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Abstract

Structural simulations of electric motors require precise material models. Laminate stacks that are made of several identical steel
sheets are particularly challenging to simulate using FEA. The structural stiffness of laminate stacks usually follows transversal isotropic
behavior. Measuring a complete laminate stack used in passenger cars is challenging due to its size and the high testing load needed
to reach real loads experienced while in operation. A new method capable of performing such measurements is presented in this
article, with the help of equipment normally used for testing structures used in civil engineering. Two sets of exemplary results are
presented utilizing this measurement procedure, that were performed on a real automotive rotor laminate stack: axial compression
stiffness from a cyclic test, and shear stiffness at various axial preload levels. In the axial compression load case, the loading and

unloading curves form a hysteresis, that changes in every test cycle. Shear stiffness shows high dependance on the axial compression

preload. After loading and unloading the stack with shear loads, significant plastic deformations remain.
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1 Introduction
Electromobility is gaining popularity nowadays, with var-
ious companies offering better Battery Electric Vehicles
(BEVs) every year. Building and testing prototypes
can be a rather time consuming and costly procedure.
Prototypes usually have high manufacturing costs, and
testing requires costly equipment and know-how. In order
to achieve optimal designs, while minimizing costs vir-
tual testing can be utilized. Simulation is a key procedure
nowadays in the development process of such motors.
The fidelity of simulation models has a strong correla-
tion with the quality of inputs and assumptions used to
build it. Measurements are required to validate a model, or
to derive material or contact stiffness properties.
Laminate stacks are important parts of electric motors,
used in the rotors and the stators. The stiffness of lami-
nate stacks of electric machines can be assumed to behave
in a transversal isotropic way for simulation purposes [1].

When subjected to pure radial loads in the planar direc-
tion of the sheets (Fig. 1 load case 1, the structure will
behave as a solid steel block, as the sheets deform syn-
chronously together.

This is the case for pure rotational load cases, when
no axial prestress or load exists. An example for this load
case is rotating the steel stack around the axis, which
induces centrifugal loads on the part. For this load condi-
tion, the behavior of the stack can be described as linear
elastic, while for higher loads elastoplastic in the plane of
the sheets. The stress field can be calculated analytically,
using the formula for rotating discs [2].

For pure axial compression loads (Fig. 1 load case 2),
the initial stiffness of the laminate stack is low. In this
case, it can be deformed by applying a manual load on it.
The sheets are not always bonded together, for some spec-
imens they can be separated from each other (Fig. 2).
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Fig. 1 Main load cases for the transversal isotropic loading of a steel
stack: load case 1 — pure radial, load case 2 — pure axial compression,
load case 3 — shear

Fig. 2 Side view of a laminate stack with a gap, as the sheets

are separated

As pure axial compression load is applied on the upper
surface of the stack, it will gain stiffness following a pro-
gressive characteristic, converging to the stiffness of
a solid steel block (Fig. 3). This stiffening is due to the fol-
lowing properties of the laminate stack:

» Imperfect planar shape — waviness — of the sheets.
As the normal load increases, the area of contact
between the sheets will steadily increase. The planar
imperfections of the sheets will get flattened, which
leads to a more homogeneous macroscopic structure.
According to Luchscheider et al. [3] this phenome-
non has a small influence on the overall stiffness of
the stack.

» Sharp/deformed edges on the cut surfaces of the
sheets [4]. The method used to manufacture the sheets
can have influence on the smoothness of the cutting
edges, and ultimately, on its stiffness. Sheets obtained
using laser cutting have smoother edges compared to
the ones made by stamping. Smoother edges can result
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Fig. 3 The progressive nonlinear stiffness curve of a laminate stack
for pure axial compression loading

in a stiffer initial loading characteristic, by improving
the contact between the sheets. The authors have not
found any studies proving this theory.

* Resin coating of the plates [5]. The reason lami-
nate stacks are made of separate sheets is to reduce
eddy currents in the rotor and the stator of elec-
tric machines [6]. In order to improve the isolation
between the sheets, resin coating is widely used.
The structural behavior of resin can be approxi-
mated as linear elastic for small displacements —
Young moduli are readily available [7—11]. In order
to model it more precisely, viscous material models
are required in the FEA model, which can simulate
creep and relaxation [5].

» Surface roughness. The smoother the surface,
the higher the initial stiffness, as the whole struc-
ture is approximating the stiffness of a steel block
by having a greater overall contact area, and more
homogeneity [3].

For shear radial loads (Fig. 1 load case 3), the behavior
is different as the individual sheets are able to slide one on
another. The influencing factors are generally the same, as
for the pure axial compression load case: surface geomet-
ric properties, resin coating, surface roughness, and most
importantly, the magnitude of the pure axial compression
prestress. Increasing this prestress will cause the stiffness
of the structure to increase.

Another important factor influencing this stiffness is
the procedure, how the stacks are joined during assem-
bly. There are several joining methods used in the indus-
try at this style of the manufacturing process. The sheets
can either be glued together or welded together on the side
or joined mechanically. An extensive review about joining
techniques was made by Xia et al. [12]. An example for
mechanical joining is shown in Fig. 4.
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Fig. 4 Laminate stack joined using stamping

The behavior of laminate stacks in this direction is
assumed to be linear in acoustic studies [7-11]. For struc-
tural strength FEA applications, a nonlinear description is
required, that can be achieved either using a special aniso-
tropic material model, or as a contact law in static mea-
surements [3, 5]. Very little data was found by the authors
regarding this behavior.

Tests are usually performed on smaller specimens
that are obtained from real motor components [3, 11, 13].
However, cutting out smaller specimens from larger
parts can influence their mechanical behavior signifi-
cantly. Surface waviness changes, cut edges are modified,
mechanical joint locations are modified or excluded.

Real automotive electric drive rotors are large in size.
The order of magnitude of the loads required for testing the
stiffness of such a part can reach several hundred kilonewtons
and require powerful testing equipment — similar to those
used in civil engineering. The question arises: how do real
laminate stacks from real rotors behave, without any modifi-
cations in the geometry or in the production processes?

2 State of the art measurement methods

The available methods found by the authors to measure the
stiffness of laminate stacks are based on two principles:
derivation of elastic material properties from dynamic

measurements, and direct static force-displacement

characterization. The methods shown in this article do
not include methods based on deriving global material
properties from the properties of the composing materials
(for example, homogenization [1]).

2.1 Derivation of elastic material properties (E, G, y)
from dynamic analyses

This procedure is based on a modal analysis performed on
the specimen with the objective of determining its eigen-
frequencies and eigenmodes. This methodology is capable
of supplying material properties for all of the load cases
shown on Fig. 1, but with strong limitations: the stiffnesses
obtained will be linear and results valid for a single pre-
stress state only.

An example for this method is an FEM model, used to
reproduce the modal dynamic response of the specimen.
The procedure starts by measuring the dynamic response
of a test specimen using dynamic measurement methods,
such as laser vibrometer [14, 15], a shaker [13], or free
excitation using a hammer. In the latter case, for exam-
ple, the specimen can be hung on springs with low spring
coefficients. The results obtained from this experiment are
the first n eigenfrequencies and eigenmodes. In the next
step, the experiment is recreated virtually using FEA.
The specimen can be modeled using solid elements, and
a linear transversal isotropic material model, with approx-
imated starting material stiffness coefficients (El.j, G,.j, Vo
where i and j correspond the directions of the local mate-
rial coordinate system). Using an FEM modal dynamic
analysis, the first virtual testing yields a starter output of
eigenmodes and eigenfrequencies. An optimization soft-
ware can be used to determine the best material input to
reproduce the results from the physical experiment. As the
material behavior is drastically simplified when using
linear material properties, and the solid element substi-
tute of the sheets adds artificial geometrical stiffness to
the model, the accuracy of the results decreases. Such a
method is described by Millithaler et al. [7]. A different
approach using contacts is described in [8] and [9].

2.2 Direct measurement using bolts for pretension
This method uses threaded bolts, displacement and pressure
sensors to measure a force-displacement curve (Fig. 5).

It is capable of measuring the pure axial compression
characteristic of the stack (Fig. 1 load case 2), in its full
nonlinearity (Fig. 3). The specimen is positioned between
two rigid steel plates, which are connected through
threaded bolts. Displacement sensors are arranged around
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Fig. 5 Static measuring of the normal stiffness using bolts
to apply pretension

the specimen, in order to record the distance between the
steel plate, and to ensure that the steel plates stay parallel
during the test. The nuts are gradually tightened on the
bolts in small increments, carefully one after another, thus
achieving a high axial compression load on the specimen.
The actual magnitude of the load is recorded using force
sensors under the nuts.

This method allows a precise measurement of the normal
stiffness, and the setup can be relatively inexpensive to build.
It even enables to perform modal dynamic measurements
in different prestressed states. As for the disadvantages, it is
time consuming, and requires a high amount of manual work.
These properties render it inappropriate for cyclic tests, but it
does allow to perform dynamic analyses on the whole assem-
bly. A similar method is used in [11], or in [16].

2.3 Direct measurement using a hydraulic press
In this case, the specimens are compressed using a press,
and the deformation is measured using displacement sen-
sors. Generally, only the pure axial compression char-
acteristic of the stack is measured (Fig. 1 load case 2).
Implementing this procedure can be more costly, than the
method using bolts, because of the machinery involved,
but enables quick testing of multiple specimens and per-
forming many load cycles. Publications about cyclic
tests of laminate stacks of electric motors are infrequent.
The only study found by the authors was published by
Luchscheider et al. [3] and Luchscheider [13]. Their exper-
iment was conducted on a smaller specimen cut out of a
real electric rotor laminate stack, not a whole undamaged
laminate stack used in an electric motor and was only done
in the axial compression load case (Fig. 1 load case 2).
This principle is used in the experiment described in
this paper, with the addition of measuring the shear (Fig. 1
load case 3) stiffness of real electric motor rotor laminate
stacks at different axial compression preload states.
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3 Direct measurement method for complete

assemblies — axial compression loading

The load necessary to test the stiffness of such a laminate
stack is in the order of magnitude of several 100 kilone-
wtons, and the dimensions of a typical specimen are
considerably larger as those of a material test specimen.
For this reason, the measurements were performed in the
Structural Engineering Laboratory of Széchenyi Istvan
University, using equipment normally used for tests per-
formed for civil engineering research.

The specimen was placed between two rigid steel
plates. The load was applied centrally using the hydraulic
cylinder on the top. The loading force was measured using
a load measurement cell, mounted between the hydraulic
cylinder and the support frame (setup on Fig. 6 and image
on Fig. 7). In order to ensure, that the load on the specimen
is uniform, and the plates stay parallel during the test, the
vertical displacements were measured at 4 different loca-
tions around the axis of the specimen. The data acquired
from the displacement sensors was later examined and
averaged during postprocessing. The resolution of the dis-
placement sensors was 0.001 mm (class 2 precision), and
the force sensor had a precision of 1 N. Specifications of
the equipment used is listed in Tables 1-5.

4 Direct measurement method for complete

assemblies — shear loading

Shear loading is visually explained in Fig. 1 load case 3.
The forces acting on the sheets are perpendicular to the
rotational axis of the laminate stack, and work towards
sliding the sheets tangentially relative to each other.

The shear stiffness experiment setup (Fig. 8 and Fig. 9)
was similar to the axial compression stiffness experi-
ment setup, with some differences. The upper steel plate
had an additional hydraulic cylinder connected to it

force sensor ——— ——spherical joint

Hydraulic 105 105

cylinder

X

105 105

3

. displacement

L 1 sensors (4x)

Fig. 6 Experiment setup for axial compression loads
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Table 4 Measurement amplifier specs

Manufacturer Sampling Operating Accuracy
speed temperature class
HBM Quantum X 40 kS/s —20—+65°C 0.05%

Table 5 Measurement data acquisition software

Manufacturer Data collection speed Display

HBM catman Easy DAQ 12 MS/s; 100 MB/s Real time

___spherical joint

displacement
/,//// sensors (4x)

215

displacement 5w —x AN .
sensors (2x) i ~_specimen

105/ 105

Fig. 8 Experiment setup modified to measure the shear stiffness of
a laminate stack

Fig. 7 Image of an axial compression loading test

Table 1 Hydraulic cylinder specs

Max. load Loading length Diameter Max pressure

Type [kN] [mm] [mm] [bar]
Hi-Force
HSS 256 250 150 84.14 700
Hi-Force
HSS 256 500 102 127 700

Table 2 Load sensor specs

Type M?l:l\?(])ad Sf[:::\l]t/l\\;l]ty Accuracy Iizlit]h

17\;24]1\/[ fatber 200 1=0.1% 0.10% 1o Fig. 9 Image of the shear measurement

I;/;(;i\d'mhber 50 1+0.1% 0.10% 81 horizontally, that enabled the application of a force per-

pendicular to the rotational axis of the specimen. The axial

Table 3 Displacement sensor specs compression preload was applied through the vertical

Type Measuring  Output signal Accuracy Length hydraulic cylinder. The spherical joint built into the mea-
range [mm) [mV/V] [mm] surement chain allowed for horizontal displacement of

HBM W5TK +5 80 +1.0% 110 the upper steel plate, with simultaneous minimal rotation

HBM W5TK +5 80 +1.0% 110 of the plate. Those factors need to be taken into account

HBM WA100 100 80 +1.0% 1816 in the careful postprocessing of the measurement results.

HBM WA100 100 80 +1.0% 1816 This test system enables to test specimens with different

HBM WA100 100 80 +1.0% 1816 geometries at different load levels in a time efficient way

HBM WAI100 100 80 £.0% 1816 without the need to generally modify the measurement setup.




5 Measurement results

In this example, the specimen tested was the one depicted
on Fig. 10. It had a diameter of 158 mm, and a length of
215 mm, and consisted of 614 sheets.

5.1 Axial compression loads

20 load cycles were performed at load levels ranging from
2 kN to F,_ . The desired magnitude of the axial com-
pression load was provided using force control. The load
change rate was held at the order of magnitude of 1 kN/s,
in order to avoid the influence of dynamic or viscous phe-
nomena (Fig. 11).

Fig. 12 shows the results of the cyclic test, with the load
magnitude normalized to the maximum F|_, force applied
in each cycle. The first loading cycle results in higher
forces needed to achieve a similar displacement, compared

Fig. 10 The specimen tested in this example

Ftest

0.8
0.6
0.4

0.2

0 1000 . 2000 3000
Elapsed time during the test [s]

(first hour only)

Fig. 11 Time distribution of load cycles during the first hour of
an experiment
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Fig. 12 Resulting stiffness curves for axial compression loads

to subsequent cycles. Unloading curves generally result in
lower force values for the same displacement, resulting
in a hysteresis. The displacement data from the following
cycles (cycle 2 to 20) show a similar behavior. The result-
ing load-displacement curves obtained in every cycle are
slightly different compared to the previous cycles, and the
difference decreases in magnitude from cycle to cycle.

Based on Fig. 12, it can be concluded, that the hyster-
esis of the curves stabilizes itself after it is subjected to a
high number of cycles.

5.2 Shear loads

After performing the cyclic axial compression test, the
shear stiffness of the stack was measured. Using the same
F, . as for the axial compression test, the specimen was put
under axial preload. At the next step, the shear load was
slowly applied, with a peak of F|_ /7.2 (Fig. 13).

The same test was performed with a normal preload of
F_ /3, and a lower shear load F,_/20. The resulting dis-
placements are shown in Fig. 14. The displacement sen-
sor data was reset to 0 mm at a 1 N load, to exclude initial
adjustment displacement values, and to be able to compare
the curves. The laminate stack in the higher axial prestress
loading test case showed a considerably stiffer behavior,
compared to the test performed at lower axial prestress.
The deformation in case of lower prestress is considerably
higher, even for lower shear loads. The plastic deformation
observed is in the order of magnitude of half of the total
deformation at these load levels.
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Fig. 13 Time history of preload and shear loads

6 Conclusion

The direct measurement of the axial compression and
shear stiffness of the laminate stack of real electric
machines is possible using the method shown in this arti-
cle. The resulting stiffness curves from the axial compres-
sion cyclic analyses show a difference with every cycle,
that decreases with every cycle performed.

Test results with shear loads confirm, that increasing
the axial compression prestress of the structure increases
the transversal stiffness. During shear testing, high plastic
deformation of the stack was observed.
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The next steps planned in this research are analysis of
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efficiently and precisely.

Acknowledgement
The publishing of this paper was supported by AUDI
HUNGARIA Zrt.

[5] Luchscheider, V., Willner, K., Maidorn, M. "Development of a
contact and a material model of laminated stacks", In: 2013 3rd
International Electric Drives Production Conference (EDPC),
Nuremberg, Germany, 2013, pp. 1-5. ISBN 978-1-4799-1105-9
https://doi.org/10.1109/EDPC.2013.6689722

[6] Pyrhonen, J., Jokinen, T., Hrabovcova, V. "Design of rotat-
ing electric machines", John Wiley & Sons, Ltd., 2008.
ISBN 978-0-470-69516-6

[7]1 Millithaler, P., Sadoulet-Reboul, E., Ouisse, M., Dupont, J.-B.,
Bouhaddi, N. "Structural dynamics of electric machine stators:
Modelling guidelines and identification of three-dimensional
equivalent material properties for multi-layered orthotropic lam-
inates", Journal of Sound and Vibration, 348, pp. 185-205, 2015.
https://doi.org/10.1016/1.jsv.2015.03.010

[8] Pirnat, M., Cepon, G., Boltezar, M. "Introduction of the linear con-
tact model in the dynamic model of laminated structure dynamics:
An experimental and numerical identification", Mechanism and
Machine Theory, 64, pp. 144-154, 2013.
https://doi.org/10.1016/j.mechmachtheory.2013.02.003


https://doi.org/10.1016/j.ymssp.2020.106915
https://doi.org/10.1016/j.ijmecsci.2006.03.008
https://doi.org/10.1109/EDPC.2012.6425107
https://doi.org/10.1109/EDPC.2016.7851331
https://doi.org/10.1109/EDPC.2013.6689722
https://doi.org/10.1016/j.jsv.2015.03.010
https://doi.org/10.1016/j.mechmachtheory.2013.02.003

(9]

[10]

(1]

(12]

[13]

Saito, A., Nishikawa, Y., Yamasaki, S., Fujita, K., Kawamoto, A.,
Kuroishi, M., Nakai, H. "Equivalent orthotropic elastic moduli iden-
tification method for laminated electrical steel sheets", Mechanical
Systems and Signal Processing, 7273, pp. 607-628, 2016.
https://doi.org/10.1016/j.ymssp.2015.10.027

Tang, Z., Pillay, P., Omekanda, A. M., Li, C., Cetinkaya, C.
"Young's modulus for laminated machine structures with partic-
ular reference to switched reluctance motor vibrations", In: IEEE
Transactions on Industry Applications, 40(3), pp. 748754, 2004.
https://doi.org/10.1109/TIA.2004.827460

Schwarzer, M. "Structural dynamic modeling and simulation of
acoustic sound emissions of electric traction motors", PhD Thesis,
Technische Universitét, 2017. [online] Available at: https:/tuprints.
ulb.tu-darmstadt.de/id/eprint/6266 [Accessed: 25 February 2023]
Xia, C., Wang, H., Wu, Y., Wang, H. "Joining of the Laminated
Electrical Steels in Motor Manufacturing: A Review", Materials,
13(20), 4583, 2020.

https://doi.org/10.3390/mal3204583

Luchscheider, V. "Experimentelle und numerische Identifikation
Blechpakete

elektrischer Maschinen" (Experimental and numerical identification

eines homogenisierten = Materialmodells  fiir
of a homogenized material model for laminate stacks of electric
motors), PhD Thesis, 2016.
[online] Available at: https:/nbn-resolving.org/urn:nbn:de:bvb:29-

opus4-77111 [Accessed: 25 February 2023] (in German)

Friedrich-Alexander-Universitit,

[14]

[15]

[16]

Szabé et al. | 117
Period. Polytech. Mech. Eng., 67(2), pp. 110-117, 2023

Virtanen, P. "Validation of electric motor's laminate rotor stack
characteristics for finite element modeling", MSc Thesis, LUT
University, LUT School of Energy Systems, 2021. [online]
Available at: https://urn.fi/URN:NBN:fi-fe2021090645181
[Accessed: 25 February 2023]

Bouayed, K., Mebarek, L., Lanfranchi, V., Chazot, J.-D.,
Marechal, R., Hamdi, M.-A. "Noise and vibration of a power trans-
former under an electrical excitation", Applied Acoustics, 128,
pp. 64-70, 2017.

https://doi.org/10.1016/j.apacoust.2017.05.020

Manzato, S., Gazdagh, Z., Vehovszky, B., Ottaiano, S. A. "A general
framework for the experimental characterization of nonlinearities
and its application to a laminated assembly of an electrical motor",
SAE International, USA, SAE Technical Paper 2022-01-0944, 2022.
https://doi.org/10.4271/2022-01-0944


https://doi.org/10.1016/j.ymssp.2015.10.027
https://doi.org/10.1109/TIA.2004.827460
https://tuprints.ulb.tu-darmstadt.de/id/eprint/6266
https://tuprints.ulb.tu-darmstadt.de/id/eprint/6266
https://doi.org/10.3390/ma13204583
https://nbn-resolving.org/urn:nbn:de:bvb:29-opus4-77111
https://nbn-resolving.org/urn:nbn:de:bvb:29-opus4-77111
https://urn.fi/URN:NBN:fi-fe2021090645181 
https://doi.org/10.1016/j.apacoust.2017.05.020
https://doi.org/10.4271/2022-01-0944

	1 Introduction 
	2 State of the art measurement methods 
	2.1 Derivation of elastic material properties (E, G, γ) from dynamic analyses 
	2.2 Direct measurement using bolts for pretension 
	2.3 Direct measurement using a hydraulic press 

	3 Direct measurement method for complete assemblies - axial compression loading 
	4 Direct measurement method for complete assemblies - shear loading 
	5 Measurement results 
	5.1 Axial compression loads 
	5.2 Shear loads 

	6 Conclusion 
	Acknowledgement 
	References 

