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Loss Model for The Effects of Steel Cutting in
Electrical Machines

R. Sundaria, D. G. Nair, A. Lehikoinen, A. Arkkio and A. Belahcen, Senior member, IEEE

Abstract—Epstein frame measurements of electrical steel
samples of different widths cut by laser cutting are carried
out in the range of 20 Hz to 400 Hz frequency of sinusoidal
excitations. The effect of cutting on the magnetic permeability
with core losses are modeled with analytical equations. Further,
the validation of the model is carried out with finite element
simulations of electrical steel samples. The presented loss model
is found to reproduce the measurement results reasonably.
The loss model is then applied to the simulation of a cage
induction machine with time-stepping finite element analysis.
The electromagnetic and thermal performance of the machine
was analyzed with respect to the cutting effect. The simulations
shows increase in the computed core losses and temperatures
due to the cutting effect.

Index Terms—Core loss, cutting, cut edge, electrical ma-
chines, finite element modeling, steel cutting, steel laminations.

I. INTRODUCTION

Manufacturing of electrical machines in general involves
cutting of electrical steel sheets to appropriate sizes, welding
of steel stacks and shrink fitting. Each of these manufac-
turing steps seems to have an impact on losses in the final
manufactured machine. Among these losses, the losses due to
cutting seem to garner the interest of the research community
in the last couple of decades. Electrical sheets are typically
cut by punching or laser cutting, which have a significant
impact on the magnetic properties of iron. Researchers have
performed the magnetic measurements with the help of
standard Epstein frame and single sheet tester. The generated
plastic, residual and thermal stresses seem to translate into a
drop in permeability and increase in core loss density [1]-
[3]. Various authors proposed loss models dependent on the
distance from the cut-edge to include the effect of cutting
on the magnetic permeability and core-losses. Some have
suggested to include a region of uniformly degraded material
[4], [5] whereas others preferred a continuous function of
cut-edge distance for representing the magnetic degradation
[6], [7]. The difficulty in reproducing the measurement results
from a proposed loss model is observed due to a nonlinear
relationship of cut-edge distance with the permeability and
core-loss density. Further, an additional difficulty in analyzing
the cutting effect with finite element analysis (FEA) is posed
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by the heavy computational time requirements. Recently the
application of higher order elements for efficient computation
of cutting effect was studied [8].

In this paper, authors propose a loss model which is
inspired by [6], [7] and resonably reproduce the measurement
results. In contrast to the literature [6], [7], the effect of
cutting is included into three component core loss formula
[9], namely hysteresis loss, eddy current loss and excess
loss components. Further possible difficulties in non-linear
newton raphson iterations were highlighted. The proposed
loss model is then verified by the FEA of simplified Epstein
frame measurement model. Moreover, the computationally
efficient time-harmonic higher order approach described in
[8] to model cutting effect is extended to higher order time-
stepping method in this paper. At the end, the effect of
cutting on the thermal and electromagnetic performance of
the machine was analyzed.

II. METHOD

This section is divided into three subsections: first sub-
section deals with the magnetic measurements of laser cut
samples of different widths with the standard Epstein frame.
The second section describes the proposed loss model and
a time-stepping finite element model with higher order ele-
ments is presented in the last subsection to efficiently model
the cutting effect.

A. Epstein Frame Measurements

Magnetic measurements are performed usually on electri-
cal steel samples with Epstein frame or single sheet testers
in the industry as well as academia. As presented in the
literature, many researchers have studied the effect of cutting
by studying electrical steel samples of different widths.
Following the same lines, this paper presents results of five
different types of samples having the same total material
mass. The assembly of different width samples are also
shown in Fig. 1. The details of the measured samples are
presented in Table L.

The magnetic measurements are performed with standard
Epstein frame setup “MPG 100 D” by Brockhaus Measure-
ments following the standard IEC: 604004-2. The measured
magnetic flux density was controlled to be sinusoidal. The
electrical steel samples were demagnetized before the mea-
surements and air flux compensation was considered with the
help of the mutual inductor in the test setup. Five different
sinusoidal excitation frequencies were considered, as 20 Hz,
50 Hz, 100 Hz, 200 Hz and 400 Hz. As a result single valued
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Fig. 1. Assembly of different width samples for magnetic measurements.
Sample D and E are assembled in similar manner.

TABLE I
TEST SAMPLES

Sample Detail Total width
(mm)

A Standard Epstein frame sample of 30 mm | 1 x 30 = 30
B Two 15 mm samples joined together 2 x 15 =30
C Three 10 mm samples joined together 3 x10 =30
D Six 5 mm samples joined together 6 x5 =30
E Ten 3 mm samples joined together 10 x 3 =30
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Fig. 2. Measured magnetization curves at 50 Hz for different width samples

magnetization curve in form of a peak value of magnetic flux
density (5,) and peak value of magnetic field strength (H,,)
along with specific core loss density curve in form of loss
density P, versus B, were obtained. The effect of cutting on
magnetic permeability can be analyzed from Fig. 2 which is
showing BH curve at 50 Hz of different samples. Further,
the core loss increase due the cutting is presented in terms of
core loss density in Figs. 3a and 3b, measured at excitation
frequencies 50 Hz and 400 Hz respectively.

B. Loss model

We can observe the increase in core losses and decrease
in permeability due to the cutting effect in the above pre-
sented magnetic measurements. Therefore, in the following
an analytical expression is presented to account for the cutting
effect.

1) Effect on permeability: From measurements, it is quite
evident that the effect of cutting on the magnetic permeability
is mainly dependent of two parameters: namely the magnetic
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Fig. 3. Measured core loss curves of different width samples at (a) 50 Hz
(b) 400 Hz.

field strength (H) and distance from cut-edge (x). Further,
magnetic field strength (H) is assumed constant across the
measured sample. The local magnetic permeability p(H, x)
is presented in (1). Here Ap(H) and a are fitting parameters,
therefore, n number of data points will result in n + 1 fitting
parameters. This loss model is inspired by [6] and [7]. ., (H)
is magnetic permeability of non-degraded material. It should
be noted that we will obtain the average measured perme-
ability (44,,,) from magnetic measurements and corresponding
average calculated permeability (ti.) can be determined from
(2) for a sample of lamination width w.

p(H,x) = pn(H) = Ap(H)e™ (1)
2 w/2

te(H,w) = —/ w(H, z)dx (2)
wJo

2) Effect on core losses: Similar to the permeability of
the measured material it is also quite clear that core losses
are affected due to cutting. One important aspect of losses to
be analyzed is that which loss component among hysteresis,
eddy current and excess loss is impacted largely due to the
cutting. Due to the physical nature of the cutting effects and
also as discussed in literature [6], [7], the hysteresis loss was
considered to be affected by the cutting.

This paper will modify the hysteresis loss coefficient of
the three component core loss formula presented in [9]. The
three component core loss formula (3) have coefficients of



eddy current K., excess loss K., and exponent o which
are cubic polynomials of B. This paper fixed the parameters
such as Kpg, a, K., and K., at non-degraded value. Flux
density dependent eddy current and excess loss coefficients
was selected to improve the overall fitting of the cut-edge loss
model. The effect of cutting is then included in the hysteresis
loss coefficient K, (B, x). It can be noted that the degradation
profile of core loss in terms of hysteresis loss coefficient
K}, (B, z) (4) is exponential function of 2. Similar expression
was used for local magnetic permeability pu(H,z) (1). As
we get the average hysteresis loss coefficient K;Lm(B,w)
from measurements, (4) was averaged along w to obtain the
corresponding calculated average hysteresis loss coefficient
Kpe(B,w) in (5).

P(B,z) = Ku(B,z)B*P) f + K.(B)B* f?

+ Keo(B)B'P f15 3)
Kin(B,x) = Kpo + AKy,(B)e "B 4)
5 w/2
Kp.(B,w) = 2 K (B, z)dx ®)
w Jo

The non-degraded permeability u,(H) in (1) and hys-
teresis loss coefficient Kjo can be derived by magnetic
measurement of either annealed or cut by water jet cutting
or electron discharge cutting (considered to induce relatively
less stress effects) of a standard Epstein frame sample of
width 30 mm. In this paper, we have used an enlarged sample
of 60 mm width to derive these non-degraded parameters
[10]. The presented expression of local hysteresis loss coef-
ficient was based on [7]. However the dependency of fitting
parameters AK,(B) and b(B) on B was kept free rather
than linear as presented in [7]. The procedure to derive the
fitting parameters is summarized in the flowchart.

C. Time-stepping FEM Simulation

The time-stepping FEM analysis of a cage induction
machine is based on the voltage source model presented
in [11]. The effect of end wind inductances and rotor bar
resistances are taken into account with the help of circuit
equations. Finite element formulation based on well known
AV formulation is written in MATLAB environment. The
rotation of rotor is modeled by remeshing air-gap elements
at each timestep. Furthermore to study the effect of cutting
in the finite element simulation, higher order finite element
formulation is adapted which proved to be computationally
efficient [8]. As presented by the authors earlier in the case
of time-harmonic analysis, the effect of cutting is included
in stiffness matrix S in this time-stepping simulation. The
entries of the stiffness matrix S;; can be represented in terms
of the reluctivity v and the nodal shape functions ¢ in the
domain 2. The effect of cutting in terms of the degradation
of permeability from (1) is presented in the form of the cut
distance dependent reluctivity v(A, x).

Sij(As ) = /Q V(A 2)V¢; - V;dQ (6)

Magnetization and core loss measurements
at different widths and excitaion frequencies

Select suitable H data points and
interpolate BH curves for these points

Calculate p, from the non degraded sample
and (i, from different width samples

Calculate average calculated
permeability i, from (2)

Get Ap(H) and a with least
square fitting of 1, and i,

Get Kj9, o, K. and K., based on [9]

For fixed o, K. and K, calculate
Kpm (w, B) based on [9] for width w

For each selected data point
H and lamination width w
1) Calculate B(H,x) based on (1)
2) Calculate Ky (B(H,z),z) based on (4)
3) Calculated average hysteresis loss
coefficient Kp,.(w, B) (5).

|

With least square method between
K. (w,B) and Ky, (w, B) get
the parameters AK,(B) and b(B)

Fig. 4. Flowchart of the loss model

III. RESULTS

Under this section, this paper discusses the obtained fit-
ting parameters for the presented loss model and subsequent
validation of it. Further, application of the loss model on
a cage induction simulated with time-stepping analysis at
different load condition is also described. Thermal aspects
are analyzed with the help of thermal network model of the
machine.
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A. Parameter fitting of the loss model

Under measurements we have obtained the peak value of
average magnetic flux density and average core loss density
along the width of a sample. Therefore, the proposed local
distributions (1) and (3) needs to be averaged in order to
compare with the measurements. For fitting, nonlinear least
squares toolbox of MATLAB was used.

In case of BH curve fitting, special care needs to be taken
for the selection of the data points. Relatively more data
points are needed between field strength 30 A/m to 1000
A/m due more prominent cutting-effect in this range. In this
paper about 80% of the field strength data points are selected
uniformly in the range 30 A/m to 1000 A/m where as remain-
ing 20% upto 10000 A/m. The obtained Ay is presented in
the Fig. 5 and the value of a is 267 m~!. The profile of
Ay resembles the drop in average permeability of measured
samples which is also listed in the literature. Here for better
fitting we can also make parameter a dependent on H [7];
however considerable issues were observed in maintaining
the monotonocity of resulting local BH curves. The nonlinear
iteration takes many iterations/doesn’t converge if local BH
curves are of non-monotonic nature. Further a non-monotonic
curve also doesn’t resemble the physical property of electrical
steel. By above argument, a constant a was found favourable
for the given application.

Similar to the BH curve data, the average hysteresis loss
coefficient was obtained and fitted with the corresponding
local hysteresis loss coefficient K, (B, x). Further, the fitted
average K}, is shown in Fig. 6. Here, the measurement data
points are between 0.1 T and 1.5 T. As the loss coefficients
are dependent on B, loss coefficients out of the measured
range are kept constant at the respective limits of B.

B. Validation of Proposed Loss Model

The presented loss model can be verified against the finite
element simulation of a simplified Epstein frame measure-
ment system and measurement results. We obtain single value
curve in term of peak value of mangnetic flux density and
peak value of field strength along with core loss density
as W/kg from the measurements. Magnetic vector potential
based formulation (AV') can be used to solve magnetic field
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Fig. 6.  Fitting results of the average hysteresis loss coefficient K,
(w, B) fitted from measurements and the calculated average hysteresis loss
coefficient K.p (w, B). The samples A, C and E are represented by red,
green and black colors respectively.
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Fig. 7. (a) Enforcement of average flux density by boundary conditions.
The bold boundaries represent the Dirichlet boundary conditions whereas
other boundaries are imposed with normal Neumann boundary conditions.
(b) Magnetic flux density distribution with flux lines when average flux
density of 1 T was enforced.

distribution along the width of the lamination. To avoid the
complexities arising from modeling air flux compensation in
Epstein frame, this paper will enforce the measured magnetic
flux density in rectangular steel sample. Hence, primary
and secondary coils are not included FEA simulations. The
magnetic flux density can be enforced with the help of
a highly dense mesh and Dirichlet boundary condition as
presented in the Fig. 7a. The resultant system of equations are
presented in (7) and (8). Here S, f, and A is stiffness matrix,
source vector and magnetic vector potential respectively. As
there is no current source in the model, therefore f can be
replaced with zero vector. Finally the simplified equation
(8) can be solved for the vector potential (A,) at the non
Dirichlet nodes of mesh.

SA=f (N
Sn,nAn + SmdAd =0 (8)

The cut-edge dependent local permeability distribution (1)
will be applied. This will result in a flux density distribution
(Fig 7b) which clearly shows the effect of cutting. As part
of post-processing core loss of the sample will be calculated
with the help of local core loss curves (3) and (4). Figs 8a
and 8b represent the calculated and measured core losses at
different enforced average magnetic flux densities at different
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width of samples at 50 Hz and 400 Hz excitation frequencies
respectively. The calculated core losses seem to match the
measured values reasonably.

C. Cutting Effect on Machine Performance

Time-stepping finite element analysis of a cage induction
machine was performed. The motor data is presented in
the appendix section in Table V. The simulation results
were obtained by either considering or not the presented
permeability and core-loss models. The effect of cutting is
quite easily visible in number of machine parameters. First,
as this is voltage source simulation model, the no load current
has increased due to lower permeability of iron near the
cut-edges as presented in Fig 9a. The core losses computed
at no load and full load, both indicate a clear increase in
core-loss of full machine as presented in Table II and Table
III. The total core-loss has increased about 30% due to
the cutting effect. The distribution of flux density near the
cut edges can also be visualized in Fig. 9b, which shows
a difference in magnetic flux density distribution with and
without the cutting effect. Further analysis has been done on
magnetizing current and core-losses at no-load with different
supply voltages. Both magnetizing current (Fig. 10a) and
core-losses (Fig. 10b) show increase in respective values
due to the cutting effect. Additionally, this paper extend the

TABLE II
CUTTING EFFECT ON CORE LOSSES AT NO-LOAD

No load No load %
without with cutting Diffesence
cutting (W) (W)
Hyst. loss (Stator 107.62 137.05 27
yoke)
Hyst. loss (Stator 48.45 80.14 65
teeth)
Core loss (Stator) 246.26 313.32 27
Hyst. loss (Rotor) 3.58 20.15 462
Core loss (Rotor) 49.87 64.30 29
Total core loss 296.13 377.62 27
TABLE III
CUTTING EFFECT ON CORE LOSSES AT FULL-LOAD
Full load Full load %
without with cutting Diffe;’ence
cutting (W) (W)
Hyst. loss (Stator 102.01 133.09 30
yoke)
Hyst. loss (Stator 53.40 104.36 95
teeth)
Core loss (Stator) 279.62 365.79 30
Hyst. loss (Rotor) 6.83 35.99 426
Core loss (Rotor) 71.09 97.89 37
Total core loss 350.71 463.68 32

application of computationally efficient time-harmonic based
higher order finite element analysis [8] to higher order time-
stepping analysis with the cutting effect. The computation
time is about 40 seconds for solving the resultant system for
200 time-steps.

D. Thermal Model and Analysis

A high-fidelity lumped parameter thermal network of
the studied totally enclosed fan-cooled (TEFC) motor was
formulated for steady-state thermal analysis. It models heat
transfer through conduction, convection as well as radiation
in the whole machine. The convection coefficients are first
determined through generic semi-empirical formulations. The
thermal network’s accuracy is then improved by adjusting
these convection coefficients such that the temperatures it
predicted better matched the measured temperatures such as
those of the stator winding and motor’s frame [12]. The
thermal network is presented in the Fig. 11.

As the computed losses indicate that there is clear rise in
the core-losses, this paper also analyzes the thermal perfor-
mance of the studied cage induction machine. To evaluate the
thermal implication of the cutting effect on the machine, the
input to the thermal network was modified, and the higher
core loss resulting from cutting effect was used as nodal heat
sources in the stator yoke, stator tooth and rotor yoke. Losses
corresponding to the full-load scenario listed in Table III were
used, and the other loss components (resistive, mechanical)
were kept the same as there was minor change in the full
load current due the cutting effect.
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distribution due to the cutting effect at a time-step.

TABLE IV
TEMPERATURES OF MACHINE PARTS
(e}
Region Node Mean Temperature (°C)
Without With
cutting cutting
effect effect
Stator yoke 1 66.9 69.4
Stator teeth 4 73.6 76.4
Rotor yoke 16 122.3 125.8
Stator end-winding 6 98.8 101.1
Stator winding 7 93.9 96.5
Rotor bar 11 123.5 126.7

The temperatures of different machine part such as core,
rotor bars and end-winding were noted. From the results
presented in Table IV, it was observed that the core and
critical end winding temperatures are increased due to cutting
effect.

IV. CONCLUSION AND DISCUSSION

This paper studies the effect of steel sheet cutting in
electrical machines. A simple cutting model of electrical
steel sheet is proposed which derived from standard Epstein
frame measurements. Some challenges in arriving at the
desirable fitting with measurements are also listed. One
major challenge is selection of suitable data points for least
squares fitting of permeability. The FEM simulation prove

Fig. 10. (a) No load magnetizing current as function of supply voltage (b)
Core loss as function of voltage at no-load.
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the applicability of the presented loss model. Further, the
cutting model with a time-stepping FEM simulation of a cage
induction machine gives insights of corresponding effects on
machine performance parameters such as core-losses, supply
current and magnetic flux distribution. In future, a stator core
of the presented full machine will be manufactured from
the same electrical steel extracted from the same steel coil
which is presented in this paper. Due to identical steel coil



for Epstein frame and machine measurements, the measured
core-losses should provide high degree of accuracy while
quantifying the core-loses and cutting effect.

V. APPENDIX

TABLE V

MOTOR DATA
Shaft Power 37 kW
Voltage 400 V
Frequency 50 Hz
Connection Star
Pole pairs 2
Stator outer diameter 310 mm
Stator inner diameter 200 mm
Air gap 0.8 mm
Number of stator slots | 48
Number of rotor slots | 40
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