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Abstract—Iron losses are one major origin of losses in highly
utilized electrical machines. This work presents how iron losses
can be modeled including material deterioration due to manu-
facturing processes. The obtained model is used to improve the
machine design process and understand currently used building
factors. These factors are state-of-art in describing iron-loss
increase by processing of electrical steel. Aim of this work is
to understand the origins of these building factors and give the
possibility to the machine designer to estimate the influence of
magnetic circuit design and soft magnetic material choice on
the machines iron losses and therefore efficiency and power
density. The electrical steel is characterized by measurements
in the Single-Sheet-Tester with various numbers of cutting edges.
Finally, comparisons of measurements and numerical simulations
of an 80 kW interior permanent magnet machine are given.

I. INTRODUCTION

THE losses are a major design factor for designing highly
utilized electrical machines. Since the maximal heat dissipation
is limited by the cooling system, the knowledge and pre-
dictability of the machines losses is crucial for designing new
machines and improving existing machine designs. For highly
utilized machines with high electrical operating frequencies
the iron losses make a large share of the overall losses. The
electrical steel in machines is subject to several processing
steps. These steps are usually cutting the steel and stacking it
to a laminated core. The stator core is then fixed in the housing
of the machine and the rotor core on the rotor shaft. Different
techniques could be used for every of these steps.

The steel laminations of the studied machine are dissected
by laser cutting. The laminations are stacked to the core using
a bonding varnish.

The deteriorating effect of the cutting process on the
magnetic properties of the material close to the cut edge
is well known [1]-[3], [6]-[8]. In comparison to guillotine
cutting where the sheet experiences plastic deformation and
the mechanical energy supplied to the material is absorbed
by the lattice through a shift of the neighboring layers, laser
cutting induces bi-axial thermal stresses due to heat-up of the
sample [3]. It depends hence basically on the geometry of
the lamination, in particular on the lamination thickness d, as
well as on structural elements such as the grain size. Micro-
structural defects appear, which operate as pinning sites for
domain walls. This results in a local modification of the mi-
crostructure (dislocations, internal stresses, grain morphology)
influencing both the magnetic and mechanical properties of the
steel [1], [2].
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Improved estimation of iron losses occurring in stator
and rotor core of machines is essential for the design of
highly efficient electrical drives [4]. Therefore, the relationship
between the deterioration of the magnetic properties, alloy
type, material thickness, rolling direction, and other parameters
like operating range of magnetic flux density and frequency
needs to be investigated and included in the design process of
electrical machines.

This paper presents a quantitative analysis of the in-
fluence of lamination processing for non-oriented electrical
steels custom-made for traction drives used in automotive
applications. The analysis is performed over a wide range
of frequency f to study the influence of increasing eddy
currents on the cut edge effect and to reproduce the operating
range of electrical machines in the envisaged applications. On
that account, material characteristics are measured for samples
with different ratios of cut edge length vs. overall lamination
volume, i.e., varying the amount of cut surface related to the
material volume. A number of single sheet tester samples of
120mm by 120mm are cut in smaller stripes by CO5 laser
cutting resulting in different sample sets with additional laser
cut edges. The total width remains 120 mm. In order to study
the impact on the magnetization behavior, quasi-static mea-
surements with negligible amount of eddy current disturbance
are conducted. Based on these measured data the impact on
the different loss terms in the IEM-formula [4], is analyzed
in detail. A differentiated understanding of the influences can
be obtained, and thus the sensitivity of the various terms in
terms of the processing of steel laminations be evaluated. This
is important for the design of electrical machines, but also for
the development of custom-made electrical steels.

Subsequently, a permanent magnet synchronous machine is
simulated and machine measurements are conducted to study
the efficiency of the proposed iron-loss calculation procedure.
Therewith an improved understanding of the commonly used
empirical building factor [11], [12] and their origin is possible.

II. CHARACTERIZATION OF THE ELECTRICAL STEEL

The 3.2 wt% silicon steel which is used for the laminations
of the machine is cut by a CO;, laser. This grade is optimized in
order to have lower deterioration of magnetic properties of the
laminations. Low losses at high frequencies and guaranteed
yield strength in rolling direction for room temperature are
other advantages of this grade.
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Fig. 1: SST sample sets of the electric steel. N equals the
number of samples.
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Fig. 2: Measured data for the various sample sets at 50 Hz.

In order to quantify the influence of the CO; laser cutting
process on the properties of the electrical steel, different single-
sheet-tester (SST) sample sets with different amount of cut
edges are cut using the same laser process parameters. The
SST uses sample sizes of 120 x 120 mm. To obtain samples
in this dimension, N multiple smaller strips with a length of
120 mm and a width of % are combined to one sample
(Fig. 1).

Measurements are performed utilizing the field-metric
method under sinusoidal magnetic flux densities up to high
amplitudes of 1.8 T at excitation frequencies of 10, 50, 400,
700, and 1kHz. Quasi-static characteristics are identified by
point-by-point dc-measurements, i.e., quasi-constant current,
using a flux-meter.

Fig. 2 presents measured data at 50Hz for the various
sample sets. It is apparent that once the number of cut
edges is increased, the iron losses significantly increase. This
increase could be traced back to an increased hysteresis loss
contribution due to additional pinning sites [1]. It is seen that
a decreasing sample size, i.e., an increasing proportion of the
degraded zone, leads to much higher hysteresis losses.

Using the measured data the impact of cutting on the
coefficients of the IEM-formula (1) can be studied:

P(B,f) = a1B*f + a2 B*f*(1 + a3 B*) + a5(Bf)**, (1)

with pure hysteresis, classical eddy current, excess eddy cur-
rent and saturation losses included as terms with aq, as, as
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Fig. 3: Parameter a; as a function of the cut edge proportion
with o = 2.0 for CO>, laser cut sample sets in rolling direction.

and as, a4. Parameter « is kept constant to 2.0, resulting
in best agreements between measured quasi-static hysteresis
loss and estimated ones. Assuming that the chemical compo-
sition, consequently the specific electrical resistivity, is locally
not influenced by the cutting process, the classical induced
eddy currents (ag) are not directly influenced by the cutting
technique, only its distribution will (indirectly) be affected by
the cut edge properties. This is due to the variation of the
local magnetic flux density J(x). Another assumption, that the
microstructural characteristics do not alter (just locally near to
the cut edge if any) implies a constant excess loss parameter

(as).

Based on this it is assumed that the quasi-static hysteresis
losses are most prone to be affected by cutting, corroborated
by the behavior of the coercive field H.(H) and the quasi-
static hysteresis loops J(H). Hence, parameter a; related to
the pure hyteresis loss is adapted to account for the increasing
dislocation density for decreasing sample width. Ref. [8] shows
that the magnetic property deterioration depends on the cutting
strains, defined as S = A/V, i.e., the cutting surface A(m?)
referenced to the volume V(m?).

As a first step, parameter a; is identified for each sample
set using point-by-point dc-measurements allowing to deter-
mine a; solely [10]. Fig. 3 show the obtained parameters as a
function of the amount of the cut edge per sample mass, i.e.,
the cut edge length [, related to the weight of the sample m,
based on the dependence of the magnetic property deterioration
on the cutting strains [8]. A linear relation is apparent. This
advantageous linear interdependence is exploited to adapt a;.
Given the mathematical description for the iron losses (1), it
is proposed to rewrite the hysteresis loss contribution as

Puy(B, f,z) = a1 (z) B, )

with o = 2.0. In this hysteresis loss description, the hysteresis
coefficient a; has become dependent on the cut edge propor-
tion z = leye/ms:

a1 (%) = a1 pef + M- (T — Ter) (3)

where m is the gradient of the linear equation, which could
be determined by a line of best fit through the estimated a;-
parameters of different sample sets (in this case a ¢ would
be the a;-axis crossing and s identical zero), but also using
only two points in the a; — = space. Therewith it is possible
to calculate the iron-loss in cut sample sets at least from



o

Specific Iron Losses P [W/kg]

0 02 04 06 08 1 12 14
Magnetic Polarization J [T]

Fig. 4: Comparison of loss-predictions for the eight 15-mm
(N = 8) wide COx, laser cut samples using a; of the undivided
sample (dotted lines) and the adapted one (straight lines) with
measured losses (markers).

any two parameter sets a;, for instance using the parameter
set of undivided sample (120mm by 120mm) as a ref-
erence (a1 ref = @1,120x120 ANd Zret = loug,120x120/7s,120x120)
combined with a; of any smaller sample set to determine the
slope. Using this, parameter a; is adapted according to the
actual cut edge proportion. The other parameters in the loss
description were kept constant, i.e., parameters as to as need
to be identified once at the reference sample set following the
procedure presented in [10].

Fig. 4 shows resulting loss-predictions for the 15 mm wide
COq laser cut sample sets obtained using the linear relation for
a1 as a function of the cut edge length per mass for magnetic
flux densities up to 1.5 T and frequencies between 10 Hz and
50Hz. It is remarkable that the loss predictions using just
the adapted a;, i.e., just modifying the quasi-static hysteresis
loss, while leaving the other parameter constant provide a
good accordance with the measured ones. This corroborates
the assumption that parameter a; is most prone to cut edge
effects. Higher frequencies are omitted in Fig. 4 for reasons
of clarity. For frequencies above 1000Hz at magnetic flux
densities above the knee-point (i.e. 1.2 T) small deviations ap-
pear increasing with frequency, clearly related to different non-
linear magnetization behavior, which is significantly influenced
by the material processing. In order to consider this, parameters
as and a4 describing the non-linear (saturation) losses, need to
be adapted. This will be one of the next steps of this research
work.

III. SIMULATION OF THE MACHINE

The machine is simulated using the in-house FE-software
package pyMoose [13]. The measured magnetization curve of
the electric steel is used in these simulations.

A. Machine Data

The analyzed machine is an 2p = 8 pole synchronous
machine with V-shaped buried magnets (VPMSM). The 48
stator teeth are each 6.25-mm wide and 35-mm long. The
stator back-iron yoke has a radial dimension of 20 mm.
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number of poles 8
nominal speed 3,125 min~!
maximum speed 8,000 min~!
rated power 50 kW
maximum power 80 kW
maximum torque 300 Nm
number of stator teeth 48

width of stator teeth 6.25 mm
length of stator teeth 35 mm
radial dimension of stator yoke 20 mm
cut edges per mass, stator - teeth 141 kﬂg
cut edges per mass, stator - yoke 44 kﬂg
cut edges per mass, stator - average 82 kﬂg

thickness of 3.5 wt.% electrical steel 0.3 mm

B. FEM modeling of the machine

Detailed two-dimensional FEM-simulations with 180 an-
gular steps per electric period of the studied machine were
conducted. The d- and g-axis currents Iy, Iq are varied in 13
steps resulting in a current-plane (Fig. 5).

Single-valued magnetization curves have been used;
thereby saturation effects originating from the non-linear ma-
terial behavior are included. Second-order effects, originating
from hysteresis behavior, are neglected. Therefore the FEM
simulations are independent of the electric fundamental fre-
quency fi. This gives the possibility to scale the results by f;
corresponding to the desired operating speed n. Pure hysteresis
(Physt), classical eddy current (FPassical), €XCeSS (FPexcess) and
saturation losses (P, ) in the laminated stator and rotor core
are estimated a posteriori using the local waveforms of the
magnetic flux densities in every element using the extended
IEM-formula (4) detailed in [9], [10].

PFe = Physt + Pclassical + Pexcess + Psat (4)
with the following loss contributions:
o Bmin a
Physt =ai 1+ Bi (rhyst - 1) Bmaxf (5)
max
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Pclassical = a2 Z (Bn2 (nf)Z) (6)
n=1

o Bmin = 1.5 1.5
PCXCCSS - a’5 1 + B <TCXCCSS - 1) Z (Bn (nf) )
max n=1
)
Py = a2a3Br?1§;r2f2 3)

B, is the amplitude of the n-th harmonic component of the
magnetic flux density in Tesla (T), n the order of harmonic,
f the fundamental frequency in Hertz (Hz), «,a1 — a5 the
material specific parameters and 7y, Texcess the rotational loss
factors [4] [5].
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Fig. 5: Simulated torque.
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Fig. 6: Simulated flux-linkage.

Combining the material information (loss and non-linear
magnetization behavior) with a finite element model and a
specific control strategy to incorporate the operation character-
istics of the machine is the most sophisticated approach used
in this research work. Therefore, specific iron-loss calculation
(for a fixed f;) is done for each finite element. The best
operating points of the machine are found by evaluating torque
T and flux linkage ¥ over the simulated current plane (Figs. 5
and 6). Valid operating points in means of voltage and current
limitation are found from these simulations. In combination
with the rotational speed n, the fundamental frequency in every
T — n-operating point is given and the iron losses are scaled
to fit to this frequency. From n in every operating point the
frequency f; = n - p is calculated.

Figures 7 and 8 show the simulated iron losses at a
frequency of 180Hz (n = 2700 min~1). It is apparent, that
the hysteresis iron losses are linked to the flux in the machine.
At Iy = —150Arms and I; = 0 Arms, where the absolute
value flux linkage reaches its minimum, the minimal hysteresis
losses are found. Whereas the sum of iron losses show a
different dependency on the electric current in the machine,
tending to higher iron losses at higher currents.

Figures 8 and 9 show the influence of an increased hystere-
sis parameter a; due to cutting over the simulated d—g-current-
plane. One can see, that the highest relative loss increase
in the simulation is at points with /3 > —100 Arms and
I; < 150 Arms. These points correspond to the Maximum
Torque per Ampere (MTPA) operation of the machine below
200 Nm. At a speed of 2700 min~" the iron losses are increased
by 20 % because of the laser cutting. At higher torque MTPA
operating points the flux saturates and the impact of the relative
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Fig. 7: Simulated hysteresis iron losses with (black lines) and
without (white lines) influence of cutting.

simulated iron losses P [W]

direct axis current 1, [Arms]

400

0 50 100 150 200 250
quadrature axis current Iq [Arms]

Fig. 8: Simulated iron losses with (black lines) and without
(white lines) influence of cutting.
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Fig. 9: Simulated relative iron loss increase due to cutting.

increase of hysteresis iron losses is reduced. Whereas the
eddy current losses and the saturation losses tend to further
increase even at higher saturated operating points. Therefore
the relative influence of an increased a; is reduced for higher
torque values.

IV. MEASUREMENTS OF THE MACHINE

In order to validate the proposed model of deterioration by
cutting, measurements of the machines losses are conducted.
At first, a measurement series is performed at a constant
speed of 2700min~! and variation of I; and ;. A second
measurement series is conducted at variable speed and torque.
The measurement equipment used for the measurements is:

e  YOKOGAWA WT3000 Precision Power Analyzer -
Motor Version
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Fig. 10: Measured iron losses.

e 3 LEM IT 400-s Ultrastab High Precision Current
Transducer

e HBM TI12 Digital Torque Transducer
e NI PXIe 4353 - Thermocouple Input Module

e 11 Type J Thermocouples

o 3 in each end winding
o 5 distributed in different slots

The losses P, inside the machine are measured as difference
of the 3-phase input electrical power Ps; and the mechanical
output power of the machine P,,. The winding temperature
varied during the measurements between 80 and 120 °C. With
thermocouples in both the end windings and slots, it is possible
to identify the change of the winding resistance during the
measurement due to different thermal conditions. A reference
measurement of the winding resistance was undertaken at room
temperature. A temperature coefficient of ac, = 0.0039 K1
is used to map the ohmic resistance to the current winding
temperature. The ohmic copper losses P, are then calculated
using the measured current and the adjusted ohmic resistance.
The friction losses P are determined using analytical formulae.
The friction in the air gap F; ., is determined by (9) [14]. lr.
is the length of the machine and vy, roror the lateral surface
speed of the rotor. The friction losses on the two axial face
sides of the rotor are described by the the additional term using
the pole pitch 7,.

P ag =3 Do, rowor " (Ire +0.8% 0.6 7p) * Vp roror (9

The friction losses in the two bearings (n, = 2) of the
machine F; y, are calculated in (10) [15]. With d}, being the
average diameter of the bearing and the coefficient f,, which
is depending of the type of bearing and its operation conditions
such as bearing temperature. f, was extracted from the online
tool of the bearing manufacturer from [16].

Pro=np-2m-n-10""fo - (vy-n)% - df (10)
The iron losses Fre, meas are then determined using (11).

PFe,meas:PE_PCU_Pf,ag_Pf,b (11)
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Fig. 11: Relative error of iron loss estimation with cut edges.

A. Measurements at constant speed

The measurements at constant speed are performed to
validate the influence of cutting and the iron loss model for
different levels of flux densities and flux density harmonics.
With variation of I and I, different flux paths inside the core
of the machine are passed by the magnetic flux. Different har-
monic effects originating from the stator winding distribution
and the arrangement of the permanent magnets in the rotor
occur. Therefore, the iron losses are not only depending on
the speed of the machine, but also on the value of Ij and
I,. Since in 4 harmonics in every location in the 2D-cross
section are regarded, these effects are taken into account by
the simulations.

At negative Iy and low I, currents, a low flux linkage in the
machine is reached. However, additional harmonics caused by
winding distribution and the stator slotting of the machine lead
to higher flux pulsations in the stator teeth. Therefore, higher
foucault eddy current losses are to found in this operation
mode. The hysteresis iron losses, strongly depending on the
flux density inside the core material, is lower at operating
points with lower flux linkage.

The iron losses as a result of 11 over Iy and I are shown in
Fig. 10. Figure 11 shows the relative error of the simulated iron
losses Pre, sim taking cut edges into account. Without taking
cut edges into account the average error is 20.3 % or 163.6 W
in absolute values. Taking cut edges into account reduces the
average error by 55 % to 9.0 %, or 73.9W respectively. The
maximum error is reduced from 31.2% to 21.5 % by taking
into account the cut edge effect.

B. Measurements - torque-speed maps

To evaluate the iron losses over the normal operation
range of the machine, measurements at different speeds are
conducted. First, the operating points in the base speed area of
the machine are found using MTPA. For higher speeds the flux-
linkage limit (and therefore voltage limit) is taken into account.
Only operating points inside certain flux-linkage ellipses are
valid. It is apparent, that the field-weakening oyl)eration starts
between a speed of 2700 min~' and 4000 min™*.

Fig. 12 shows the simulated hysteresis losses over torque
and speed. One can see, that in base speed operation, the
hysteresis losses rise with speed. They reach the maximum
at the points where field weakening is necessary. From there
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Fig. 12: Simulated hysteresis iron losses without taking cut
edges into account vs. speed and torque.
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Fig. 13: Measured overall losses vs. speed and torque.

on the hysteresis losses decrease with speed. Modeling the
hysteresis losses as cut edge dependent therefore means
modeling a loss increase especially in operating points close
to field weakening operation.

Fig. 13 shows the measured losses P,. One can see that
the highest losses of ca. 6000 W are dissipated at high torque
operating points at base speed as well as at maximum speed
operation. The iron losses over speed and torque are measured
as discussed before and shown in fig. 14. It is apparent, that
the iron losses reach their maximum of ca. 4000 W at the
operating point with the highest possible torque at the highest
speed. As a comparison, the simulated iron losses are shown
in Fig. 15. The error of the simulation with losses due to
cut edges is shown in Fig. 16. One can see, that at high
power operation points the iron loss is underestimated by ca.
500 W. Hence at speeds above 4000 min~" and torques below
30Nm the simulation overestimates the iron losses in the
machine by up to 250 W. The average error in estimating the
iron losses without taking cut edges into account is 220.7 W
respectively 32.3 % of the measured iron losses. When taking
the cut edges into account by adjusting a; according to the
SST measurements (i.e. increasing a; by 77 % to 0.0276), the
average error is reduced to 164.3 W respectively 22.3 %.
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Fig. 14: Measured iron losses vs. speed and torque.
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Fig. 16: Simulated vs. measured iron losses taking cut-edges
into account.

V. DISCUSSION

Analyzing the difference of the estimated iron losses by
measurements (11) and from simulation (4) shows areas of
over- und underestimation in the simulation (fig. 16). At
speeds above 4000 min~! and torque values below 50 Nm, an
overestimation of the iron losses up to 250 W in the simulation
is seen. This effect could be explained by overestimating the
friction losses by [14] and [15] in (11), which leads to an
underestimation of the iron losses at high speeds from the
measurements. Since the rotor excitation is permanent, the
friction losses can not be measured with the used test setup.
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At operating points with high absolute direct axis currents
|Zq| > 140 Arms an underestimation of the iron losses by the
simulation of ca. 500 W is observed. A possible explanation
is, that additional axial flux paths in the core material lead to
additional eddy currents in the lamination. Since the machine
core was stacked using bonding varnish, inter-laminar short
circuit currents are not to be expected. Because the machine is
skewed by one stator slot pitch, axial flux path in the rotor and
stator cores are possible. A skewed machine generates higher
axial flux components and therefore higher eddy current losses
[17]. When comparing the estimation error from fig. 16 to the
direct axis current (fig. 17) it can be seen, that the highest loss
underestimation goes in hand with the highest negative current
in the direct axis. Since a high negative d-axis current creates
a magnetic field from the stator that opposes the permanent
magnet excited field of the rotor. Higher magnetic stray flux
emerges. Hence the lamination is not effective for axial flux
components, a higher flux and therefore stray flux in axial
direction leads to additional eddy current losses as described
in [17].

VI. CONCLUSIONS

The influence of cut edges on the iron losses occurring
in electrical machines is studied. SST Measurements of the
magnetic properties of a magnetic steel were conducted. Sam-
ples with different amount of cutting edges were prepared
and measured. Based on quasi-static measurements effects on
the intrinsic magnetization behavior and quasi-static hysteresis
loop characteristics are studied without the need to account for
dynamic effects due to induced eddy currents. A linear relation
between quasi-static hysteresis loop area and cut edge length
per mass is found. Subsequently a method to consider the
increasing influence of cutting strains with decreasing sample
sizes on the pure hysteresis loss is proposed.

The accuracy of the proposed method is underlined com-
paring measured and predicted losses over a wide frequency
range along the rolling direction. The parameters in the model
from (4) were found to fit for different amount of cut-edge
length per mass. A 80 kW permanent magnet machine with the
same electrical steel was measured. The adapted advanced iron
loss model from [9], [10] was used to simulate the iron losses
in the machine with the influence of cutting. A significant
enhancement of the iron loss prediction without any additional
building factors was found. Next steps are to analyze the
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influence of shrink fitting [18] and compressive stress [19]—
[21] on the iron losses in the machine.
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