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Laminated structures can be represented computationally by the finite element method (FEM) using the homogenization
procedure, which consists of the adjustment of equivalent orthotropic properties to a homogeneous structure. �e application
occurs in stators of electric machines composed of stacked laminated disks connected to each other through windings and other
fastening components. �is paper describes a method to the dynamic characterization of a typical laminated stator through the
application of the homogenization technique to the magnetic core and consideration of the effect of winding contour conditions
and screw joints. Two simplified three-dimensional models for the stator were compared. �e first considers the application of a
typical tightening of the fastening screws and the presence of a homogeneous isotropic volume representing the winding. �e
second considers the effect of the boundary condition of the winding on the region of the teeth of the nucleus in order to reduce
the degrees of freedom of the complete model. �e coupling between the components is accomplished through the application of
modal synthesis methods, which require the definition of the surfaces and the type of connection between the components. �e
obtainment of the set of equivalent orthotropic properties is based on the minimization of residues related to the difference
between the natural and experimental frequencies in the range of 0 to 10 kHz.�is was carried out using the multiobjective genetic
algorithm (MOGA) method used in conjunction with commercial Ansys® software. Both models presented satisfactory ex-
perimental correlation. �e simplified model demonstrated limitations of representativeness emphasized in specific
frequency bands.

1. Introduction

Laminated structures such as the stator of an electric motor
(Figure 1) need to be analyzed dynamically in the design
phase, preceding industrial application. Modeling complex
structures like this can be difficult in the case of unfamiliarity
of the mounting properties.

It is impracticable to create a model with the FEM
approach considering all the laminated disks, winding, and
contacts between the components, mainly for industrial
application purposes. �e number of degrees of freedom
would be very high, requiring excessive and costly pro-
cessing capacity [1–3].

On the other hand, the more the structural details are
included in the modeling, especially for small-sized and
medium-sized engines, the more the representative tends to
be the model [4]. �us, as the computational capacity in-
creases, more details can be considered.

�e set of existing techniques, also known as homog-
enization methods, have been used to recreate the behavior
of a heterogeneous structure, reducing the multiplicity of
the properties of its components and the number of degrees
of freedom of the numerical model. �ese methods con-
sider the homogenization technique through the sub-
stitution of a heterogeneous structure (Figure 2(a)) with
another continuous equivalent (Figure 2(b)), in which one
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can de�ne properties for the approximate representation of
the dynamic behavior of the original structure [5, 6]. For
the three-dimensional case (3D), their application has
proved to be satisfactory in the modeling of composite
materials [5, 7, 8] and laminated stators [6, 9].

Laminated structures of electric motors are being studied
for the understanding of their dynamic behavior and po-
tential representations through FEM [4, 10–13]. In addition
to the need for a more in-depth understanding of the be-
havior of stators of electrical machines, few works are fo-
cused on the use of 3D homogenization methods to better
represent them. Moreover, the determination of elastic
properties is restricted to speci�c applications, often not
applying to the FEM [7, 14].

Studies were not found in the literature dealing with
methods to identify equivalent orthotropic properties for
this type of structure, considering prestress e�ects due to the
physical presence of fastening elements coupled to the blade
pack.�e identi�cation of equivalent isotropic properties for
the winding (without �xation resin) in conjunction with the
simultaneous identi�cation of orthotropic properties for the
package of laminated disks is also an approach not found in
the literature.

�is paper describes the alternative and practical ho-
mogenization method for the dynamic characterization of
electric machine stators composed of connections for de-
termination of equivalent 3D material properties. �e stator
of an electric motor, shown in Figure 1, was used in the
development of this method. �e application of the ho-
mogenization technique eliminates the need to represent the

contacts between laminated disks and allows the use of larger
�nite elements, making the modeling feasible. �e same is
true for the volume occupied by the winding, which is
connected to the stator teeth.�is work is an extension of the
research developed by the authors in the �eld of vibration of
domestic refrigeration devices [15–17].

�e correlation methods adopted in the model adjust-
ment process and the linear stress-strain law taken into
account in the process of determining the equivalent
orthotropic properties of the laminated disks pack are
presented.

2. Correlation Methods

Correlation methods applied to the model �tting take into
account a numerical and experimental comparison be-
tween natural frequencies and frequency response func-
tions (FRFs) [18]. For comparison of the p pairs of
numerical natural frequencies ωN

p and experimental fre-
quencies ωE

p, a relative di�erence can be quantitatively
adopted, as given by

Δωn ωN
p ,ω

E
p( ) �

ωN
p −ωE

p

ωE
p

. (1)

Another common way to correlate natural frequencies is
to calculate the average Δωn, given by the simple average of
the module of the individual deviations of the natural fre-
quency pairs p, Np being the total number of pairs used in
the comparison, as shown in

Figure 1: Stator and winding.
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Figure 2: Principle of homogenization: (a) set of stacked disks; (b) mesh that represent the homogeneous volume of the disks.
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Allemang and Brown [19] recommended calculating an
overall divergence ℓω between the pairs of natural fre-
quencies, as indicated in
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. (3)

In addition, it is important to correlate the numerical
and experimental modal forms corresponding to the natural
frequencies selected for the adjustment through the modal
assurance criterion (MAC), defined by the following
equation [19, 20]:

MAC ψN
p ,ψE

p  �
ψN 

T
p ψE p




2

ψN 
T
p ψN p ψE 

T
p ψE p

. (4)

For a pair p of eigenvectors (numerical ψN
p and exper-

imental ψE
p), the closer this parameter is to unity, the

stronger the correlation between the modal forms will be. In
contrast, a value close to zero indicates a weak correlation. In
general, a MAC value above 0.7 is satisfactory and, in the
case of complex models, values over 0.6 are acceptable
[19, 21].

It is also possible to calculate a mean modal assurance
correlation (MAC), for a number of eigenvector pairs Np,
applying

MAC �
1

Np



Np

p�1
MAC ψN

p ,ψE
p . (5)

Iterative methods of updating models have been widely
studied and applied to vibroacoustic systems. �ey are based
on minimizing a norm calculated from a ℓ residual. �is
residual is usually dependent on the difference between pairs
p of numerical quantities N and experimental quantities E

which, in general, is associated with the total mass (equation
(6)) and the natural frequency (equation (7)), to the vibration
modes, or the FRFs and the correlation coefficients between
them; the latter three are not addressed in this work [22–28].
In equation (6), mN and mE are the masses of the numerical
model and the physical piece, respectively. Comparing
equations (1) and (7), it is noted that Δωn can also be defined
as a residue ℓωp

for the purpose of model fitting:

ℓm � m
N −m

E
, (6)

ℓωp
  �

ωN
p −ωE

p

ωE
p

. (7)

Each of the above residue relations has advantages
depending on the accuracy required and the system to be
fitting. In general, it is sufficient for the fit of a model to
minimize the residues related to the natural frequencies and
modal shapes. Already, the residue between masses can be
reduced directly through the weighing of the physical piece.

Several iterative methods are found in the literature,
which aim to minimize these residues. Among them, the
method of least squares, genetic algorithms, and artificial
neural network stand out. In this work, it was used the
genetic algorithm described below.

3. Genetic Algorithm Applied to Fit Models

Evolutionary algorithms such as MOGA have been widely
applied in the engineering area [29] due to the simplicity,
effectiveness, and possibility of working with several types of
input parameters, to be multiobjective and already available
in commercial software, allowing the least involvement with
the user [30, 31].

A hybrid variant of the popular NSGA-II (non-
dominated sorted genetic algorithm-II) based on controlled
elitism concepts [32] was applied in the fit process of the
physical properties of the numerical models of this work,
whose algorithm is implemented in the commercial software
Ansys®.In the model fitting process, the residuals of the natural
frequencies ℓωp

are minimized using MOGA, the input
parameters being related to the physical properties of the
component material, for instance, the modulus of elasticity
and the Poisson coefficient.

�e first step is to perform an analysis, in which ap-
propriate maximum andminimum values are defined for the
properties to be adjusted. In this process, some numerical
modal analyses are performed, starting from the approxi-
mate knowledge of the connection properties and of some
individual components of the stator determined experi-
mentally. It is sought to carry out variations on a restricted
set of orthotropic properties (verify Section 4) starting from
a typical profile for this type of laminated structure. �us, a
check can be made that the numerical modal shapes cor-
respond to experimental modal shapes through the MAC
and the natural frequencies can be selected for the fine fitting
process.

In the MOGA, the total number of individuals of the
initial population (set of properties) is defined, which will be
randomly generated for the beginning of the analysis. �e
initial population of the input parameter is tested, and based
on the results, the iterative process begins. In this step, there
are combinations and mutations between the selected
candidates and results closer to the goal are reached at each
iteration. �e minimization of the residuals between the
numerical results and the reference experimental parameters
(natural frequencies) occurs at each iteration until reaching
convergence.

�e stopping criterion is defined by the maximum al-
lowable Pareto percentage, that is, it represents a percentage
relation of the number of variables that reach a certain
quality criterion at each iteration. Additionally, a conver-
gence percentage is defined that seeks the stability of the
population, based on the mean and standard deviation of the
output parameters.

In this way, the numerical model was adjusted to
represent the dynamic behavior of the stator. After
adjusting the natural frequencies, the correlation of the
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modal shapes and the numerical and experimental FRFs
was performed. Ansys® commercial software is used for
the numerical solution of the dynamic problems
presented.

4. Stress-Strain Law

In general, a solid body can have six possible stress σ{ } and
strain ε{ } components. �e simplest linear relationship
between these components is of the form σ{ } � [C] ε{ }, where
[C] is an elastic matrix, σ{ } is the stress tensor, and ε{ } is the
strain tensor. �us, Hooke’s law for anisotropic materials
can be represented by equation (8), which presents 21 in-
dependent elastic constants Cij [33, 34]:
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In many practical problems, the materials have planes of
symmetry along three orthogonal directions, which give
them orthotropic properties. �us, equation (8) can be
simplified and the inverse of the elasticity matrix [C] is given
by the conformity matrix [D], represented by
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where Eii is Young’s modulus in the main directions of the
material; Gij is the shear modulus; and ]ij is the Poisson
ratio, which obeys the relations of

]ij � ]ji

Eii

Ejj

. (10)

For isotropic materials, the properties do not vary with
the orthogonal direction and are simply represented by E, ],
and G and the matrix [D] can be simplified.

For each orthotropic elastic linear material, nine prop-
erties can be adjusted, notably the elastic moduli Ex, Ey, and
Ez, the Poisson ratios ]xy, ]yz, and ]xz, and shear moduli
Gxy, Gyz, and Gxz. In the case of isotropic materials, the set
of properties is restricted to E, ], and G.

At each iteration of the model adjustment process, some
restrictions are imposed on the elastic constants of the
orthotropic material. �e first condition states that the
elastic constants are positive, as indicated by

Ex, Ey, Ez, Gxy, Gyz, Gzx > 0. (11)

�e second considers that the determinant of the matrix
[D] must also be positive, according to

1− ]xy]yx − ]zx]xz − ]yz]zy − 2]yx]zy]xz > 0. (12)

Finally, the previous requirements lead to the relations of
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,
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.

(13)

Section 5 describes the experimental procedure used for
the determination of the modal parameters of the electric
motor stator and the dynamic characterization of the
laminated disks of which it is comprised.

5. Experimental Procedure

In order to reduce the number of variables in the stator
model adjustment process, seven laminated disks were
characterized to evaluate the feasibility of fixing the modulus
of elasticity in the two directions of the radial plane and the
respective Poisson coefficient. In this procedure, the lami-
nated disks were hung in the support represented in Figure 3
and impacted by a hammer at the response measurement
point. �rough the FRFs obtained by the fixation of a
uniaxial accelerometer of negligible mass, one can analyze
the manufacturing variability between the laminated disks
and adjust the numerical model to estimate their equivalent
properties.

�e configuration used in the experimental modal
analysis of the full stator is shown in Figures 4(a) and 4(b).
Figure 4(a) shows the shaker connection with the stator for
the application of excitement using white noise in the radial
direction of the component. �e white noise type was
adopted by observing better coherence between excitation
and response and by providing good results for this type of
application in the investigated literature [4, 10, 35]. �e
signal was generated only at frequencies above 70Hz. To
maintain stability and low noise and distortion, the applied
force was maintained at adequate levels throughout the
frequency range considered in the analysis [36]. �e con-
nection is made through the stinger, the force signals are
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measured by the load cell, and the acceleration signals are
measured with triaxial accelerometers at 50 points, as in-
dicated in Figure 4(c). A second transverse excitation was
adopted as a reference, as shown in Figure 4(b). �e stator
was suspended by a support of high mass and sti�ness so as
not to interfere with the measurement results.

It was veri�ed excellent repeatability of the tests per-
formed with the stator, always following a standard assembly
procedure. Also, in a reproducibility test associated with the
experimental setup and the operator, a stator was assembled
and disassembled seven times and FRFs were obtained at
point E1 (verify Figure 4(c)), for the transverse excitation
reference. As shown in Figure 6, the experimental setup
cannot be accurately reproduced due to minor alignment
and gluing changes of the transducers. It is perceived that the
5 to 10 kHz band is the most sensitive.

A simpli�ed modal analysis was performed with a PSV-
500 scanning vibrometer, considering only two orthogonal
planes of the stator, in order to improve the de�nition of
modal shapes of the winding, mainly between 300 and
900Hz.

�e scanning vibrometer has the principle of operation
that favors accurate and localized measurements. From a
laser beam incident on a surface of interest, it is possible to
quantify the point speed of vibration in the direction of
incidence. �e region of the speci�ed point occupies a
small area, being advantageous the surface scanning of
parts with reduced size and mass, and provides the pos-
sibility of creation and measurement of more re�ned
meshes that facilitate the modal identi�cation, overcoming
the limitations of the use of accelerometers (mass and
occupied area).

In contrast, measurements are performed in only one
direction (1D). �e absence of punctual information on the

other two orthogonal axes may make analysis di�cult in the
case of the study of components in which the quanti�cation
of vibration is important at the three-dimensional (3D) level.
�us, the analyses performed with the stator were done
carefully and complement the modal study with triaxial
accelerometers.

As shown in Figure 7, the con�guration of the experi-
ment is like that of the previous modal analysis (Figure 4),
except for the quanti�cation of the response signals, which
are processed by the PSV-500 vibrometer.

An example of an experimental mesh with 221 points is
shown in Figure 8. �e 89 blue points were de�ned for the
measurement of winding response, whose instrumentation
with accelerometers is not feasible. �e mesh has a greater
re�nement providing good de�nitions of the modal shapes
in the desired reference plane.

�e numerical models presented in the next section were
�tted using the modal parameters obtained experimentally.
In this procedure, the concepts presented in Section 2–4
were applied.

6. Computational Procedure

In order to estimate the physical properties of the laminated
disk and to associate them with the radial behavior of the
stator, a model was proposed through the application of the
�nite element method, represented in Figure 9, for the direct
correlation between the numerical and experimental FRFs
(verify reference point at which the excitation is applied). In
the numerical model, the laminated disk was considered as a
homogeneous isotropic material. �e properties were �tted
to the same element (quadratic hexahedral) used in the
laminated disks pack of the stator model. Only a small
variation in the modulus of elasticity of the isotropic lam-
inated disk was veri�ed when a triangular linear element was
adopted (case of Figure 9).

With the application of the homogenization technique,
two stator models were based on a simpli�ed geometry (solid
body representing the set of overlapping laminated disks),
which considers the contour condition of the screws and the
winding. �e two models can be seen in Figures 10 and 5(b).
�e �rst considers the set of laminated disks as a continuous
structure, and the winding is represented by an equivalent
volume, �xed between the teeth of the stator, approaching
the practical condition.�e second presents a simpli�cation,
considering the e�ect of the winding on the teeth of the
magnetic core. In this case, distinct orthotropic properties
are determined for the two parts of the magnetic core. �e
inertial e�ect (mass moment of inertia) of the winding was
approximated by an increase in the density in the region of
the stator teeth, and in the radial plane (x-y) of the teeth, the
sti�ness e�ect was introduced through an increase in the
sti�ness. Consequently, the shear modulus also changed in
the region of the teeth, in relation to the external region
(Figure 5(b)).

�e densities used in the model are adjusted from ex-
perimental data and the use of equation (14), which gives ρ as
a function of the total massmtot and the total volume Vtot of
the components:

Base

Laminated
disk

Figure 3: Experimental setup used for laminated disk analysis.
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ρ �
mtot

Vtot
. (14)

In both numerical models, a quadratic hexahedral ele-
ment was used to represent the equivalent volume of the
laminated disks. In the complete model, the winding was
represented with a quadratic tetrahedral element. �e
connections of the components of both models (washers and
screws) were considered to have typical isotropic properties,
with quadratic hexahedral elements. In addition, the number
of nodes of each component is summarized in Table 1.

�e contact interfaces between the components of both
models are shown in Figure 5(a).�e lower degree of contact
between the washer and the screw was de�ned as bonded,
with an augmented Lagrange formulation. To simplify the
connection between the nut, the washer, and the bolt, the nut
was omitted. �e screw was connected directly to the washer
by a bonded connection, de�ned as a multipoint constraint
(MPC). �e contact between the surfaces of the washer and
the laminated disks pack was de�ned as frictional; that is, it is
considered that there is a friction e�ect at this interface (as in
practice). �e coe�cient of friction is de�ned according to

Stator

Load cell
Stinger
Shaker

(a)

Bases

(b)

Transversal

X Y

Z

Radial

E1

(c)

FIGURE 4: Experimental setup for modal analysis of the stator: (a) excitation in the radial direction (y direction); (b) excitation in the
transversal direction (z direction); (c) experimental mesh with 50 points.

Contact surfaces between 
the screw and the washer

Contact surfaces 
between the screw 

and the washer

Contact surfaces 
between the washer 
and the volume of

laminated disks

(a)

Region of teeth

Transversal

Radial

Outer region to the 
teeth

X Y

Z

E1

(b)

Figure 5: (a) Speci�cation of contact regions between stator components for both models and (b) simpli�ed numerical stator model.
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empirical data (value of 0.15), and it is dependent on the
physical conditions of the surfaces in contact.

Although not indicated in Figure 5(a), the augmented
Lagrange formulation was used for the connection between
the winding and the stator teeth, in the case of the complete
model. �ese formulations provide greater sensitivity in
adjusting the sti�ness of the connection.

Since the modal and harmonic analyses are linear, the
nonlinear connections used in the models (augmented
Lagrange and frictional) underwent a linear adaptation. �e
reference and response points can be seen in Figure 5(b),
resembling the experimental setup shown in Figure 4(c).

�e stress-sti�ening e�ect is included in a static analysis
that precedes the modal analysis, making an initial esti-
mation of the properties and applying a nominal prestress of
9.81 kN on the screws. �is prestress is the result of the
torque applied to the screws in the standard experiment.

�e modal analysis of the set is carried out with the
prestress history and the application of modal synthesis

methods [37–40]. �ese methods provide good modal
analysis estimates of several interconnected components,
including their connection properties.

7. Results and Discussion

�e results related to the study of the laminated disk and the
stator are presented, which supported the determination of
the tridimensional properties of the numerical models. Fi-
nally, the results are compared.

7.1. Study of the Laminated Disk. �e �rst model adjusted
was that of the laminated disks. With the aid of the genetic
algorithm, the �rst eight peaks of the numerical FRF were
approximated to the equivalents of the average experimental
FRF, using as the convergence criterion a limit value for the
sum of the relative di�erence. A comparison between the
FRFs can be observed in Figure 11. It is evident that the
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Figure 6: Assembly reproducibility analysis from seven experimental FRFs for transversal excitation (z direction) and response mea-
surement at point E1 (z direction).
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Figure 7: Experimental con�guration used in unidirectional modal analysis.
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adjustment loses precision in terms of amplitude from 6 kHz
(in¢uence of the experimental contour condition) and that
the variation of the vibrational behavior due to the
manufacturing is small (verify experimental FRFs in gray).
�e mass of the laminated disks was adjusted
experimentally.

To obtain the optimal physical properties of the lami-
nated disk (modulus of elasticity and Poisson coe�cient), an
initial population of 130 candidates, with 50 samples per
iteration, was adopted in order to obtain satisfactory solu-
tions for a total of 20 iterations. �e �nal solutions were
obtained after 516 evaluations and 10 iterations.

Table 2 shows the natural frequency values for the ex-
perimental and numerical reference FRFs, with the re-
spective minimized relative errors. Both the average
deviation of 2.8% and the overall divergence of 11.7% are
satisfactory.

Wang [41] conducted an experimental study on the
e�ects of the vibration between connected annular lami-
nated disks for comparison with the results of the equivalent
�nite element model. He made vacuum coupling compar-
isons to investigate the e�ect of the thickness and the
number of connected laminated disks, eliminating the e�ect

of the physical presence of the screws. It was found that the
e�ects of the tightening and the number of laminated disks
provide the transverse vibration modes more e�ectively
when compared to the radial modal shapes, which is con-
sistent with the results obtained herein. �ese e�ects are
directly related to the damping and shearing of the lami-
nated structure. �e same author also identi�ed the pro-
jection of the individual modes of a laminated disk on the
overall modes of the set. �erefore, the �rst step in the
veri�cation of the dynamic behavior and adjustment of a
numerical model of a stator should be the investigation of
the laminated disk itself.

As Wang [41] observed, some modal shapes of a lam-
inated disk may have characteristics very close to those
identi�ed in the case of multiple laminated disk coupling.
Figure 12 shows some transversal and radial modal shapes of
the laminated disk, numerically found, which are like those
obtained experimentally with the stator. Although the
transverse vibration modes (Figures 12(a)–12(c)) occur at
very di�erent frequencies, it can be noted that the radial
vibration modes (Figures 12(d) and 12(e)) appear at

100 200 300 400 500 600
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600

500

400

300

200

100

Figure 8: Experimental mesh used in unidirectional modal analysis
of stator, including winding.

Reference point

X Y

Z

Figure 9: Numerical model of the laminated disk and reference
point speci�cation.

X Y

Z

(a)
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Figure 10: (a) Full numerical model of the stator, with the physical
presence of the winding and (b) isotropic volume of the winding.
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frequencies very close to those corresponding to the set of
stator laminated disks. �ese modal shapes should be ob-
served on the stator after the model adjustment.

Due to the proximity of the modal characteristics, the
isotropic properties adjusted for the laminated disk were
used in the radial plane (x-y) of the laminated disks pack of
the complete stator model (Ex, Ey, ]xy, and ρ) and in the
region external to the teeth of the simpli�ed model.�us, in
addition to the density, which can be adjusted directly with
the weight, the �xed adjustment parameters include the
Poisson coe�cient and the modulus of elasticity in the
radial plane. �is simpli�cation eliminates the need to
represent the contact between the laminated disks and
allows the use of larger �nite elements, enabling the
modeling. Another bene�t is a reduction of the number of
variables to be estimated in the adjustment and optimi-
zation of the numerical model.

7.2. Study of Stator. In Figure 13, observing the sum of the
FRFs of the left lateral plane (x-z), it is noted that the
presence of winding dampens the structure response and
small peaks arise at frequencies lower than 1000Hz. �e
structural responses corresponding to the peaks of the band
70 to 1000Hz are shown in Figures 14(a)–14(c). �ese
evidence the dominant deformations of the windings.�is is
because the mass of the teeth prevails in the upper and lower
portions of the part and is connected with some rigidity
between the teeth. �e frequency of 819.3Hz (Figure 14(b))
corresponds to the reciprocal modal shape in the frontal
plane of the stator.

A damping addition is observed in the region of themain
radial modal shapes, between the frequencies of 3000 and
4500Hz. From the characterization point of view, this en-
ergy dissipation makes it di�cult to identify modal shapes
and the model �t itself.

Carefully observing Figure 15, it is evident that when
the analysis plane is changed, that is, when the left side
view (x-z plane) is changed from the frontal view (y-z
plane), the sum of the mobilities di�ers considerably in
frequencies below 1000 Hz. Distinct peaks are evident
between the results of the two planes, but the modal
shapes are similar to those shown in Figure 14. �is can be
explained due to the asymmetry of mass distribution and
sti�ness of the winding along the structure, as shown in
Figure 1.

Figure 16 shows that the amplitude of the peaks caused
by the windings is considerably lower than the rest of the
band, in frequencies between 1 and 10 kHz. �is evidence
shows that they are less participatory in the dynamic re-
sponse of the set.

Table 1: Approximate characteristics of the numerical model of the stator.

Stator parts Quantity Element type Number of nodes
Equivalent volume of the laminated disks 1 Quadratic hexahedral 97974
Washers 8 Quadratic hexahedral 2827
Screws 4 Quadratic hexahedral 11332
Equivalent volume of the winding 1 Quadratic tetrahedral 126776
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Figure 11: Numerical model of the laminated disk set in black (dashed line) and the experimental FRFs in gray (continuous line) as a
reference.

Table 2: Comparison between the numerical and experimental
natural frequencies of the �rst eight peaks of the reference point
FRF after the adjustment of the laminated disk model.

Order ωE (Hz) ωN (Hz) Δωn (%)

1 129.9 116.8 −10.2
2 290.2 280.3 −3.4
3 360.3 345.3 −4.1
4 490.0 487.4 −0.5
5 769.6 773.6 0.5
6 890.3 882.8 −0.8
7 1160.5 1172.1 1.0
8 1240.0 1218.0 −1.8
Average (%) 2.8
ℓω (%) 11.7
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7.3. �ree-Dimensional Equivalent Material Properties. In
order to be as faithful as possible to the physical constitution,
each component of the stator was characterized separately.
�e washers, screws, and laminated disks were characterized
and then added to the volume representing the set of
laminated disks. �e 3D homogenization technique was also
used to represent the copper coil through a homogeneous
volume with equivalent isotropic properties.

�e isotropic properties (E, ]) for the winding were
adjusted following the experimental references of the
vibrometer, starting from information obtained in the lit-
erature, together with the adjustment of the orthotropic
properties to the equivalent volume of the disks. In the case
of the set of disks, only modal shapes common to both
models were used. Due to the uncertainties related to the
measurement limitations and, consequently, to the identi-
�cation of modal experimental parameters, no emphasis was
placed on the winding adjustment process. A deviation
between natural frequencies of up to 20% was observed in
relation to experimental references (Figures 17(e) and 17(f)).
�e connection properties between the components were
kept unchanged throughout the process.

After an initial evaluation and the restriction of the
lateral limits of the properties (minimum and maximum)
within a range of suitable values according to Table 3, the
complete stator model (Figure 10(a)) was adjusted based on
�ve experimentally identi�ed modal shapes. According to
Table 4, the relative maximum and minimum di�erences

between the numerical and experimental natural frequencies
were −5.5% and 0.9%, respectively. �e overall divergence is
7.8%, and the average is 2.9%. �e set of �tted properties are
shown in Table 5.

�e damping factor ηeq (Table 5) was adjusted after
matching with the numerical and experimental FRFs, and its
value is consistent with the results obtained experimentally.
It should be noted that there may be other sets of parameters
that represent the stator satisfactorily.

�e natural frequencies that are most sensitive to the
transversal shear moduli are related to the transverse modal
shapes and shear modal shapes in the radial plane. �e
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Figure 12: Numerical modal shapes of the laminated disk, whose characteristics are repeated on the stator laminated disks pack, according
to experimental modal analysis: (a) ωN: 116.8Hz; (b) ωN: 773.6Hz; (c) ωN: 1509.3Hz; (d) ωN: 3769.8Hz; (e) ωN: 3986.2Hz.
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Figure 13: In¢uence of the winding for the case of radial excitation
(y direction) and measurement of response in the same direction.
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natural frequencies corresponding to the radial modal
shapes are more sensitive to the shear modulus in the same
plane. �e Poisson coe�cient did not show a signi�cant
in¢uence on the reference frequencies.

Some numerical modal shapes of the winding are shown
in Figures 17(a)–17(h) and resemble those identi�ed ex-
perimentally. �e winding twists shown in Figures 17(d),

17(g)–17(i) were also visualized in the experimental trials
but were not well de�ned. Virtual modal forms not identi�ed
experimentally can also appear in the numerical model but
present less participation in the dynamic response, which in
this case is adequate (Figures 18 and 19).

In order to reduce the number of degrees of freedom of
the complete model, the simpli�ed model that considers only
the e�ect of the winding contour condition on the stator teeth
was adjusted (Figure 5(b)). �e correlation between the
natural frequencies and the numerical and experimental
modal shapes of the simpli�ed model is shown in Table 6.�e
overall divergence between the natural frequencies is 8.6%,
and the mean deviation is 3.0%, with a maximum deviation of
−6.8% and a minimum of 0.8%. �e corresponding MAC
values are also shown in Table 6, with an averagemagnitude of
66.0% (maximum of 83.5% and minimum of 59.1%). �e
result of the MAC calculation for this model of the stator was
very close to the result of the �rst model, and for this reason,
only one result was exposed. �e �ve modal shapes and
natural frequencies used in the �tting of both models are
summarized in Figure 20, with emphasis on the experimental
reference on the right. Despite the experimental limitations
that can interfere in the quality of the modal reference pa-
rameters obtained, the adjustment is considered satisfactory.

Furthermore, there are experimental di�culties associ-
ated with the lack of feedback of excitation from the shaker
in order to minimize the e�ects of nonlinearities and mass
and accelerometer �xation on the attainment of modal
parameters [35]. In addition, it is recommended that the
clamping area of the triaxial accelerometers be the smallest
possible to obtain a better de�nition of the location and
accuracy of the measurement results. �is is a factor that
could greatly improve the results presented.

Following the same procedure described for the complete
model, the same properties of the laminated disk were
maintained in the x-y plane (radial). �e remainder of the
properties was adjusted, maintaining the division of the outer
part of the laminated disks volume and the inner part, which
corresponds to the region of the teeth of the magnetic core
(Figure 5(b)). �e range of property constraints is shown in
Table 3, and the result of the �tting can be seen in Table 5.

X

Z

Y

(a)

X

Z

Y

(b)

X

Z

Y

(c)

Figure 14: Experimental modal shapes of the winding for frequencies below 1000Hz: (a) ωE: 616.9Hz; (b) ωE: 728.3Hz (x-z plane) and
819.3 Hz (y-z plane); (c) ωE: 793.9Hz.
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Figure 17: Modal shapes of the winding in the complete model (300 to 900Hz band): (a) ωN: 381.9Hz; (b) ωN: 422.4Hz; (c) ωN: 457.5Hz;
(d) ωN: 605.0Hz; (e) ωN: 620.1Hz; (f ) ωN: 658.2Hz; (g) ωN: 662.4Hz; (h) ωN: 752.0Hz; (i) ωN: 851.6Hz.

Table 3: Restriction of the interval of the properties.

Properties Restricted intervals (complete stator model) Restricted intervals (simpli�ed stator model)

ρ 7560 (�xed) External: 7560 (�xed)
Internal: 18000 (�xed)

Ex (GPa) 211 (�xed) External: 211 (�xed)
Internal: 290 to 340

Ey (GPa) 211 (�xed) External: 211 (�xed)
Internal: 290 to 340

Ez (GPa) 3 to 6 3 to 9
]xy 0.3 (�xed) 0.3 (�xed)
]yz 0.01 to 0.14 0.01 to 0.14
]xz 0.01 to 0.14 0.01 to 0.14
Gxy (GPa) 60 to 100 130 to 145
Gyz (GPa) 0.3 to 0.6 0.3 to 0.6
Gxz (GPa) 0.3 to 0.6 0.3 to 0.6
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�e set of properties determined (Table 5) is consistent
with previous studies in which the laminated stators were
investigated. Although the models studied by Wang and Lai
[4], Millithaler et al. [6], and Millithaler [21] are geo-
metrically di�erent, it was found that the modulus of
elasticity in the radial direction is usually greater than the
same parameter in the axial direction. Similarly, in general,
the shear modulus and Poisson coe�cient in the radial plane
are larger compared to the same parameters in the two
orthogonal directions.

7.4. Comparison of Results. �e main di�erence between the
two adjustedmodels is the presence of themainmodal forms
of the winding in the 300 to 900Hz band.�e computational
solution is faster for the simpli�ed model, which does not
consider the coupling and winding vibration modes.

For frequencies higher than 900Hz, the physical pres-
ence of the winding can be neglected, since the dynamic
behavior is very close to that of the simpli�ed model. �e
absence of the winding signi�cantly reduces the modal
density of the part, due to the exclusion of modes located at

Table 4: Correlation between the numerical and experimental natural frequencies, for the stator model with the equivalent volume of the
winding.

Order ωE (Hz) ωN (Hz) Δωn (%)

1 1084.0 1024.1 −5.5
2 1477.3 1543.7 4.5
3 3621.4 3582.8 −1.1
4 3848.4 3884.4 0.9
5 5129.3 4990.1 −2.7
Average (%) 2.9
ℓω (%) 7.8

Table 5: Orthotropic and isotropic properties adjusted for the equivalent volume of the disks and the winding, for the complete model.
Orthotropic properties adjusted for the equivalent volume of the disks for the stator model with absence of winding (0 to 10 kHz).

Properties
Complete stator model Stator model with absence of winding

Set of laminated disks Winding Outer region to the teeth Region of teeth
ρ 7560 2676 7560 18000
Ex (GPa) 211 0.11 211 335
Ey (GPa) 211 0.11 211 335
Ez (GPa) 4.80 0.11 6.1 6.5
]xy 0.3 0.09 0.3 0.3
]yz 0.11 0.09 0.09 0.09
]xz 0.11 0.09 0.09 0.09
Gxy (GPa) 80 0.05046 143 143
Gyz (GPa) 0.33 0.05046 0.49 0.54
Gxz (GPa) 0.33 0.05046 0.49 0.54
ηeq 0.1 0.015 0.06 0.06
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Figure 18: Comparison between the numerical (lines in black and blue) and experimental (lines in gray) FRF values for transversal
excitation (z direction) and response measurement at point E1 (z direction).

Shock and Vibration 13



frequencies above 900Hz. Due to the di�culty associated
with modeling a set of copper wires, this approximation by a
homogeneous isotropic material proved to be representative.

For the purpose of comparison with the modal shapes of
the laminated disk (Figure 12), there are modal shapes of the
stator shown in Figure 21 (in the same sequence), obtained
numerically for the simpli�ed stator model. Clearly, it can be
seen that the modal shapes of the stator have characteristics
similar to the modal shapes of a single laminated disk.

Point E1 in Figure 5(b) was used to obtain a response and
two reference points (transversal and radial) for matching
between numerical and experimental FRFs. �ese com-
parisons can be seen in Figures 18 and 19, in which the FRFs
in black and blue are the numerical values, where the black
line represents the complete model and the blue line cor-
responds to the simpli�ed model of the stator. �e exper-
imental FRFs in gray relate to the samples of seven stators.
�e FRFs present good correlations, and the numerical
results are within the range of experimental variability
obtained. In this case, a constant damping factor was used
(Table 5). However, optimized modal damping factors can
be speci�ed for the calibration of response levels, in con-
cordance with the experimental results.

As mentioned above, due to the absence of the physical
volume of the winding, the simpli�ed numerical model loses
accuracy in the frequency range between 300 and 900Hz.
Both numerical models show low sensitivity in representing

the physical process of detachment of the laminated disks,
particularly above 7 kHz.

On comparing the FRFs shown in gray in the graphs, it
can be noted that the experimental variability is accen-
tuated. Considering that the properties of the laminated
disks vary little from one stator to the other, the observed
variability between the stators is mainly associated with
the uncertainties of the tightening torque of the screws
and the winding, that is, the sti�ness oscillations of �x-
ation, of mass and, therefore, of damping. For the set of
eight stators evaluated, the largest mass deviation in re-
lation to the average mass was 27.0 g, associated with the
winding. As the mass di�erence between the stators is
relatively small, it is concluded that the variability be-
tween stators has the predominant in¢uence of sti�ness
and damping.

8. Conclusions

Satisfactory numerical representations were obtained
through the application of the homogenization method for
the two proposed numerical models, with addition of the
prestress e�ect of the screws and the connection between the
components. For all property settings, the average deviation
between the numerical and experimental natural frequencies
was equal to or less than 3.0%. �ese numerical models can
be used in many practical applications with relatively low
computational cost. However, depending on the purpose of
the study, a more detailed representation of the connection
properties and the physical phenomenon involved may be
required, resulting in a considerable increase in the number
of degrees of freedom of the models.

�e simpli�ed numerical model of the laminated stator
presented limitations of representativeness in the frequency
range between 300 and 900Hz due to the absence of the
modal shapes of the winding. Although diverging from the
physical reality, properties such as the modulus of elasticity
and density, measured for the region of the teeth in the
simpli�ed model, impart a dynamic behavior close to those
of the complete model and the real component.

Table 6: Correlation between the natural frequencies and modal
numerical and experimental shapes for the stator model without
the physical presence of the winding.

Order ωE (Hz) ωN (Hz) Δωn (%) MAC (%)

1 1084.0 1136.9 4.9 83.5
2 1477.3 1489.8 0.8 62.4
3 3621.4 3656.5 1.0 63.8
4 3848.4 3796.2 −1.4 61.3
5 5129.3 4780.0 −6.8 59.1
Average (%) 3.0 66.0
ℓω (%) 8.6
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Figure 19: Comparison between the numerical (lines in black and blue) and experimental (lines in gray) FRF values for radial excitation
(y direction) and response measurement at point E1 (z direction).
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Figure 20: Continued.
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�e two numerical models do not accurately describe the
discontinuities of the laminated disks, particularly at fre-
quencies above 7 kHz. It should be noted that contour
condition e�ects interfered in the experimental process of
obtaining the modal parameters, mainly due to the com-
plexity of the component tested. �e damping can also be
optimized, as a function of the frequency, to obtain a better
correlation between the numerical and experimental FRFs.

�e prestress e�ect applied to the stator screws proved to
be important to better characterize the modal forms of
numerical models and to change the local sti�ness around

the connections due to the stress-sti�ening e�ect. Modal
synthesis performed with the commercial Ansys® software
was found to be adequate, enabling computational vibroa-
coustic analysis.

�e presentedmethod for the identi�cation of properties
is an alternative in relation to the rare existing approaches
for this application. Its implementation is practical and
e�cient and depends on the user experience. It provides
suitable representations of predominantly radial and
transverse modal shapes with the addition of boundary
conditions, such as fastening and winding elements.
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Figure 20: Numerical and experimental modal shapes of the stator adopted for the �tting model: (a) ωN: 1136.9Hz; ωN: 1124.1Hz; ωE:
1084.0Hz. (b) ωN: 1489.8Hz; ωN: 1543.7Hz; ωE: 1477.3Hz. (c) ωN: 3656.5Hz; ωN: 3582.8Hz; ωE: 3621.4Hz. (d) ωN: 3796.2Hz; ωN:
3884.4Hz; ωE: 3848.4Hz. (e) ωN: 4780.0Hz; ωN: 4990.1Hz; ωE: 5129.3Hz.
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Figure 21: Numerical modal shapes of the stator model with absence of winding: (a) ωN: 1136.9Hz; (b) ωN: 2619.7Hz; (c) ωN: 2267.3Hz;
(d) ωN: 3656.5Hz; (e) ωN: 3796.2Hz.
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Catarina, Florianópolis, Brazil, 2016 https://repositorio.ufsc.
br/xmlui/handle/123456789/1456789/180407.

[16] J. C. Marcon, A. Lenzi, and O. M. Silva, “Identification of
three-dimensional equivalent material properties for lami-
nated disks pack of electric machine stators with stress-
stiffening effect,” in Proceedings of the 24th ABCM In-
ternational Congress of Mechanical Engineering, vol. 24,
ABCM, Curitiba, Brazil, December 2017.

[17] J. C. Marcon, A. Lenzi, O. M. Silva, and W. S. Sousa,
“Structural characterization of the block and stator group of a
hermetic compressor,” in Proceedings of the XVII In-
ternational Symposium on Dynamic Problems of Mechanics,
vol. 17, ABCM, Rio de Janeiro, Brazil, July 2018.

[18] J. E. Mothershead and M. I. Friswell, “Model updating in
structural dynamics: a survey,” Journal of Sound and Vi-
bration, vol. 167, no. 2, pp. 347–375, 1993.

[19] R. J. Allemang and D. L. Brown, “Correlation coefficient for
modal vector analysis,” in Proceedings of the 1st International
Modal Analysis Conference, pp. 110–116, Orlando, FL, USA,
November 1982.

[20] R. J. Allemang, “�e modal assurance criterion (MAC):
twenty years of use and abuse,” Journal of Sound and Vi-
bration, vol. 37, no. 8, pp. 14–23, 2003.

[21] P. Millithaler, Dynamic behaviour of electric machine stators:
modelling guidelines for efficient finite-element simulations
and design specifications for noise reduction, Ph.D. thesis,
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