- A 13 -

September 10 - 12, 2003
Pilsen, Czech Republic

NEW ASPECTS OF POWER LOSSES IN
FERROMAGNETIC CORES
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Abstract: The total power loss may be divided into three mayor types: the static hysteresis
loss, the classical eddy-current loss, and the excess eddy-current loss. In the paper it has been
shown that the hysteresis loss must be expressed by different formulae for lower and for up-
per values of magnetic flux density. On the base of the literature, can be stated that the physi-
cal properties of laminated ferromagnetic material — the conductivity and the permeability —
are in the external layers of the sheet different than those in the internal layer. The classical
eddy-current loss has been calculated taking the cffect of sheet heterogeneity into account.
The principal causc of the excess eddy-current loss in silicon-iron is the existence ol domain
structure. This loss has been expressed taking the domain structure and domain wall motion
into account.
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1 Introduction

In the designing of a magnetic circuit, the alternating flux is required to be
produced in the minimum space and with minimum power loss. The two most
important magnetic properties are therefore: the permeability and the loss coef-
ficients. The permeability is not a directly informative quantity, since so much
depends upon the value of the flux density B. Thus some materials which have
very high permeabilities (such as e.g. permalloy) posses these high values only
at very low induction densities, which with their higher cost debar them from
use in electric machines and many others devices. The designer is more inter-
ested in the values of magnetic field strength H required to produce a given
value of field density B, than in the ratio y = B/H.
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The comparatively pure iron sheets used in the early days of electrical en-
gineering constructions has given place to non-oriented alloy steels, gram-
oriented iron and, recently, to nanostructured ferromagnetic alloys. The chief
alloying constituent is silicon — up to 5 %. It increases the permeability at low
flux densities (but decreases it at high densities), reduces the hysteresis loss, and
by augmenting the resistivity decreases the eddy-current loss.

The total average power loss per unit volume in ferromagnetic sheets un-
der alternating flux, according to the phenomenological theory, may be divided
into static and dynamic part:

Pr= Pyt 1 }d_vn . (] )

The static component P is given by the hysteresis loss Py, determined by
the interaction between the domain walls and the irregularities of the crystalline
structure.

The dynamic component Py, determined by induced currents, contains
a classical eddy-current loss component Pp and also another component Py
named the excess eddy-current loss:

den_"‘ PFt + Pex . (2)

The division of total loss into constituent types shows that for grain ori-
ented 3% SiFe steel the dominated part of losses is the excess loss. That is way
the name “additional loss™ is not used now.

2 Hysteresis loss

The hysteresis loss per unit volume is equal to the area enclosed by the
quasi-static hysteresis loop times frequency:

Pyy =1 -§H-dB, 3)

In engineering practice the following formulae are used for calculation of
hysteresis loss in a unit volume:
— given by Steinmetz

Pry = kuy f B, (4a)
— given by Richter
Puy=kuy f B , (4b)

Pu=f(aB + b B, (4¢)
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The formulae (4) are physically incorrect because the loss, due to the
boundary hysteresis loop, cannot increases monotonically with the flux density.
The loss can be calculated more precisely taking the magnetic saturation effect
into account. Brailsford has given an approximate relationship between related
hysteresis losses

X = Puy/Pry s

and related magnetic polarization J/.J; [5].

Where Py, 1s the maximum value of hysteresis loss and J; is the maxi-
mum (saturation) value of magnetic polarization (both for the boundary hystere-
sis loop).

Further consideration of this approach suggest that the Steinmetz formula
might be applied to calculation of the hysteresis loss for the flux densities B <
0,7 B;. Approximately we become: '

> I 6
Py (B)= PH},_¥0,87F(B —u H)* (5a)

The parameter

PH}"S

0,87 116

(5b)

= f kg -

where Ay 1s a hysteresis loss coefficient as in formula (4a).
Then, omitting the second expression in parenthesis, we get the formula

(4a).
For the flux densities B - 0,7 B; we get:
- 16 ’ 6
By =k flissie—ais - By (6b)

For the flux density B> B_ the hysteresis loss are constant and equal

Py =115k, f B . (6¢)

3 Dynamic loss

Dynamic power losses, called also ,apparent eddy-current losses™ are as-
sociated with the macroscopic large-scale behaviour of magnetic domain struc-
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ture of the ferromagnetic material. An adequate starting point for the investiga-
tion of dynamic power loss is to the use the existing techniques, which have
been developed to elucidate and analyse the causes of power loss in perfectly
homogeneous iron laminations.

3.1 Classical component of eddy-current loss

The so-called ,classical” model disregards the very presence of magnetic
domains in ferromagnetics and assumes a magnetization process in a linear 1so-
tropic homogeneous space.

From Maxwell’s equations, omitting the displacement current, the classi-
cal average eddy-current loss Py in a unit volume of the sheet is given by equa-
tion:

12

2l 2
Peo == J a ”H(x,(]+‘M(x,t)]dx drdx, (7)
g 0 0

where 7 is the conductivity of the plate, g is the sheet thickness and 7" is the pe-
riod of time functions.

Considering a sinusoidal magnetic field density change in time at fre-
quency f we get for the eddy-current loss the relation:

| |
P = ;Zyﬂﬁ,wzgzz : (8)

where y < 1 is a parameter, which depends on the skin effect [7].

From investigations on laminated material it is found that the physical
properties — conductivity and permeability — in the external layers of the lamina
are different than those in the internal layers. For investigation the effect of sheet
heterogeneity on eddy-current loss we will consider the structure in which the
thickness of the external layer is g, and the internal layer is g,. The conductivi-
ties of internal and external layers are » and j, respectively, and permeabilities
wy and zn, respectively.

If we assume that the lamination is homogeneous and has an average con-
ductivity given by:

T + T - CF
yav = ;V]}‘I y;(& &l):yl[kg(k}’ _1)+1]’ (9)

and an average permeability given by
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+ —_—
P !z.(g gl):yl[kg'(kﬂ—l)ﬂl, (10)
where
k=S8 oy T (1
% g oo 7y

The loss (Pyneter in heterogeneous lamina can be compared with the loss
(P¢)hom in homogeneous lamina. From Maxwell’s equations, after transforma-
tions, we get the coefficient for the case in which total flux in the lamina vary

sinusoidal in time:
_ (PFg )herer (k)_g_ k# )ks (l B kg Ikﬂkg - 2(1 - kﬂ )] |

£ = Ll + - ' (12
i ‘(FI-': hom kﬁ'!k&’ +1- k&’)z(k}'kg +l _k‘g)

The coefficient ¢ for k, = 0,2 can rise to 1,4.

3.2 Excess eddy current loss

From experimental measurements 1t has been shown that the excess eddy-
current loss — equation (2), is responsible for between 30 % to 90 % of the total
power loss of a grain oriented silicon iron and between 90 % to 99 % of the total
power loss of a nanostructured ferromagnetic materials. A convenient method to
define the magnitude of the excess eddy-current loss compared to the classical
eddy-current loss is the factor defined as:

Payn Pex
kex = — =l+-1-)-°~ﬁ-. (15)
Fi Fi

It can be shown that the excess factor for the case of multi domain struc-
ture 1s [2; 8; 10]:

484 & 1 nmd
ex T 3 — ctgh
T & n=odd 28

k , (16)

where: ¢ 1s the sheet thickness, and d is the domain size.
For large values of d’g, that is for large domains, the excess coefficient is
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ko = 1,628-(£. (17)

g

4 Conclusion

The experimental results indicate that the static hysteresis loss reaches

a maximum value (constant value) at high flux densities due to saturation effect.
The classical eddy-current loss calculated for a sheet which is considered to be
undivided in domains grows due the heterogeneity of the magnetic material. The
excess loss is determined by the local eddy-current that settles themselves
around the moving domain walls and depend on the individual and collective
behaviour of these walls.
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