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Abstract

Purpose — The magnetic characterization of electrical steel is typically examined by measurements under
the condition of unidirectional sinusoidal flux density at different magnetization frequencies. A variety of iron
loss models were developed and parametrized for these standardized unidirectional iron loss measurements.
In the magnetic cross section of rotating electrical machines, the spatial magnetic flux density loci and with
them the resulting iron losses vary significantly from these unidirectional cases. For a better recreation of the
measured behavior extended iron loss models that consider the effects of rotational magnetization have to be
developed and compared to the measured material behavior. The aim of this study is the adaptation,
parametrization and validation of an iron loss model considering the spatial flux density loci is presented and
validated with measurements of circular and elliptical magnetizations.

Design/methodology/approach — The proposed iron loss model allows the calculation and separation of the
different iron loss components based on the measured iron loss for different spatial magnetization loci. The separation
is performed in analogy to the conventional iron loss calculation approach designed for the recreation of the iron losses
measured under unidirectional, one-dimensional measurements. The phenomenological behavior for rotating
magnetization loci is considered by the formulation of the different iron loss components as a function of the maximum
magnetic flux density B,,, axis ratio f, angle to the rolling direction (RD) 6 and magnetization frequency f.
Findings — The proposed formulation for the calculation of rotating iron loss is able to recreate the complicated
interdependencies between the different iron loss components and the respective spatial magnetic flux loci. The
model can be easily implemented in the finite element analysis of rotating electrical machines, leading to good
agreement between the theoretically expected behavior and the actual output of the iron loss calculation at
different geometric locations in the magnetic cross section of rotating electrical machines.

Originality/value — Based on conventional one-dimensional iron loss separation approaches and previously
performed extensions for rotational magnetization, the terms for the consideration of vectorial unidirectional,
elliptical and circular flux density loci are adjusted and compared to the performed rotational measurement. The
presented approach for the mathematical formulation of the iron loss model also allows the parametrization of the
different iron loss components by unidirectional measurements performed in different directions to the RD on
conventional one-dimensional measurement topologies such as the Epstein frames and single sheet testers.
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Figure 1.

Different simulated
locus curves of the
magnetic flux density
as a function of the
considered
geometrical position
in the magnetic cross
section of an
induction machine

1. Introduction

The accurate calculation of the resulting iron loss distribution in the post-processing of the
numerical simulation of electrical machines is crucial for the design and development of
electrical drives. Standardized iron loss measurements are primarily performed under
sinusoidal unidirectional waveforms of the magnetic flux density at different flux densities
By, and magnetization frequencies f. The measurements performed under these conditions
only recreate the actual course of the magnetic flux density and the resulting losses in the
magnetic circuit of rotating electrical machines to a very limited extent as depicted in
Figure 1. Rotational single sheet testers (RSST) were developed to characterize the resulting
iron losses under the influence of rotating magnetization (Miller et al, 2019; Zurek and
Meydan, 2006). These magnetic sensors allow the vector characterization of the material
under the influence of varying locus curves in the sheet metal plane. The iron losses
measured under these conditions differ from the material behavior measured under one-
dimensional conditions and cannot be mapped with sufficient accuracy using conventional
iron loss models, which were formulated and parameterized on the basis of one-dimensional
measurements (Enokizono et al., 1991).

In Figure 1, three resulting exemplarily locus curves of an finite element-simulation of an
induction machine are depicted. While the magnetic flux loci in the middle of the stator teeth
corresponds strongly to the typically evaluated unidirectional waveforms, the locus curves
at the origin and the transition region show approximately circular and elliptical courses.
The simulated flux density loci can be approximated by unidirectional, elliptical and
circular courses and mathematically described by the maximum magnetic excitation By,, the
axis ratio fay and the displacement angle to the rolling direction (RD) 6 as depicted in
Figure 2. The parameter fa, represents the width of the ellipse and is derived from the
quotient of the minimum flux density By, in the transverse direction to the maximum
magnetic flux density in the main direction B, of the ellipsoid. To ensure a continuity of
the notation of previous loss models, the locus curves are represented by By, and fa.

As confirmed by many studies, the resulting iron loss and its components are influenced
in different ways and by the respective locus curves. For rotating magnetizations, there is
initially an increase in the resulting iron losses of up to 2.5 times the unidirectional
measurements in the range of lower magnetic flux densities. This effect occurs because of
the increased domain wall movements in the unsaturated measuring range and the
increased eddy currents because of the additional induced voltage. In the area of increased
magnetizations up to saturation this effect is reversed, as the magnetic moments overcome
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the magnetic anisotropy with a certain magnetic excitation and start to rotate, following the [ron loss model

applied magnetic field strength. As a consequence, the movement of the magnetic domain
walls strongly reduces, leading to a significant decline of the hysteresis and excess loss
components (Appino et al., 2016).

To consider the different simulated flux density loci, extended iron loss models are
required that recreate the complex behavior of the iron losses P, as a function of the three
mentioned parameters describing the shape of the approximated loci and the magnetization
frequency f. In this paper, a unidirectional iron loss formulation based on a loss separation
approach is expanded and parametrized to recreate the iron loss behavior under the
influence of rotational magnetizations.

2. Rotational iron loss measurements

The waveform of the respective locus of the magnetic flux density is determined by the
maximum excitation By, the axis ratio fa, and the angle 6 between the main axis of the
ellipsoid and the RD as depicted in Figure 2. The measurements are carried out with a RSST,
which is described thoroughly in Thul et al. (2018). The magnetic flux density is measured
by two vertically arranged B-coils brought into the sample through two bore holes for each
direction. The diameter of the circuit drill was chosen relatively small of 0.4 mm to reduce
the influence on the magnetic properties of the sample. The local magnetic field strength is
measured by four H-coils placed very closely in precisely defined distances to the sample
surface. The two H-coils used for each direction (RD and Transverse direction (TD) also
referred as x- and y-direction) enable the approximation of the local magnetic field strength
H on the surface of the sample. The magnetization of the sample in the two main directions
is applied by two magnetization windings in each of the yoke legs, which are arranged in a
cross shape toward the sample in the middle of the topology. The measurements can be
performed at magnetization frequencies between 50 and 1000 Hz at maximum magnetic flux
densities By, of 1.5 T. The axis ratio fax and the angle 0 to the RD can be chosen arbitrary.
For each measured combination of f, By, fax and 6, the measurements are carried out
clockwise (cw) and counter clockwise (ccw) to erase parasitic effects by averaging the
measured iron loss of both the rotational directions as described in Mori et al. (2011) and
Maeda et al. (2008). A comparison of the rotating iron losses measured in different directions
of rotation and the averaged curve is shown in Figure 3.

The special cases of the loci of unidirectional (fa, = 0) and circular courses of the
magnetic flux density (fa, = 1) are of particular importance for the characterization of the
iron loss behavior. Nonetheless, during the operation of rotating electrical machines, a
variety of combinations of elliptic shapes and inclination angles occurs depending on the
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Figure 2.

Different magnetic
flux density loci for a)
unidirectional (fayx =
0), b) elliptical (fay =
0.5) magnetization
with the angle 6
between main axis
and RD and circular
magnetization (fax =
1.0)in (c)
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Figure 3.

Elliptical (a) and
circular (b) rotational
measurements
performed in cw and
ccw and averaged
measured iron loss
Pr. with respect to
B, at 200Hz

Table 1.
Parameters of
evaluated NO
electrical steel sheets

respective operation point and location on the magnetic cross section of the machine. Thus,
the transition between unidirectional and rotational magnetization must be considered in the
magnetic characterization of the material as in the simulation of the iron loss components.
The measurements presented and discussed in this work were carried out for three different
fully processed Non-oriented (NO) electrical steel materials as shown in Table 1.

The rotational iron loss measurements depicted in Figure 4 were performed cw and ccw
at 0, 45 and 90° to the RD for five axis ratios fa at 100 Hz, with a peak flux density of up to
15T for material M1. The measurements show the typical increase of the iron losses to
more than double in the magnetization range of up to 1.0 T for circular rotating flux density
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Material Specific density p (kg/m°) Thickness (mm) Weight (g)
M1 7,530 0.24 6.50
M2 7,650 0.26 7.11
M3 7,650 0.26 7.15

Figure 4.

Measured iron loss of
M1 with main axis in
0°,45° and 90° to the
RD measured at
increasing axis ratios
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loci (fax = 1.0) in comparison to unidirectional magnetization (fax = 0). The behavior in the [ron loss model

transition is non-linear and magnetization-dependent with regard to the losses as a function
of the axis ratio. The decrease of losses in the case of circular magnetization is indicated
between 1.3 and 1.5 T. Although for the circular magnetization no influence of the magnetic
anisotropy occurs by principle, the unidirectional and elliptical measurements reveal the
influence of the magnetic anisotropy on the resulting iron loss. Although the iron loss
density for a circular magnetization of 1.0T is 2.953 W/kg for each angle to the RD by
principle, the unidirectional measurements in 0°, 45° and 90° result in 1.464, 1.646 and
1.871 W/kg, respectively. The influence of the angle to the RD declines with increasing axis
ratio fax. The large number of adjustable parameters for the measurements leads to a
considerable measurement effort per material. The set operation points per material are
shown in Table 2.

The measurements performed on M2 and M3 are depicted in Figure 5, which confirm the
measured behavior for M1 with maximum ratio between circular and unidirectional
measurements of 2.804 W/kg for M2 at 0.6 T. The difference then declines for magnetic peak
flux densities higher than 1.0 T. Because of saturation effects, the measurements are limited
to a maximum peak flux density of 1.5 T. The transition to lower iron losses for the circular
magnetization is therefore only indicated in the measurements carried out.

The measurement results shown in Figure 6 for the three materials under consideration
at magnetization frequencies of 800 Hz show that the influence of different local field loci
decreases relatively slightly at higher frequencies. In absolute terms, however, it still has a
considerable influence on the resulting iron losses. The complex behavior of the excess and
hysteresis component, which decreases in its significance on the total losses at higher
frequencies, is now offset by strongly increased eddy current loss components. The
transition to decreasing iron loss proportions of Ppy and Pey. can be seen more clearly in
the high-frequency measurements, especially in the measurements performed for M2
and M3.

3. Iron loss model approach
To simulate and calculate the complex, measured material behavior of rotating electrical
machines, iron loss models are required that map the material behavior as precisely as
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Material F(Hz) B (1) fax 0 ()

M1 50, 100, 200, 0.1upto1.6 Tin 0,0.25,0.5,0.75 and 1.0 0,45 and 90
M2 400 and 800 steps 0.1 T 0,0.5and 1.0 0and 90
M3 0and 1.0 0and 90

Table 2.
Measurement points
for vectorial
characterization of
examined materials
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Figure 5.
Measured iron loss
for a) M2 and b) M3
for § =0°at 100Hz
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Figure 6.
Measured iron loss
for increasing axis
ratios for a) M1, b)
M2 and c¢) M3.
Magnetization
frequency at 800 Hz
with 6 =0°
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possible with regard to the input parameters. The basis of the extended iron loss
formulation is the unidirectional separation approach in Eggers et al. (2012):

PFePhyst+Pcl+Pexc+Psat (1)

Based on the unidirectional IEM formulation for consideration of saturation effects and field
displacement at magnetization frequencies over 400 Hz and magnetic flux densities higher
than 1.5 T, an approach for the consideration of the effects of rotational magnetization on the
resulting iron losses was presented in Steentjes ef al. (2012):

Pryst = a1 (1+fax - (Tyst — 1)) - By - f ©)
Pg=ay-B,-f* &)

Pose = a5 - (14 fax - (rexe — 1)) - By - /10 “
Pyt =ay-az- B4 - f* ©)

The behavior of the loss components Ppys and Pey. are considered by the additional
rotational iron loss factors 7nys and 7., which are interpreted as a homogeneously,
piecewise linear decreasing function as depicted in Figure 7(a) based on rotational iron loss
measurements from the literature (Appino et al., 2009; Appino et al., 2016). The transition
from unidirectional to circular magnetization was only considered by the multiplication of
the axis ratio f, according to the iron loss components.



The iron loss model proposed in this work is an adaptation of the IEM iron loss [ron loss model

separation approach presented in Schauerte ef al. (2019). The focus is on the best possible
representation of the measured iron losses as a function of B, f, # and fa. In addition to the
previously considered hysteresis-, classical- and excess-loss components, the presented
model is expanded by the saturation loss component P,;. The components P, and P, are
not influenced by the respective locus and are calculated from the vectorial decomposition of
the flux density in By« and By, as follows:

Pyt = (1= Fhe 1o ) B8 (a1 + 157 ) f ©)
Po=a B (1 +£3) - F )

Poe = (1= fc 7o) B (05 + 152 - asan ) -1 ®
Par=a-a5- By (1 + fiuf?) - p? ©

The complicated behavior of the hysteresis and excess loss components with regard to the peak
polarization and the locus curve of the magnetic flux density is considered by the squared axis ratio
and the additional factor 71,y respective 7e.. Although both loss mechanisms are based on domain
wall movements, the dependencies to peak magnetization and axis ratio differs as presented in
Appino et al. (2016). As a distinction between these two influences can only be performed by quasi-
static measurements, for the time being both components are set equal to the following:

PFe(]m)
]s 'PFe,S

The iron loss characteristic for the calculation of 71,ys and 7. in equation (6) are identified by
averaging unidirectional measurements in different directions to RD to consider the iron loss
behavior within the entire sheet plane and not just one single direction. Another advantage of
the proposed formulation is that all model parameters can also be identified by unidirectional
measurements on a conventional Epstein frame or single sheet testers (SST). J; denotes the
saturation polarization of the respective material, whereas /,, denotes the peak polarization of
the actual locus curve. Pro(/,) represents the measured iron loss averaged across all-measured
inclination angles and frequencies of unidirectional measurements. Pr. stands for the losses
extrapolated to the saturation polarization. Unlike the curve shown on the left in Figure 7(a) for
the parameters 74yt and 7y, Which are assumed on empirical analysis of typical rotating
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Figure 7.

Original rotational
loss factors 7pys; and
7exe (left) and adapted
version based on
measurements (right)
as a function of
saturation state of
material
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Figure 8.
Simulated iron loss
components as
function peak flux
density By, and the
axis ratio fa for a
magnetization
frequency of 50 Hz

Table 3.

Iron loss parameters
identified by
unidirectional
measurements of
examined NO
materials

measurements regardless of the material, the curve shown in Figure 7(b) of the losses and can
be determined for each material using one-dimensional SST measurements (Figure 8).

A depiction of the actual progression of the individual iron loss components, the
calculated iron loss proportions are plotted as a function of the maximum magnetic flux
density B, and the axial ratio fo, for a magnetization frequency of 50 Hz. The classical eddy
current loss component P, increases monotonously with for both variables, whereas the
saturation component P, only depends on the maximum peak flux density B,,. The
hysteresis and excess loss components however are strongly influenced by both quantities,
resulting in an increase of both components for small values of B,,, whereas the transition to
decreasing losses takes place for increasing rotational magnetizations. To allow the
examination of the resulting iron losses at magnetization angles that have not been
specifically measured, a linear transition between the identified parameters can be
performed to approximate the angles 6 in between the angles measured.

4. Simulation of iron loss

Based on the unidirectional measurements performed on the three examined materials, the
iron loss parameters for the proposed model were identified for the RD and TD. The
resulting parameters are depicted in Table 3. The rotational iron loss factors 71,y and 7exe
were calculated according to equation (10).

The simulation results depicted in Figure 9 show the good accordance between
measurement and simulation for a wide frequency range and for all axis ratios, especially
the transition from unidirectional to circular magnetization for magnetic flux densities B,
below 1.3 T. When comparing measurement and simulation at 50 Hz, it is noticeable that the
simulation overestimates the unidirectional losses, whereas the iron loss for elliptical and
circular magnetization are underestimated in the range of smaller magnetizations.
Generally, the accordance between measurement and simulation increases in its accuracy
with increasing magnetization frequencies f. It can be assumed that with additional
performed measurements at quasi-static frequencies could furtherly improve the model’'s
accuracy at low frequencies. Nonetheless, the phenomenological behavior of the iron losses
is mapped qualitatively well across the entire examined range of magnetization B,,, axis
ratio fa, and magnetization frequencies f.
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The comparison between measurement and simulation with additional decomposition of the
individual loss components is presented in Figure 10. The measured behavior is again met
with satisfactory accordance across the entire scope of measurement parameters. The
comparison of the different compositions of iron loss components confirms the behavior that
can be expected based on the theory of iron loss for rotational magnetizations. Compared to
the conventional distribution of the loss components for an axis ratio of 0, the hysteresis and
excess components increase across the entire measurement range for fo, = 0.5. The eddy
current losses P, also increase with the increasing additional vector component. For circular
magnetization, the typical drop in hysteresis and excess components occurs with high
magnetization after initial growth in the area of low magnetizations. The eddy current losses
P keep increasing with the axis ratio and respective peak flux density B,,,. As mentioned in
description of the loss formulation approach, the saturation loss component for the time
being only depends on the respective peak flux density and thus behaves constant for each
examined axis ratio fa,. Despite the generally good agreement between measurements and
simulation, it must be emphasized that the simulated behavior above 15T is an
extrapolation of the expected material behavior. The simulated loss behavior in the
saturated range represents an extrapolation of the measurement data based on the behavior
presented in the literature.

Exemplary results for the also examined materials M2 and M3 are depicted in Figure 11
and Figure 12, respectively. As for material M1, the iron loss parameters were also
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Figure 9.

Measured (dots) and
simulated (solid lines)
iron losses for
increasing axis ratios
faxat 50,200 and
800Hz with 6 =0°
for M1

Figure 10.
Measured (crosses)
and simulated (solid
lines) iron loss for
increasing axis ratios
faxa) and simulated
iron loss components
VS measurements
(dashed line) b) at
400 Hz of M1 for
0=0°
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Figure 11.
Measured (crosses)
and simulated (solid)
lines for /=400 Hz
and increasing fax
for M2

Figure 12.
Measured (crosses)
and simulated (solid)
lines for f= 400 Hz
and increasing fax
for M3

determined here on the basis of the unidirectional measurements at 0 and 90° to the RD of
performed for materials M2 and M3. The simulation results are plotted against the
measurements for main angles 6 of 0 and 90°. Because of the magnetic anisotropy, the
difference between the unidirectional and circular loss measurements for both materials is
significantly smaller than for the unidirectional measurement in the RD. However, because
of the vector structure of the iron loss formulation, this effect can be successfully mapped
and considered in the simulations. Despite slight deviations occurring here and between
measurement and simulation, the material behavior can be successfully simulated with
respect to the examined influencing quantities.

5. Conclusions and further work

In this work rotating iron loss measurements were performed for three different NO electrical
steel sheets in a magnetization frequency range from 50 to 800Hz. The adjustable input
parameters were the peak flux density B,,, magnetization frequency £, the axis ratio fay and the
offset of the main axis to the RD 6 in their influences on the resulting iron losses Pr.. To suppress
parasitic effects, all rotating measurements were carried out cw and ccw and then averaged.

An iron loss separation approach for the consideration of rotational and elliptical loci of
magnetic flux density was further developed on the basis of two existing iron loss models.
To consider the magnetic anisotropy, the model can be parameterized using any number of
unidirectional measurements in different spatial directions, which can also be carried out on
conventional one-dimensional measurement topologies. The model presented is in good
agreement with the rotating iron loss measurements carried out and successfully depicts the
phenomenological behavior of the various iron loss components even in the non-measurable
saturation range in accordance with the behavior known from the literature. For the future,
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it would be interesting to expand the measuring range to include higher magnetic flux [ron loss model

densities and lower frequencies to further adapt the rotating iron loss parameters 7y« and
Zexe also with regard to an individual consideration of the two effects. The implementation
of the model in the post-processing of an induction machine could also be carried out
successfully and is presented in Nell et al. (2020).
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