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Influences of Material Degradation Due to Laser
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Abstract—During manufacturing of electrical machines, shape
giving production steps such as punching and cutting introduce
plastic deformations and residual stress to the soft magnetic mate-
rial. As a result, the magnetic properties of the material decrease
and locally both static and dynamic hysteresis losses increase in
the vicinity of the cut surfaces. For consideration of local per-
meability deteriorations, different models have been published.
These are capable of describing the changing local magnetization
and loss behavior. Current approaches subdivide the magnetic core
into slices of different magnetic properties, thereby discretizing the
continuous deterioration. This paper analyzes the effects of mate-
rial degradation due to cutting on the performance and machine
parameters of a permanent magnet synchronous machine using a
continuous material model for efficient numerical modeling of the
local magnetization behavior. By replacing inefficient sliced mod-
els, the continuous model is independent of the discretization and
converges in case of coarse meshes to the sliced model. Influences
on the machine behavior are studied in terms of local flux density
distributions, iron losses, efficiency, torque, and inductances on the
operating map and an exemplary working point.

Index Terms—Continuous material model, cut edge (CE),
cutting, iron losses, permanent magnet synchronous machine
(PMSM), soft magnetic material.

I. INTRODUCTION

ONGRAIN oriented soft magnetic material is one of the

key components considering the energy conversion in ro-
tating electrical machines. Laminations of nonoriented steels are
used both in stator and rotor. In order to gain high power den-
sity current permanent magnet synchronous machines (PMSM)
work with a high flux in the air gap and, therefore, high flux
densities in stator and rotor parts. Additionally, nonoriented
steels with low iron losses are used to increase efficiency. Dur-
ing manufacturing the laminations are punched out of the coil
to the desired shape. Attention has to be paid not only to the
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design but also on the cutting technique itself [1], [2]. Stud-
ies on different manufacturing techniques such as laser cutting
for prototyping or stamping during production demonstrate the
negative influence on the local magnetic characteristics.

The effects of manufacturing processes on the local resulting
iron losses differ depending on their parameters. These are in
case of stamping, e. g., clearance, cutting speed, or the condition
of the blade. In case of laser cutting parameters such as laser
type, focus width, energy, and cutting speed are important. A
considerable difference is found in view of resulting iron losses
comparing uncut and cut material [3]-[5]. Depending on ge-
ometrical, material, and processing parameters along with the
magnetic field strength, the iron losses resulting from different
cutting techniques can differ by a factor of two or higher, due to
increasing static and dynamic losses [2], [3], [5], [6].

On that account, determining the local magnetic properties
of soft magnetic materials used in electrical machines is critical
to an improved design process using finite element (FE) simu-
lations. The different cutting techniques introduce mechanical
stress into the material, resulting in a locally decreasing mag-
netic permeability [7]-[10].

In order to cope with continuous, locally changing material
properties different models have been published describing local
permeability distributions [11]-[13] or aiming at the resulting
iron losses [14]. Current attempts discretize coarsely the con-
tinuous local material properties by subdividing the iron core
of a model into slices [12], [13], [15]. The different material
properties are homogeneous across the corresponding slices.
Therefore, the sliced approach lacks due to the constant mate-
rial properties inside the subdivision in accuracy and converges
with a sufficient amount of layers to the continuous model [16].
Moreover, a complicated modeling of slices arises during pre-
processing. In light of these drawbacks, this paper uses a con-
tinuous material model published in [17] to investigate the in-
fluences of cut edge (CE) effects on the machine parameters
and performance using PMSM. The CE model is established
in the numerical FE simulation to describe locally distributed
magnetic material properties.

The paper is structured as follows. Section II contains a brief
explanation of the metrological characterization performed to
identify model and loss parameters, followed by an overview
on the nominal machine parameters and geometrical data. Sub-
sequently, the continuous material model is explained briefly
and model parameters are identified. Section III concerns the
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continuous material model used in FE simulations and a com-
parison of the resulting local flux density distribution in an CE
affected and unaffected case. Iron loss parameters are identified
according to different specimen widths and frequencies and loss
calculations are carried out on the operating map. In Section IV,
machine parameters are investigated in terms of iron losses, ef-
ficiency, torque and inductances. A discussion on the results is
given in Section V.

II. CONTINUOUS MODELING OF CE EFFECTS IN
A ROTATING MACHINE

A. Material Sample Preparation

With the aim to model local magnetization behavior in FE
simulations for a rotating machine continuously, it is necessary
to characterize different material samples for model parameter
identification. The material used here is a nonoriented M330-
35 A, with Si 2.9%, Al 0,4%, P 10,,,,,, Mn 0,13%, C 29 ppm,
S 39ppm, and an average grain size of 80 ym. It is cut by a
CO;-Laser with a gas pressure of 10 bar, using a speed of 8 =,
a power of 1700 W and a focus of a 5 in lens.

Single sheet laminations with different amount of cuts are
characterized as demonstrated in [ 17] to measure magnetic prop-
erties according to the material width of the machine design. The
width of each specimen set, is equaling 120 mm in total. Starting
with a basic sheet of 120 mm x 120 mm samples with smaller
width are consecutively cut out of the basic square. Thereby,
single samples equaling a width b of 120, 60, 30, 15, 10, 5 and
4 mm are produced.

The material samples are magnetically characterized accord-
ing to the IEC standard 60404 using a single sheet tester (SST)
with a specimen size of 120 x 120 mm, 50 windings and the
control unit MPG200 both by Brockhaus. While performing the
measurements, the secondary voltage is controlled by an analo-
gous system to be sinusoidal, as well as the maximum magnetic
Polarization .J. Frequencies are measured for dc, 50, 100, 200,
400, 500, 700 Hz and 1 kHz and flux densities up to 1,6T. The
form factor FF rises with decreasing specimen width and in-
creasing frequency and polarization. It lies in the norm defined
range at least for frequencies and polarizations below 400 Hz
and 1.5 T, respectively.

Loss parameter and model parameter identification are both
carried out on the single sheet specimens at the different fre-
quencies. A comparison of measured and calculated losses of
FE simulations using toroidal cores is drawn in [17].

B. Machine Data

It is well known that CE effects get more pronounced with
smaller geometrical sizes [18]. Therefore a small PMSM with
stator outer diameter Dg , of 90 mm is used for analyzing the ef-
fect of local material degradation on the machine performance.
As mentioned, current PMSMs already work at high flux densi-
ties in a no-load case. Although CE effect on the magnetization
behavior decrease with rising field strength, still a changed lo-
cal flux density distribution and a considerable increase in iron
losses is expected due to the small geometrical sizes of, e.g.,
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Fig. 1.  Cross section of the machine geometry.

TABLE I
GEOMETRICAL DATA

Parameter Symbol Value
Stator outer diameter Dgs., 90 x 10°m
Rotor outer diameter Dp., 49 x 10%m
Stator tooth width we .t 42 x 10 m
Yoke width W,y 9 x 10%m
Slots N 24
Pole pairs P 2
TABLE II

MACHINE CHARACTERISTICS OF NOMINAL WORKING POINT

Parameter Symbol Value
Speed n, 1500 min~!
Power P, 219 W
Torque M, 1,44 N-m
Efficiency Mn 82.50%
Iron losses Pre 5W
Copper losses Peuon 40W

stator teeth wg ; and yoke wg,, [S]. A cross section of the stud-
ied machine geometry is depicted in Fig. 1 and the correspond-
ing geometrical sizes are given in Table I. The machine has a
nominal power P, of 180 W, an efficiency 7,, of 82.5% and is
constructed with distributed windings. The rotor is shaped in a
sinusoidal way with buried permanent magnets. Corresponding
machine characteristics at the nominal working point are given
in Table II provided by the manufacturer.

C. Material Model

The CE model published in [16] and [19] describes the lo-
cal permeability u,(H,z) as function of the magnetic field
strength H, the unaffected relative magnetic permeability 1,
and the distance to the cut edge x.

Lo (H7 l') = Hr (H) - A,ucut(H) ' 77(1‘767 CI,). (1)

The continuous model is defined by three model parameters,
whereof Ay, describes the maximum permeability drop at
the CE (x = 0), ¢ the depth of the CE affected material and
a the inclination of the local permeability profile 7(z). Both
parameters a and ¢ are contained in local permeability profile.
For distances of = > § the material is considered to be un-
affected. An unaffected material property is described by the



1980

1.4

[ —

S 12 e

~ 1.0 /477

£08 S

3 0.6 %

204 - e 12T

£ e 10T
0.2 oo 0.8 T
0075 10 15 20 25 30

Distance to cut edge x in mm

Fig. 2. Local magnetic polarization J at different mean flux densities.

relative permeability .. Model parameters are identified from
single sheet measurements of different strip width mentioned in
Section II-A. For parameter identification a specimen strip width
of 120 mm is considered to be unaffected by the CEs.

With a locally depending permeability description in (1) it
is possible to assign a local magnetization behavior p(H, x) to
each element of the FE mesh according to its distance to the
CE z. For simulation the reluctivity v(B?,x) corresponding
to distances = from the CE is stored in matrix form as shown
in (2). The results of the of iron losses are consistently influenced
by the results of the local permeability model, but iron loss
calculation are independent of the local material model and,
therefore, described in Section I1I-B.

v(B?,21) v(B},x,)
: . (2)
v(B},x1) v(B}, x,)

By taking an exemplary strip width, Fig. 2 demonstrates the
local polarization J(H, ) at different levels of mean polariza-
tion. The mean values of the local polarization correspond with
measured values of a single sheet measurement.

III. SIMULATION

The simulation of the PMSM operating map is performed
using a current density matrix of 13 x 13 values. The sampling
points of direct and quadrature current are I; = —6, 0-10° %
t0 0.0 & and I, = 0.0 t0 6.0-10° 2 in steps of 0.5-10° 4.
Every operating point is calculated with a resolution of 90 steps
per electrical period. The distance to CE of every FE element is
stored as additional information on the mesh. During processing
the corresponding reluctivity values of the current FE element is
extracted from the material matrix shown in (2) by interpolating
between the reference points of the matrix entries. Calculations
are done for both an unaffected and a CE affected magnetization
behavior. Results of both types are discussed in the following,
starting with the local flux density and the resulting iron losses.

A. Local Flux Density Distribution

An exemplary working point is selected from the operating
area to demonstrate the effect of material degradations due to
CEs on the local flux density distribution and related local and
total iron losses. The selected operating point is within the area
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Fig. 3. Local flux density distribution and vector potential considering (a) an
unaffected, (b) a CE affected magnetization characteristic, and (c) the absolute
difference of the local flux density solutions in an exemplary working point.
(a) Unaffected flux density solution. (b) CE affected solution considering the
continuous material model. (¢) Absolute difference between unaffected and CE
affected solution Byyafrected (2) — Beg ().

of field weakening. Therefore lower flux density’s are inside the
stator tooth.

In Fig. 3 the local flux density distribution along with the
flux lines are shown for an unaffected and a CE affected solu-
tion. The solution with an unaffected magnetization behavior
in Fig. 3(a) shows that maximum local flux density in stator
tooth and yoke are both low, reaching 1.1 T and 0.65 T, respec-
tively. The flux density is distributed almost equally across the
yoke and tooth diameter. In case of the CE affected magnetiza-
tion behavior in Fig. 3(b), maximum local flux density in stator
tooth and yoke reach 1.3 T and 1.0 T, respectively. Due to the lo-
cally damaged material at the edges and consequently decreased
magnetic permeability, a concentration of the flux into the center
of the tooth and yoke can be observed. To illustrate the effect
Fig. 3(c) depicts the absolute difference of the local flux density
solutions Byyafected () — Beg (x). Along with that a slightly
lower amount of rotor stray flux in the magnetic g-axis between
the pockets of the permanent magnets is observed. On the other
hand, the flux concentration inside yoke and tooth results into
a higher flux density at the back of the stator tooths. During
operation the flux maximum follows an elliptic shape [20]. An
increasing flux density at the tooth back will lead to higher eddy-
current and excess losses in this area. Consequently, the change
of local losses distribution will be discussed in the following.



ELFGEN et al.: INFLUENCES OF MATERIAL DEGRADATION DUE TO LASER CUTTING ON THE OPERATING BEHAVIOR OF PMSM

B. Iron Loss Calculation

Iron loss calculations are performed according to [21] us-
ing (3). Loss separation is done in terms of hysteresis losses
using parameter a; and «, classic eddy-current losses as, and
additional losses a;. In order to cope with rising losses at high
frequencies and high flux densities, the phenomenological con-
tribution of the nonlinear material behavior is added using loss
parameter a3 and ay.

With decreasing material width a considerable increase in
measured static hysteresis losses can be noticed which is in ac-
cordance with [5] and [9]. It is assumed that static hysteresis
losses are most affected by cutting [5], [19]. Loss parameters are
identified according to the different SST specimens listed in Sec-
tion II-A, respectively. Aside from hysteresis loss parameters a;
and « no analytical consistent description between strip width b
and the loss parameters is found. In [17], the applicability of
the strip width depended loss parameter is demonstrated using
ring core specimens. This approach is transferred to the current
machine design, with static hysteresis losses in (3), calculated
dependent on the strip width a; (b) and «(b).

PIEM,S = Physt + Pclassical + Pexcess + Psat- (3)

The loss contributions are calculated as described in (4)—(7).
The flux density B, is the amplitude of the nth harmonic com-
ponent of the magnetic flux density, n the order of harmonic,
f the fundamental frequency, and 71y, Texcess the rotational
loss factors explained in [20]

Bmin (b
Pl = (0) |1+ 32,0 | B @
Pclassical = a3 Z(B’VQL (nf)g) (5)
n=0
P = ar 1_;_@“ s —1) f:(Bl‘5(nf)1‘5)
excess 5 Bmax excess — n
(6)
Py = a2a3B$14aJ)r(2f2' (7

Fig. 4 depicts the identification of a4 (b) and «(b) in depen-
dency on the strip width and the cutting direction relative to the
rolling direction. In order to quantify hysteresis loss parameters
according to the geometrical dimensions of stator yoke wg , and
tooth wg ¢ given in Table I, a linear approximation is assumed.
Thereby, an equivalent strip width is assigned to the stator and
the corresponding loss parameters are determined.

The remaining loss parameters for iron loss calculations are
identified considering all specimen widths from Section II-A, at
different frequencies. Hysteresis and excess loss calculations on
the local flux density solutions are performed considering the
ratio between minimal and maximal local flux density By,i,,
B ax. Furthermore, higher harmonics of the flux density are
taken into account for classic and excess losses by Fourier anal-
ysis [20]. As pointed out in Section III-A, a changing local mag-
netization behavior leads to a changing local loss distribution.
The influence in terms of local hysteresis losses are demon-
strated in Fig. 5 on the stator geometry. A significant increase in
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Fig. 5. Local hysteresis loss density distribution in an exemplary working
point considering (a) an unaffected and (b) a CE affected material behavior on
the stator geometry.

(b)

local hysteresis loss density can be observed at the stator tooth
back. The increase of losses at the stator tooth back also applies
for local classic and excess losses. As a consequence of the flux
concentration in stator tooth and yoke, reduced local losses at
the edges especially on the yoke outer edge occur. On the con-
trary, flux concentration to the center of the geometry increases
the local hysteresis losses significantly.

IV. INFLUENCES ON THE OPERATIONAL BEHAVIOR

In order to evaluate the effects of CEs on the operational be-
havior, the PMSM operating map is discussed further. Fig. 6(a)
depicts the undamaged efficiency map as presented in [22]. The
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Fig. 6.  Efficiency map of (a) the unaffected machine design and (b) of the CE

affected machine design along with the efficiency calculated with an undamaged
flux density solution and CE effected loss parameters.

Calculations include copper, iron, and friction losses. In addi-
tion, Fig. 6(b) demonstrates the difference in efficiency between
an unaffected and a CE affected design. The dashed contour
plotted in Fig. 6(b) depicts the influence of the local flux density
solution on the calculated efficiency. This modified undamaged
solution uses the local flux density of tthe undamaged case along
with the damaged loss parameters. In comparison it can be seen
that the area of maximum efficiency is shrinking toward higher
speed and does not reach the maximum efficiency of the unaf-
fected design. Further, the overall efficiency is decreased mainly
because of higher iron losses and a rising sensitivity of the ef-
ficiency to the local flux density distribution can be seen in the
area of higher efficiency.

The influence on the calculated iron losses in the operating
map is shown in Fig. 7(a) as a contour plot of both variants. To-
tal iron losses increase significantly depending on the operating
point. The CE effect is more pronounced at lower field strength
and decreases toward saturation polarization. In particular, in
the field weakening range with lower flux densities, higher iron
losses due to eddy currents can be observed. Studying the dif-
ferent loss contributions the strongest effect is viewed in terms
of hysteresis losses. Nevertheless the other loss contributions
are found to increase as well. The influence of the changing
flux density solution on the iron losses was also investigated
by using the same loss parameters on the unaffected and CE
affected solution. Increasing iron losses due to a changed local
flux distribution was found to be in the range of 10%. The total
calculated torque of a CE affected machine design is slightly
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Fig. 7. Contour maps of (a) resulting iron losses, and (b) and (c) the resulting
main inductance in magnetic d- and g-axis of the unaffected and CE affected
machine design.

reduced. Moreover slightly higher copper losses arise mainly in
the base speed range, but the influences on torque and copper
losses is below 1%.

The changing magnetization behavior can also be seen in
the characteristic of the main inductances in g-axis Ly, and d-
axis Lqq. Fig. 7 shows the influence on the main inductances
depending on the current in both cases as a contour plot. Con-
sidering Lqq at a constant current combination of 4, and i4, a
reduced inductance value is observed across the current map. In
case of higher values of ¢4, the dependency of the inductance
from 4, rises in the case of the CE affected material whereas
the dependency on i, for varying values of i, stays constant.
Considering L at a constant current combination of ¢, and i,
a reduced inductance value is observed also across the current
map. In case of constant 4, values, a reduced dependency of
the inductance from ¢, can be observed considering CE affected



ELFGEN et al.: INFLUENCES OF MATERIAL DEGRADATION DUE TO LASER CUTTING ON THE OPERATING BEHAVIOR OF PMSM

TABLE III
COMPARISON OF RESULTING MACHINE PARAMETERS AT NOMINAL
‘WORKING POINT

Undamage with- Nominal

CE-effected losses
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Fig. 8. Contour map of resulting operating points of the unaffected and CE
affected machine design with including torque isolines.

material. The smaller inductances are the result of an increasing
magnetic resistance of the soft magnetic parts through CEs.

In order to exemplary compare the influence of the changed
local flux distribution on the losses and magnetization current,
the resulting values of the nominal working point are listed in
Table III. The table presents the results of the undamaged solu-
tion, damaged solution and nominal values as listed in Table II.
Further the combination of the undamaged flux density solution
with damaged loss parameters, as presented in Fig. 6(b), is listed
to demonstrate the impact of the local flux density model. The
increase in iron and copper losses are partly due to the changed
local flux density and the adapted loss parameters.

Using a Maximum torque per ampere control strategy the
resulting mesh of operating points can be calculated. Fig. 8
depicts the effect of laser cutting on the magnetization current
density in both direct and quadrature axis along with isolines of
constant torque. As a consequence of the local material degra-
dation, a rising need of the direct current ¢4 can be seen for a
constant operating point. The influence is more pronounced for
low direct currents and nearly constant for rising torque val-
ues. Consistently, slightly higher iron losses result as listed in
Table II1.

V. CONCLUSION

The influences of CEs due to laser cut on the operating behav-
ior of an exemplary PMSM machine design were studied. The
CE effect is described by a continuous model to consider local
magnetic material degradation. Model parameters are identi-
fied by single sheet measurements using specimens of different
strip width. The resulting iron loss parameters are identified
on single sheet specimens of different strip width and different

1983

frequencies according to the operating range of the machine. A
coherent dependency of the different loss parameters on the strip
width is found only in case of the hysteresis parameter. With
respect to the geometrical dimensions of the machine design
loss parameters are determined.

Further, the influences on the machine are studied on the oper-
ating map and in an exemplary working point. Due to the locally
damaged material at the CEs, a considerable flux concentration
to the center of the soft magnetic material can be observed.
As a consequence of the changing local flux density distribu-
tions and increasing hysteresis loss parameters due to smaller
material widths, a changing local loss distributions inside the
machine can be observed. Iron losses rise significantly across
the operating map lowering the overall machine efficiency and
the maximum efficiency of the unaffected machine can not be
reached.

Influences of CEs on the torque are found to be low. The main
inductances are lowered by an increased magnetic resistance of
the soft magnetic parts. Depending on the degree of magnetic
deterioration CEs considerably affect machine behavior. In par-
ticular, in the case of geometrically smaller machine designs
the importance of considering local magnetization behavior is
demonstrated.
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