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Material parameters for the structural dynamic
simulation of electrical machines

M. van der Giet, K. Kasper, R.W. De Doncker, K. Hameyer

Abstract—Acoustic noise and vibration of electrical machines
becomes increasingly relevant. The determination of equivalent
mechanical material parameters of electrical steel is therefore
necessary to bound the computational costs of the structural
dynamic simulation to practical levels. An analytical model
based on fundamental laws of mixture is compared to three
different experimental approaches to from test objects. The
following approaches are reviewed and compared: Static pressure
test, ultrasonic measurements and the fitting of eigenfrequencies
between measurement and Finite Element analysis. The forced
vibration spectra show good agreement for the FEM fit and the
ultrasonic approach. It verified that the FEM fit gives physically
correct values.

Index Terms—Acoustic noise, mechanical material parameters,
Poisson ratio, ultra sound, vibration, Young’s modulus

I. INTRODUCTION

ACOUSTIC noise and mechanical vibration of electrical
machines attract more and more interest in most appli-

cation fields. A key to solving vibration problems in an early
design stage is the accurate pre-calculation which can e.g. be
done by a structural dynamic simulation.
Electrical machine stators, however, consist of heteroge-

neous mechanical materials: The stator sheet stack is made
of laminated electrical steel, the winding of copper and resin
for insulation purposes and mechanical strength of the end-
winding region. For the structural modeling of electrical
machines, it is essential to find equivalent mechanical material
parameters which describe the structural dynamic characteris-
tic of the homogenized material as close to the true behavior
as possible for two reasons: Modeling and discretizing the
mechanical structure with every possible detail, e.g. including
every steel sheet and winding turn, would lead to impractically
large numerical models.
The accuracy of the magneto-mechanically coupled numer-

ical simulation relies on good estimates for the mechanical
properties of the composite materials involved. The simplest
approach is to use the values of the isotropic material proper-
ties of the corresponding material, i.e. steel for the laminated
sheet stack. Another approach is to adjust the material prop-
erties such that the results of the numerical simulations fit the
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measurements. Both approaches have significant drawbacks:
The first approach results in a poor accuracy of the numerical
results. Although the second approach may work well for a
specific application, the results may not be easily transferable
to other machines since the optimization involved may hide
all inaccuracies of the numerical model in the material param-
eters.
Four alternatives to using isotropic properties are found in

the literature: Analytical modeling by means of basic mixture
laws [1], static stress/strain-test [2], ultra sonic measurements
[3] and fitting the numerical model [2]. All four approaches are
applied and compared in terms of accuracy with respect to the
forced vibration spectrum and in terms of physical meaning,
especially in the case of parameter fitting. Since small and
medium sized machines are often manufactured using bonding
varnish technology for the electrical steel, the procedures need
to be applicable to this kind of material as well. In order to
reduce the influence of structure on the material properties,
differently laminated cuboids are used as test specimen.

II. DEVICES UNDER TEST

Three cuboids with nearly identical dimensions (70 mm
times 30 mm times 380 mm) but with varying lamination were
produced as test specimen, see Figure 1.

Figure 1: Schematic drawing of cuboids for equivalent material

property determination.

Cuboid 1 is made of solid steel S235JRG2+C (formerly
ST37K, specified in EN 10277/10278) and is used as a
reference. The other two consist of 0.35 mm thick M250-
35A sheet metal with bonding varnish on both sides. The
lamination were cut with a plate shear and assembled to a stack
in a clamping device. Print bars were used for adjustments.
The clamped stacks were baked under pressure at 210 ◦C
for four hours. After 24 hours of cooling a surface grinding
machine was used to create a smooth surface. While cuboid
2 is laminated normally to the y-direction (coordinate system
according to Figure 1), cuboid 3 is laminated normally to the
z-direction.

III. ANALYTICAL MODELING

Equivalent mechanical material properties of laminated
sheets can be modeled analytically. Therefore, the fundamental
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rules of mixture which are presented in [1] for fiber reinforced
material can be exploited. The composite material is consid-
ered to consist of two materials, one matrix material (index
m) — in case of electrical steel this is the resin — and a
fiber material (index f ) which is the steel in this case. The
volume ratio φ of fiber to matrix is the so called iron fill
factor. This approach represents an approximation with the
following assumptions: Small elastic strains, isotropy of the
fiber material and of the matrix material, loads are only applied
within the layer of consideration, ideal adhesion between fiber
and matrix, uniform distribution of fibers in the matrix material
and parallelism of the fibers to each other.
The quantities for which effective material parameters can

be easily deduced are: mass density

ρ = ρfφ + ρm(1− φ) , (1)

YOUNG’S modulus in direction of the fiber

Ep = Efφ + Em(1− φ) , (2)

YOUNG’S modulus perpendicular to the fiber

Ez =
(

φ

Ef
+

1− φ

Em

)−1

, (3)

POISSON ratio at a stress in the direction of the fiber

νp = νfφ + νm(1− φ) , (4)

POISSON ratio at a stress perpendicular to the fiber

νzp = νp
Ez

Ep
, (5)

and the effective shear modulus

Gzp =
GmGf

Gmφ + Gf(1− φ)
. (6)

For the M250 - 35A which is experimentally analyzed, the
bulk material data is known from the manufacturer CD
WÄLZHOLZ: Ef=207.5 GPa and νf=0.21. The values for the
resin material could not be retrieved. Therefore, they are
estimated as an average of plastic material: Em=4 GPa and
νm=0.35. The iron fill factor is estimated to be 95 %. Using
equations (2) to (6), the resulting equivalent material param-
eters are obtained: Ep=197.3 GPa, Ez=58.6 GPa νp=0.22
νzp=0.64 and Gzp=22.3 GPa.

IV. EXPERIMENTAL DETERMINATION

A. Static tests

One way to measure elastic material properties is to apply a
force and measure the resulting deformation in a static test. In
[2], RAMESOHL already did static tests of claw-pole alternator
stators where he found non-linear and hysteretic material
behavior. The YOUNG’S modulus which was calculated was
much smaller than that of solid steel.
For the paper presented here, a hydraulic press is used

to apply a force to the cuboids and the change in length is
measured for different loads, see Figure 2a, and a stress-strain
diagram is derived. By means of a regression line, the average
YOUNG’S modulus in z-direction can be determined.
To avoid bending of cuboid 2 in the press, the investigations

are performed for cuboid 1 and 3 only. Figure 2b shows the

(a) Test setup for static measure-
ment.
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(b) Stress-strain diagram for cuboid 3 in z-direction.

Figure 2: Static tests.

derived stress-strain diagram for cuboid 3. For lower stress
values, the strain shows strong fluctuations — most likely
caused by inaccuracies of the applied pressure of the hydraulic
cylinder. The line of best fit for the low-stress region leads to
a rather low YOUNG’S modulus of 7 GPa. For higher stresses
the measured values are more consistent and are all close to the
line of best fit which yields a YOUNG’S modulus of 21.58 GPa.
Cuboid 3 gets stiffer in z-direction with increasing load which
is the same behavior obtained by RAMESOHL [2].

Since the pressures occurring due to vibration phenomena
are much smaller (<0.001 GPa) than the test pressures (up
to 0.01 GPa) applied here, the low strain best-fit would be
applicable for the structural dynamic simulation of electrical
machines. RAMESOHL find YOUNG’S modulus values much
lower than solid steel without giving exact values. This relation
between laminated steel sheet and solid steel is also found in
this work. RAMESOHL further states that his static measure-
ments lead to values close to dynamic measurement procedure.
This however cannot be confirmed by the measurements in this
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work as a comparison with ultrasonic and modal analyzes will
show.

B. Ultrasonic measurements
TANG et al. [4], [3] only use isotropic modeling but present

a measurement procedure for the (in-plane) YOUNG’S mod-
ulus of a laminated switched reluctance machine stator using
ultrasonic transducers. This method is also used in [5] and is
now applied to measure the YOUNG’S moduli of the cuboids
in this paper, parallel and perpendicular to the lamination.
Furthermore, the method is extended to take into account
transverse isotropy.
Ultrasonic measurements are widely used in mechanical and

material engineering for the detection of invisible faults (e.g.
internal cracks) and also for elastic material property identifi-
cation. The basic idea is to attach an ultrasonic transmitter to
the test specimen and to create a short pulse of longitudinal
waves (usually containing frequencies between 1 and 20 MHz)
that travels through the material and is then detected by an
ultrasonic receiver. From the measured time span between
excitation and detection and the distance, the speed of sound c
in the material can be calculated which depends on the material
properties.
For a long homogeneous rod with a length much larger than

the wavelength and a width much shorter than the wavelength,
the speed of sound of longitudinal waves can be expressed as

cL =

√
E

ρ

1− ν

(1 + ν)(1− 2ν)
≈

√
E

ρ
(7)

with the YOUNG’S modulus E and the mass density ρ. If
the width is larger than the wavelength, the POISSON ratio ν
becomes significant and transverse waves occur, the speed of
sound thereof can be calculated according to [6]

cT =

√
G

ρ
. (8)

For the transverse isotropic case , the speed of quasi-
longitudinal waves can be derived for the xy-plane and the
z-direction separately [7] as

cLxy =

√
1

ρm

Ex(Exν2
xz − Ez)

(1 + νxy)(Ezνxy − Ez + 2ν2
xzEx)

, (9)

cLz =

√
1

ρm

(νxy − 1)E2
z

Ez(νxy − 1) + 2ν2
xzEx

.

It should be noted that in anisotropic media in general, phase
and group velocity are not identical. While all equations in this
paper deal with the first, the latter velocities are measured with
the ultrasonic method. However, along symmetry axes, both
velocities are identical [7], so that this approach is valid.
Although the laminated test specimen are not homogeneous

and the thickness of a single lamination layer is within the
magnitude of the ultrasonic wavelength, TANG [4], [3] claims
that equation (7) can be used as an approximation. Then the
YOUNG’S modulus could be determined from the ultrasonic
measurements as

E =
(1 + ν)(1− 2ν)

1− ν
ρc2. (10)

For the measurements a KRAUTKRÄMER USM 3S was
used for pulse generation and detection. The transmitter was
a KARL DEUTSCH S12H4, and the receiver an STS10WB10.
The output bandpass filters of the pulse generator were set to
3 to 15 MHz. All cuboids were measured in x−, y− and
z-direction, leading to 12 measurement configurations. All
configurations were measured several times at different loca-
tions on the test specimen and the results were averaged, they
are listed in Table I Figure 3 exemplarily shows an inverted
screenshot of the pulse generator during the measurement of
cuboid 1 in y-direction. The excitation impulse is on the very
left side, the second much smaller peak is the received pulse
on the other side of the cuboid. The third peak is the twice
reflected impulse that went through the test specimen three
times.

Table I: YOUNG’S moduli determined by ultrasonic measure-

ments

No. Direction c (m/s) E (GPa)

1 x 5772 192

1 y 5587 180

1 z 5843 196

2 x 5646 176

2 y 4345 104
2 z 5328 157

3 x 5348 159

3 y 5529 169

3 z - -

Figure 3: Screenshot of pulse generator.

The YOUNG’S moduli measured for the solid steel cuboid
1 are slightly lower than the data sheet value for steel which
is 207 GPa. The value in the y-direction is lower than
for the other directions which shows that the measurement
accuracy is lower for short distances. The absolute reading
error remains the same but the relative error increases. For the
laminated cuboids, the YOUNG’S moduli in the lamination
plane determined by the same approach as proposed in [4],
[3] are significantly lower than those for solid steel and take
values between 157 GPa and 176 GPa. In the rolling direction,
the YOUNG’S modulus is around 160 GPa while it is approx.
170 GPa in perpendicular direction. So the rolling causes
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a slight structural anisotropy. Since the orientation of the
layers in electrical machines is usually varied to average out
the effect of the magnetic anisotropy due to the rolling, the
structural anisotropy can be ignored as well and an average
value of approximately 165 GPa can be assumed for the in-
plane YOUNG’S modulus Ep. This is a bit higher than the
152 GPa found by TANG [4], [3].

The most interesting result is the YOUNG’S modulus normal
to the lamination layers, that could be measured for cuboid 2
only (here in y-direction), because for cuboid 3 the damping
was so high that the entire energy of the pulse was absorbed
and no signal could be received. TANG [4], [3] did not measure
it at all, most likely because the actual machine stator design
did not offer sufficient space on the front sheet to place the
sensor, or because the active machine length of approx. 50 mm
was already too long to permit ultrasonic measurements across
all sheets. The value determined in this work was 104 GPa
(printed in bold in the table in Figure 3), which is significantly
lower than Ep but far higher than the YOUNG’S moduli in
the axial direction found in [8], [9], [10], [11] for non-bonded
stators.

The sensitivity of the results to variations of the POISSON
ratio was investigated by varying it within a reasonable range.
A 10 % increase of the POISSON ration leads to a 9 % decrease
of the YOUNG’S modulus while a 10 % decrease causes a 7 %
higher YOUNG’S modulus. Since this effect is rather small,
the results of the measurements are not affected in principle.
Thus, the results of the ultrasonic measurements according to
[4], [3] can be summarized as follows: The in-plane YOUNG’S
modulus of the bonded lamination Ep was determined as circa
165 GPa which is significantly lower than the value for solid
steel, in most publications assumed as 207 GPa. Normal to
the lamination the stiffness is lower, 104 GPa were measured
for Ez.

However, especially the rather low YOUNG’S modulus
parallel to the lamination is not expected. There is no reason
why the steel’s stiffness should decrease due to the lamination
process considering the typically very high volume ratio φ
of steel in the compound. To analyze this further, the wave
propagation in transverse isotropic materials is investigated.
Equation (9) gives the speed of sound in transverse isotropic
media. It can be applied to the ultrasonic measurements.
Unfortunately, there are too many unknown variables; hence,
the equivalent material properties cannot be determined from
the ultrasonic measurements using these equations. For this
purpose, additional measurements of shear waves would be
required for which no ultrasonic transducers were available.
However, equation (9) can be applied once an entire set of
material parameters is available to check whether the speed of
sound is correctly modeled.

Furthermore, it becomes apparent that the YOUNG’S moduli
calculated according to equation (7) have to be treated with
caution for transverse isotropic media, especially when the
values for Ez and Ep and νp and νzp differ significantly.
Probably, the conclusion from the low speed of sound in the
radial direction to a low YOUNG’S modulus in the radial
direction by TANG [4], [3] is wrong. A similar reduction
of the speed of sound compared to isotropic material can
also be predicted by equation (9) assuming that Ep has a
standard steel value, which seems to be more plausible, since
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Figure 4: Schematics of the modal analyzes procedure.

the material parameters of the metal should not change due to
the lamination procedure.

C. Modal analysis and parameter fitting

a) Measurement of frequency-response-functions: A
standard approach to the determination of equivalent mechani-
cal material properties is the modal analysis of the system with
a subsequent parameter fitting [12]. Force and acceleration
measurement are performed to determine the resonance fre-
quencies and eigenshapes of the single-side clamped cuboids.
The values of the resonance frequencies are used as input
parameters to an optimization procedure, in which a numerical
modal analysis of the cuboid is computed. The equivalent
mechanical material properties then are the result of this
inverse problem.

The measurement set-up consists of a bench vice to clamp
the cuboids. The clamping torque is adjusted using a torque
wrench and kept constant at 80 Nm for all measurements.
Two ways of clamping are used to measure vibration in x−
and in y-direction. The cuboid is excited with a vibration
exciter (BK 4809) at the far end from the clamping and the
acceleration is measured on the opposite side of the cuboid
using an accelerometer (BK 4375). The force excitation is
measured using a force gage (BK 8200). Both signals are first
conditioned using two line drivers (BK 2644) and then fed to a
two-channel spectrum analyzer (BK 2032) which is interfaced
to and controlled by a MATLAB via the built-in IEEE 488
interface. The excitation signal is generated by the spectrum
analyzer and fed through a power amplifier (BK 2718) to the
exciter. Figure 4 shows the schematics of the modal analysis
procedure.

White noise is used up to 12.8 kHz as force excitation
signal. Figure 4 shows the schematics of the measurement
procedure. The excitation position is kept constant at the
cuboid center line at 25 mm from the end. In addition
to measuring with the accelerometer placed straight on the
opposite site of the exciter, a diagonal configuration is used to
determine torsional vibration shapes. The measurement point
of the accelerometer is moved along the cuboid by increments
of 25 mm. The length of the clamping is lc =63 mm.
The frequency-response-function (FRF) is measured for one

excitation point k = 0 and different response locations l. The
point-FRF, i.e. excitation and response are measured at the
same location k = l = 0, is approximated here by placing
both sensors on opposite sides of the cuboid, assuming that
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Table II: SUMMARY OF EXTRACTED MODAL PARAMETERS.

No. Mode cuboid 1 cuboid 2 cuboid 3

i fi ηi fi ηi fi ηi

(Hz) (%) (Hz) (%) (Hz) (%)

1 0. y 183 2.3 168 2.5 135 1.9

2 0. x 331 9.7 330 8.4 237 3.9

3 1. y 1187 4.0 1054 5.4 895 4.8

4 0. torsion 1529 1.0 1262 2.2 964 1.2

5 1. x 2264 3.7 2202 3.8 1726 2.5

6 2. y 3066 2.6 2715 2.6 2245 3.0

7 3. y 6371 7.9 6390 2.0 5746 4.1

the cuboid is rigid in this plane. Figure 5 shows the point-
FRF for all three cuboids for the x−mode and for the y-mode
measurements.
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Figure 5: Measured frequency response function of the three

cuboids.

Following a standard single degree-of-freedom (SDOF) pro-
cedure using a circular fit of the FRF, the modal parameters
of the cuboids are calculated to regenerate the FRF by the
analytical model given by

H̃kl(ω) =
1

−ωM
+

N∑
i=1

Akli

ω2
i − ω2 + jηiω2

i

+
1
K

(11)

where K and M are constants to represent the modes that
are outside the measured frequency band, ωi is the resonance
frequency of the i-th eigenmode, Akli is the modal amplitude
of mode i from location k to location l, and ηi is the damping
coefficient of mode i.
Table II summarizes the results from the modal analyses. As

the result from the modal analyses it can be stated that there
are significant differences between solid steel and laminated
steel. All measured damping ratios are below 10 %; hence
the assumption to treat electrical steel as low damped material
is confirmed. From Figure 6a it can be concluded that the
input impedance of the bench vice is not varying strongly
with frequency. Thus, a constant stiffness may be applied to
the Finite Element (FE) model to clamp the cuboid.
From Figure 5a, it can be seen that the x−eigenmodes of

cuboid 2 are very close to that of solid steel. Thus, it is con-
firmed that the in-plane properties of the compound material
are dominated by the steel contribution. The difference of the

FRF and of the mode shape’s amplitude of cuboid 3 compared
to cuboid one and two reveals significantly different material
properties of the compound perpendicular to the lamination.
The next step is to use the obtained data as input to a numerical
optimization of the material parameters.

b) Finite-Element simulation: To find equivalent me-
chanical material parameters, a FEM based numerical modal
analysis is performed. The software package ANSYS is used
to solve the generalized eigenvalue problem. Figure 6b shows
the FEM model together with the mass normalized eigenvector
corresponding to the torsional vibration at the resonance
frequency of f = 916 Hz. The model contains a total of
6472 first order octahedral elements with a total of 8198 nodes.
Comparing the experimentally determined resonance fre-

quencies with the numerically simulated ones showed that
the clamping using the bench vice cannot be modeled us-
ing a DIRICHLET boundary condition of zero displacement
along the clamping length lc. Therefore, the input impedance
H̃11(ω) of the bench vice and the ground system is measured
as a unidirectional FRF. The inverse of the FRF can be
interpreted as a stiffness k which is shown in Figure 6a.
Though the stiffness is not completely constant with respect
to frequency, a mean value of k = 108 N/m is used for the
relevant frequency band. Using a constant k, spring elements
of that value can be included in the FE analysis and a time
consuming harmonic analysis is not necessary.
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(a) Measured stiffness of bench vice. (b) Mass-normalized eigenvector at
916 Hz.

Figure 6: Finite-Element modeling.

c) Parameter-fitting: To achieve equivalent material
properties that lead to the same vibrational behavior as the
physical materials, an optimization problem is defined. The
equivalent material properties (Ep, Ez, νp, νpz, Gzp) are input
quantities to the FEM problem and the resonance frequencies
and mode shapes are result of the numerical modal analysis.
The relative error εri between the numerically determined
resonance frequency ωi and the measured resonance frequency
ωref,i of the i-th eigenmode is given by

εri =
ωi − ωref,i

ωref,i
. (12)

The objective function which is to be minimized is defined
by the maximum of the squared relative error and the sum of
squared relative errors for all considered eigenmodes

f(x) = f
(
(Ep, Ez, νp, νpz, Gzp)T

)
=

(
max

i=1...7
ε2ri,

7∑
i=1

ε2ri

)T

.

(13)
Then, the optimization problem is to find the optimum o

f(o) = min{f(x)|x ∈ Ω} . (14)
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To ensure that the resonance frequency computed by the
FEM corresponds to the same mode shape as the measured
resonance when evaluating (12), the FEM eigenvector is
sampled along the z-axis and the number of zero-crossings
of the deformation shape is determined and compared to the
measurement. The optimization can be performed for one
cuboid at a time or for multiple cuboids at once. If the latter
approach is chosen, a combined objective function is used.

In principle, any global optimization algorithm can be
applied to find a parameter fit. In this paper, the differential
evolution (DE) approach is chosen because it is fairly fast and
reasonably robust. DE is a stochastic parallel direct search
evolution strategy optimization method.

A total of twelve different optimization runs were per-
formed which are summarized in Table III including the
results (Ep,νp,Ez,νpz, and Gzp). The optimizations differ
in the considered cuboid and the assumptions made and
boundary constraints defined. The parameters used by the
DE algorithm are given as follows: DE strategy: DE/rand/1
with per-generation-dither, number of iterations (generations)
gmax = 60, DE steps size F = 0.35, crossover probability
constant Cr = 0.9, population size Np = 50, and number of
parameters ND.

Line numbers 1, 5 and 7 are performed using the solid
steel cuboid and are considered a plausibility check of the
optimization. Simulations 1 to 3 used the laminate theory
and preset values for the iron material properties (Ef and νf).
For simulation 1, it is Ef = 210 GPa and νf = 0.23 . A
comparatively low value of the fill factor φ = 5% is used to
allow the optimization to be tested in finding the correct values
for the majority of the material portion. It can be seen that the
isotropic properties of the steel are found (Ef = 210GPa and
νf = 0.23 , with a maximum frequency error of less then 4 %.
For lines number 5 and 6, the material parameter entries Ep

and νp are given directly. Line number 7 gives the results for
cuboid 1, with all parameter to be subject to optimization. It
can be seen that for the solid cuboid the in-plane properties
(Ep, and νp) can be traced back with reasonable accuracy,
while for the transverse properties (Ez, νpz, Gzp), no physical
correct solution can be obtained. This means that the inverse
problem cannot be solved completely for isotropic materials
or for material with a low degree of anisotropy.

In Lines 2 to 4, it is tried to find an estimate for the
resin and it shows that a YOUNG’S modulus of approx.
Em = 10 GPa and a POISSON ratio of approx. νm = 0.6 can
be considered for the resin. Comparing this to data known
for plastic material, this seems realistic. In line 6, the bulk
material of the steel sheet is used as an estimate for the in-
plane properties. The resulting transverse YOUNG’S modulus
fits well in the results from the other optimizations.

Lines 8 to 12 show the optimization results where all five
parameters are left as subject to optimization. Lines 10 and 11
are re-runs of 8 and 9 with slightly different initial parameters
and closer boundary constraints: Line 8 and 9: E ∈ (50 −
150 GPa) and Line 10 to 12: E ∈ (150−230 GPa). Because
of the very low value of lines 9’s in-plane YOUNG’S modulus,
this run needs to be disregarded. Differences between cuboid 2
and 3 can be attributed to the slightly different manufacturing
due to the different aspect ratio of the individual sheets.

It clearly shows that the optimization yields quite different

sets of parameters that achieve similarly low errors. Some are
obviously not realistic. So it is not trivial to determine the
material parameters by this approach. Especially the POISSON
ratios vary significantly; hence, the uncertainty concerning
these values is the highest. However, the last line in Table III
can be regarded as a conclusion, taking into account the
optimization results and engineering knowledge.

V. COMPARISON

After equivalent material parameters have been extracted
by four different methods, i.e. analytical mixture rules, static
tests, ultra sonic measurements and FEM eigenvalue-fitting,
the methods are compared in terms of forced vibration which
is the application of such parameters in the acoustic analysis
of electrical machines. Therefore, the FRF is computed by
means of the FEM with different values of YOUNG’S moduli
in the plane of the sheet and perpendicular to that, POISSON
ratio and shear moduli are held constant as their influence has
shown to be minor. Damping is assumed to be an average
value of 7.5% for all eigenmodes. Figure 7 show the FRF for
cuboid 2 and 3 in x-mode, comparing the measurement with
the FEM using different material parameters.

10−9

10−8

10−7

10−6

10−5

A
m

pl
it

ud
e
|H
|(

m
/N

)
→

102 2 5 103 2 5
Frequency f (Hz) →

Measurement
Analytic

(a) Cuboid 2, analytical, static tests
and measurement.

10−9

10−8

10−7

10−6

10−5

A
m

pl
it

ud
e
|H
|(

m
/N

)
→

102 2 5 103 2 5
Frequency f (Hz) →

Measurement
Analytic
Static tests

(b) Cuboid 3, analytical, static tests
and measurement.
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(c) Cuboid 2, FEM fit, ultra sonic and
measurement.
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(d) Cuboid 3, FEM fit, ultra sonic and
measurement.

Figure 7: Comparison of FRF, FEM and measurement in x-
mode.

As can be seen from Figures 7a and 7c, the agreement
between measured FRF and simulated FRF is good in all
cases. This is not surprising because the x-mode of that cuboid
excites the sheets in the direction of the lamination, i.e. the
vibrational behavior is not much different from that of a solid
cuboid. As stated earlier a static compression test was only
possible for cuboid 1 and 3. Comparing Figures 7b and 7d, it
can be seen that the x-mode excitation which bends the cuboid
across its lamination gives significantly different results for
different material parameters. While the analytical determined
material parameters set gives results that at least match the first
resonance, the simulation data from the static test parameters
is completely off. The simulation using parameters form

����
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Table III: OPTIMIZATION RUNS AND RESULTS.

No. Cub. given Em νm Ep νp Ez νpz Gzp max εi

(GPa) (GPa) (GPa) (%)

1 1 Ef , νf , φ 210.4 0.23 210.3 0.23 210.3 0.23 85.5 3.9

2 2 Ef , νf , φ 4.0 0.30 197.3 0.21 58.7 0.06 23.0 7.3

3 3 Ef , νf , φ 10.9 0.70 197.7 0.23 109.1 0.13 37.5 5.8

4 2,3 Ef , νf , φ 9.5 0.59 198.0 0.23 102.0 0.12 35.9 8.7

5 1 Ep, νp - - 210.0 0.23 300.0 0.10 91.4 3.9

6 2,3 Ep, νp - - 208.0 0.21 114.0 0.10 30.5 10.8

7 1 - - - 214.8 0.25 8.3 0.32 40.4 4.7

8 2 - - - 182.1 0.12 94.2 0.37 26.2 4.5

9 3 - - - 11.9 0.29 117.0 0.10 33.8 5.9

10 2 - - - 176.5 0.17 50.0 0.39 31.6 3.8

11 3 - - - 186.6 0.16 110.6 0.19 34.5 5.7

12 2,3 - - - 181.9 0.27 112.3 0.05 34.4 5.5

180 0.2 110 0.15 32

ultrasonic measurement and FEM fit are almost equal and
show good agreement with the measured FRF also for this
case. This gives rise to two conclusions: On the one hand, it
is shown that ultrasonic and FEM fit can both be recommended
for practical application, what ever is more convenient. It is
expected that ultrasonic are more appropriate for sheet samples
whereas FEM fit would be more commonly used for ready
built stator structures. On the other hand, it shows that the
procedure of fitting the eigenfrequencies of laminated steel
structure between FEM simulation and measurement can give
physically correct results as they are validated by means of
the ultrasonic measurement here.

VI. SUMMARY AND CONCLUSIONS

This paper studies the determination of equivalent mechani-
cal material parameters of electrical steel which is necessary to
bound the computational costs of the numerical simulation to
practical levels. An analytical model based on fundamental
laws of mixture is presented. Subsequently, three different
experimental approaches to determine equivalent mechanical
material properties for laminated electrical steel sheets from
test objects are reviewed and compared.
First, static tests are shown that allow for a direct de-

termination of the stiffness from the measurement of force
and deformation. Due to non-linear behavior of the bonding
varnish, this approach is not successful. Second, ultrasonic
probes are used to determine the speed of sound in different
directions of the test specimen, and equations to link the trans-
verse isotropic material properties to these speeds are derived.
However, the problem remains under-determined (2 measured
speeds, 5 parameters). Finally, experimental modal analyzes
are used to determine the eigenmodes and eigenfrequencies
of the test objects. Then, the equivalent material properties for
a structural finite element model are automatically optimized
until the computed eigenfrequencies fit the measured ones. A
comparison of forced vibration spectra shows good agreement
for the FEM fit and the ultrasonic approach. It verified that
the FEM fit gives indeed physically correct values.
As a future study, it is interesting to include the damping

properties of the material in the analysis. Therefore, a consid-
eration of the amplitudes of vibration and/or the bandwidth

of the eigenmodes can be employed in the optimization.
Additionally, the application of both approaches, ultrasonic
and FEM fit, to different steel grades and resin materials may
be of interest as well as the influence of additional processing
such as welding or stamping.
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