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Abstract— In this paper, the numerical simulation of iron
losses in electrical machines is conducted with Bertotti‘s post-
processing formula. The parametrisation of the formula is not
done with measurements in the machine but systematically with
manufacturer data. The validity range of the formula is enlarged
through the analytical consideration of the skin effect of the eddy
currents in the steel sheet. Calculated and measured data are
compared for an asynchronous machine at various load states
and for a permanent-magnet synchronous generator at no-load.

I. I NTRODUCTION

The numerical calculation of iron losses has nowadays a
capital importance for the design of high efficiency drives.
Two different approaches are possible:

• the phenomenological description of the iron losses
mechanisms (eddy current and hysteresis) in the numer-
ical solver [1] or,

• the utilization of a post-processing formula [2]-[5].

The first approach can be very accurate with the right model
and parametrisation. It is specially suited for the study of
iron losses in electromagnetical devices, where one of the loss
mechanisms is negligible in comparision with the other one,
but it presents huge disadvantages for the general study of
losses in electrical machines. The hysteresis losses are in this
case about 60 % of the total losses, so that both mechanisms
must be implemented in the solver. This fact increases the
computational effort hugely. Moreover, the physical descrip-
tion of the hysteresis and eddy current mechanisms in steel
sheets requires a high number of parameters, which are not
supplied by the manufacturer. That means that the designers
should conduct new experiments for each new material to be
used.

On the other hand, the ”post-processing” approach is easy
to implement and does not increase the computational effort.
But it is not as accurate as the previous approach, because the
influence of hysteresis and eddy current in the field solution
is neglected. Moreover, the parametrisation of the formula is
usually done directly with loss measurements in the machine
[3], where the losses are to be calculated. This procedure
allows to achieve a high agreement ”a posteriori” between
measurements and computations through adjustments of the
parameters but it can hardly be used to predict the iron
losses ”a priori” or to accurately study the influence of the
geometry or the material in the efficiency of the machine.
In this paper, the parametrisation of the formula is only
done with data provided by the manufacturer [2],[4]. The

parameters for the iron losses calculation are not corrected
with measurements in the machine. These measurements are
only used to study the validity of the approach. The study is
conducted in an asynchronous machine at various load states
and in a permanent-magnet synchronous generator at no-load.

All the ”post-processing” formulas have a reduced validity
range. This paper reduces the computational error at high
frequencies through the consideration of the skin effect of the
eddy currents.

II. POST-PROCESSINGFORMULA

The implemented formula is based on the loss separation
principle [2]. The iron losses (pFe) are separated in hysteresis
losses (ph), classical eddy current losses (pec) and excess
losses (pex).

The classical eddy current are calculated from the contribu-
tions of each harmonic as follows:

pec = kec

∞∑
n=1

B2
n · (n · f)2, (1)

whereBn is the peak value of the magnetic flux density for
the harmonic ordern andf the fundamental frequency. If the
skin effect of the eddy current is neglected,kec can be written
as:

kec,classic =
π2 · d2

6ρ · ρe
, (2)

whered is the sheet thickness,ρ the sheet density andρe the
specific electrical resistance of the steel.

The excess losses are calculated in an analogous way from
the flux density of the different harmonics as

pex = kex

∞∑
n=1

B1.5
n · (n · f)1.5. (3)

The hysteresis losses, under the assumption that there are
no minor loops, depend only on the frequency and the peak
value of the magnetic flux densityB [2]. On the other hand,
hysteresis losses are known to be strong influenced by the flux
distortion. The distortion is quantified in each point of the
model through the ratioc = Bmin

Bmax
. Figure 1 shows the loci

of the magnetic flux density for different point of a PMSM.
It can be observed that in the middle of the tooth and in the
yoke the flux density is almost alternating (c → 0), whereas
in the root and in the back of the tooth is almost circular
(c → 1). The increase of the hysteresis losses due to the
flux distortion is considered through an empirical factorr,
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Fig. 1. Flux distortion in different points of a PMSM.

which depends on the value of the flux density but it can be
considered independent of the steel type [2],[5]. Hysteresis
losses can then be calculated as follows:

ph = kh[1 + c(r − 1)]B2 · f. (4)

kh andkex are material constants, which can be determined
from the value of the specific losses of the electrical steel
for 1.5 T and 50 Hz (p1.5T,50Hz) and for 1.0 T and 50 Hz
(p1.0T,50Hz).

III. M ODIFIED POST-PROCESSINGFORMULA

The formula presented in the previous chapter is valid for
flux densities until 1.5 T [2] and for frequencies, in which
the skin effect in the steel sheet can be neglected. These both
limits are problematic for the use of the formula in electrical
machines due to two reasons:

• most machines are at least in tooth highly saturated
(> 1.5 T) and

• converter-driven machines present high frequency har-
monics, which have a big influence in the losses. At these
high frequencies, the neglection of the skin effect will
conduct to an overestimation of the eddy current losses.

In this paper, the eddy currents in a steel sheet are studied
analytically, in order to determined a new expression for the
eddy current losses coefficientkec to replace (2) and which
takes into consideration the skin effect.

Figure 2 shows the considered model and the eddy current
density distribution. It can be expressed as:

J(x) = J

(
d

2

)
cosh(kx)
cosh(k d

2 )
, k =

√
jωµ

ρ
(5)

Using this result, the eddy current losses can be calculated
as in (1) with the new constant:

kec = kec,classic

( 1
m sinh(md) + 2

m sin(md)
1
mcosh(md) + 2

mcos(md)

)
, (6)

where

m =
√

ωµ

2ρ
. (7)

Fig. 2. Analytical model and correspondent distribution of the eddy currents.

Fig. 3. Iron losses in a PMSM as generator at no load.

IV. RESULTS

The modified formula is applied to the calculation of iron
losses in an PMSM as generator at no-load. Figure 3 shows
the hysteresis, eddy current and excess losses for this case.

V. CONCLUSIONS

This paper presents the implementation of a modified
Bertotti‘s formula for the calculation of iron losses in elec-
trical machines. The influence of the skin effect in the eddy
current losses is implemented to achieve better results in the
calculation of inverter-driven machines. Comparison of the
calculations with measurements and further results for an
asynchronous machine will be presented in the full paper.
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