3 and Vo = 0.63 A/m. Using these values and
a theoretical loss expression similar to equation (10) (with-
out disregarding 7ig) the dashed curves of figure 2a can be
computed [27]. .

lines of figure 2b are related, according to equation (8),
to the width of the distribution function V5 and are
thus closely dependent on the characteristics of given
materials [27].

If we introduce equation (8) into equation (7) and
io is neglected, we find for the excess loss Pe

P, = 8/5GSVoB2/2£3/2. (9)

In equation (9) Vb is the only unknown parameter,
representative of the global microstructural properties
of the material.

We can then summarize in a single expression the
equation derived from the proposed statistical consid-
erations, which should permit one to calculate total
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losses of a given material for any peak induction By,
and magnetizing frequency f. We can write:

P=Ph+Pcl+Pe=fP0(Bm)+
+n0d® B2 f2/6 + 8V GSVoB2£3/2.  (10)

In this equation Po represents the hysteresis loss per
cycle, which, as previously discussed, can be calcu-
lated once the parameter H,, has been determined us-
ing a single hysteresis loss measurement P;, or esti-
mated from microstructural considerations. The well
known expression of the classical loss appearing in the
last member of equation (10) is easily calculated at
any By, and f, just knowing the lamination thickness
d and its conductivity. Finally the last term, repre-
senting the excess loss, can also be easily calculated
after determining Vo, again from a single experimen-
tal evaluation of an excess loss P.. We can conclude
that from the measurements of two loss values only (an
hysteresis one Py, and a total loss P*, from which P}
is obtained) at arbitrary values of B,, and f, making
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Fig. 3. — Comparison of experimental (dots) and theoret-
ical (lines) losses for N.O, SiFe. Equation (10) is used for
theoretical loss prediction: both parameters Hmym and Vp
were estimated from a single hysteresis loss value marked
by arrow. a) power loss per cycle vs. frequency at differente
inductions; b) total losses at 50 Hz »s. induction.
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use of equation (10) we can calculate the complete de-
pendence of losses on peak induction and magnetizing
frequency. Furthermore, one finds that in fine grained
laminations the parameter V4 can also be expressed in
terms of the hysteresis loss value P [28]. For these
materials one single hysteresis measurement permits
to determine both Hm and Vo and to calculate total
losses over the whole ranges of B, and f.

In figure 3a we compare P/f vs. f curves measured
and computed according to the discussed procedure at
different values of B, for a typical N.O. SiFe sam-
ple, while in figure 3b the comparison concerns the
experimental and computed P vs. B, curves. All
calculations rely on a single measurement of the hys-
teresis loss per cycle, actually evidenced by an arrow
in figure 3a. _

The very good agreement between experimental and
calculated losses observed in figures 3a and 3b stresses
the fact that for the first time we can predict correctly
the dependence of hysteresis and dynamic losses per
cycle for any frequency and induction.

4. Conclusions

In discussing the general problem of loss predic-
tion in magnetic laminations, it has been shown that
the present state of knowledge, based both on deter-
ministic and statistical approaches, provides a general
framework which permits one to obtain practical infor-
mation. Many aspects of the actual loss mechanisms
are still poorly understood, and will certainly require
intensive experimental and theoretical research efforts
probably for many years to come. However, some im-
portant, significant progress has recently been made
through a theoretical treatment based on a statistical
approach, which provides rather careful predictions of
losses for a variety of materials and in a vast range of
magnetizing frequencies and work inductions.
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