Validation of finite element connection modeling by
comparison of experimental and virtual power injection
methods

David Sipos!, Marcell Ferenc Treszkai?, Daniel Feszty®

Department of Whole Vehicle Engineering, Audi Hungaria Faculty of Automotive Engineering, Széchenyi
Istvan University, Gy6ér, Hungary

!Corresponding author

E-mail: 'sipos.david@ga.sze.hu, *treszkai.marcell ferenc@ga.sze.hu, 3feszty.daniel@sze. hu

Received 9 June 2022; accepted 18 August 2022 M) Check for updates
DOI https://doi.org/10.21595/jve.2022.22754

Copyright © 2022 David Sipos, et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. There are several ways to obtain the matrix of damping loss factors and coupling loss
factors for Statistical Energy Analysis. The most recent approach is Virtual SEA, where the Power
Injection Method is performed virtually on a finite element model. In order to validate this
approach, the most common connection types are investigated in this paper through an L-junction
of two coupled steel plates. Virtual SEA and experimental Power Injection Method results are
compared in a bent, line welded, superglued and spotwelded variants. The respective finite
element connection representation is also validated during the comparison. It was found that with
the correct simulation setup, Virtual SEA provides good agreement with the experimental results.
In case of the spotwelded variants, further investigations were necessary regarding the parameters
of the connection. The influence of these parameters was evaluated and the greatest source of
deviations in the results is found.

Keywords: power injection method, virtual SEA, FE connection modeling.
1. Introduction

For a wide range of industrial applications, the role of Computer-Aided Engineering (CAE)
tools is increasing in order to predict the characteristics of the products via simulations. This trend
is valid for the vibroacoustic analysis of vehicles too. Vehicle manufacturers put huge efforts in
the Noise, Vibration and Harshness (NVH) developments of their products, since the vibrational
comfort and the acoustics of the vehicle became one of the most important factors of customer
satisfaction.

There are several well-established CAE methods available for NVH development, such as
Finite Element Method (FEM) or the Statistical Energy Analysis (SEA) methods, which
application is typically driven by the frequency range to be captured. FEM is more suitable for
low-frequency problems and can be used for detailed modeling of the structure. As the frequency
goes higher, the required element size decreases, resulting in a large number of elements. The
consequence of the fine mesh are the drastically increased computational costs. SEA on the other,
deals with high frequency problems with negligible computational costs, using spatial averaging
and power balance equations. The drawbacks of this method are that due to its very nature, it does
not allow detailed modeling of the structure as well as that the coefficients that drive the power
balance equations are very challenging to obtain. These coefficients are the Damping Loss Factors
(DLF) and the Coupling Loss Factors (CLF) that represents the dissipated and the exchanged
power in the system. Various approaches are available to obtain them, such as analytical SEA
[1-3]; experimental SEA (also called as Power Injection Method-PIM) [4-7]; and Virtual SEA
[8-9]. The latter attempts to put the PIM into the virtual environment using FEM, thus eliminating
the necessity of conducting experiments. Each of these approaches will be overviewed shortly in
the next chapters.

Several papers deal with the analytical and experimental determination of CLFs and DLFs for
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coupled plates. Treszkai et al. [10] investigated 19 different joining methods and compared
experimental results to analytical SEA results. Panuszka et al. [11] investigated L-shaped
structures with different joint types and thickness ratios. They estimated the DLFs from
reverberation time, the CLFs from the power balance equation and compared the results to
analytical formulas. Le Bot and Cotoni [12] investigated the validity of coupled plates SEA model
through direct numerical simulations. Patil and Manik [13] performed a sensitivity analysis of
differently coupled plates using direct differentiation and finite difference methods. However,
these studies do not provide validation for coupled plates in Virtual SEA.

Therefore, the goal of present study is to evaluate the results of the experimentally and the
virtually performed power injection method in different coupling conditions. This will be carried
out by comparing the measured and calculated coupling loss factors and by comparing the energy
responses to a given injected power. To do so, the least possible complex test cases were
assembled, also described in the next chapters. The experimental data was provided by former
measurements, carried out in the work of Treszkai et al. [10]. The finite element modeling method
of each connection type can be also validated through this comparison. In each case, the virtual
PIM was performed in MSC Actran’s Virtual SEA module, for which, the modal extraction was
done in MSC Nastran.

2. Statistical energy analysis

Statistical Energy Analysis is an energy-based approach for describing the vibro-acoustic
behavior of complex structures, introduced by Lyon and Maidanik [14] and Smith [15] in the
1960s. It is suitable for high-frequency analyses, where the response of the structure can only be
described by statistical methods. It assumes that certain conditions are fulfilled, such as the weak
coupling, the homogenous vibrational energy distribution in subsystems and sufficient modal
density. The SEA power balance equation can be written for subsystem i as [16-17]:

Piin = Ptgiss-l_zpcw' (1)
i#j

where P}, equals the total injected power, Pci 7 is the exchanged power between subsystem i and
J. Pjiss s the dissipated power from subsystem i given by [17]:

Pliss = miwE;, )

where 7); is the damping loss factor, w is the center frequency of the considered frequency band,
E; is the subsystem energy. The power exchanged is assumed to be [17]:

P = w(nyE; —njiE;), (3)

where 7;; and 7j; are the coupling loss factors. The general form of the power balance equation
for any number of subsystems can be written as [17]:

Pl = nwE; + Z wmi;E; —niEj), )

i#j
or in compact form [17]:
P = w[n]E. (%)

Fig. 1 shows an SEA power balance model for 2 subsystems, which is the schematic
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representation of the test cases that this paper investigates.

Pl,in I:,Z,in
w Ny,E,
—
Subsystem 1 Subsystem 2
< W Ny £y
w MmE, w n,E,

Fig. 1. Schematic representation of the SEA power balance model [10]

As said, the most challenging part of an SEA study is to obtain the loss matrix [n], containing
all of the coupling and damping loss factors. There are several different approaches to consider.
The first method is the analytical SEA method. As the name suggest, it uses analytical
formulations to estimate the coupling conditions between any two neighboring subsystems
inferred by the transmission coefficient of the junction. This means that the analytical formulation
for the Coupling Loss Factors (CLF) can only be derived for physically connected subsystems for
which, these formulas are available e.g., simple connections for regular geometrical objects.
Indirect coupling loss factors that are often associated with global modes cannot be considered.
However, as opposed to the experimental SEA that will be described in the next chapter, analytical
SEA considers energy exchanges associated with all wave types [17].

3. Power injection method

The SEA loss matrix can also be obtained by experimental measurements. In the Power
Injection Method, which was first introduced by De Langhe [4], the loss matrix is calculated by
substituting the P and E values in the SEA power balance equation. The most convenient way to
do so is to excite all subsystems one by one while measuring the injected power and the response
of all the other subsystems. There are various descriptions of the mathematical background of this
theory, however, the one below is largely based on Ref. [17]. According to this, the injected power
to a subsystem can be calculated according to the following equation:

Pip = F? Re{Y ()}, (6)

where F is the excitation force and Y is the driving point mobility. The kinetic energy of the
subsystem is given by:

E = m(v?) (7

where m is the mass, and (v?) denotes the spatially averaged squared vibrational velocity of the

subsystem. After iterating on all subsystems, on the left-hand side of the SEA power balance

equation, a diagonal P matrix and on the right-hand side, a full matrix of E is produced as shown
by Eq. (8):

P, - 0 Ey, - Ep

P =w[n][5 R
Ein o Epn

P (8)
0 - P
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From the above equation, the loss matrix [1] can be obtained by a simple matrix inversion. It
should be noted that this method considers energy exchanges associated with only bending waves
and not with longitudinal or shear waves. It is also a drawback of this method that it needs access
to a prototype to perform the measurements on and it can require extreme amounts of
measurements and man hours depending on the size of the structure.

The most recent approach to obtain the SEA loss matrix is the Virtual SEA method, first
introduced by Gagliardini et al. [8]. They used finite element calculations to build up an energy
distribution model for the virtual power injection method. Based on the modal representation of
the vibro-acoustic model, the distribution matrices enable the computation of energetic quantities
on element patch levels i.e., k set of elements. Considering an element patch Py, the associated
mass and stiffness distribution matrices (My, K;) are obtained by projecting the set of element
level mass and stiffness matrices (M(®), K(®)) on the modal basis ®:

M, = qﬂz M© o, 9)
€EPy,

K, = anZ K© o (10)
eEPy,

A generic kinematic quantity expressed in modal coordinates as: X(w) = ®&(w). Since
energetic quantities generally takes the expression X(w)?D;X(w), it can be rewritten as
@(w)"D,d(w) where Dy is either the mass or stiffness distribution matrix of element patch Py.
Thus, the distribution matrices can be directly used to calculate energetic quantities. Without
further derivation, the injected power can be expressed as:

W, = %Im(&(w)HCDTf(w)). (11)

The potential and kinetic energies expressed as:

_ 1

Ve = Zo?(w)” K,d(w), (12)

. w?

T, = 7&(w)HMk&(w). (13)
And the dissipated power is given by:

_ )

W, = ”7&((0)*1 K, d(w). (14)

Once the energy distribution model is built up, it can be used for the power injection method,
meaning exciting each subsystem one by one, while monitoring the response in all the other
subsystems, exactly as in experimental SEA. However, this method combines the advantages of
the previously mentioned approaches, but without their limitations and challenges: all of the wave
types can be considered, no difficulties caused by measurements and any complex geometries can
be assessed. The so obtained coupling matrix should approximate the SEA assumptions as close
as possible and it only requires a finite element modal analysis to be available. In the next chapter,
these finite element models will be reviewed, each with different connection type in order to
validate the modeling methods and the virtually performed PIM.

4. Test cases and simulation models for loss matrix estimation

Some of the most common connection types were investigated in this study, based on the work
of Treszkai et al. [10] The first model was a single piece of sheet metal bent in 90° with 2 mm
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nominal thickness. The junction created by the bending split the structure into 2 subsystems. Plate
1 will be excited along all the load cases and will be referenced as subsystem 1 and Plate 2 will
be the receiver, named subsystem 2. The dimensions of the plates are approximately
650x550 mm, but due to the connection to be realized, there is a 20 mm overlapping area between
the plates. This overlap for the connection was always formed from Plate 1 and bent in 90°, as

described in [10]. The finite element model of the bent variant is shown in Fig. 2.

-~ -

Fig. 2. Finite element model of test Case 1: the baseline bent variant

In the second variant, the two plates were connected with line welding as shown by the
representative finite element model in Fig. 3. The elements used for the realizing the connections
are NASTRAN-specific, each of those description can be found in the corresponding
documentations. The line welding was modeled as RBE3-HEXA-RBE3 connection with one row
and one layer of HEXA elements. The material properties of the solid elements were the same as
the plates. The line welding connection was created around the overlapping area just as on the

physical model.

-~ -

Fig. 3. Finite element model of test Case 2: the line welded variant

In the third variant, a superglued type of connection was created. The whole overlapping areas
on both plates were connected, again with RBE3-HEXA-RBE3 elements shown by Fig. 4. The
gap between the plates was filled with 3 layers of HEXA elements and those material properties

were set according to Table 1:

Table 1. Material properties of the superglue

Young’s modulus | 1630 MPa
Poisson ratio 0.45
Density 1200 kg/m?
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Fig. 4. Finite element model of test Case 3: the superglued variant.

The last variant that is covered here was the spotwelded connection. 5 connection points were
equally spaced in the overlapping area, as shown by Fig. 5. The finite element representation of
this type of connection is again RBE3-HEXA-RBE3. This time, a single HEXA element was
created in the connection and similarly to the line welded variant, the material properties of the
solid elements were set to steel.

- -

Fig. 5. Finite element model of test Case 4: the spotwelded variant

The measurement process that provided the data for this comparison is described more in detail
in [10]. In short, impact testing methodology was employed with a total of 12 accelerometers per
plates in 4 runs. The injected power was measured according to Eq. (6) and the responses were
calculated according to Eq. (7). Free-free boundary condition was ensured during the
measurements.

Regarding the finite element simulation models, the maximum element size was 5 mm, which
enables the models to be valid above the frequency of interest. The modal bases were calculated
up to 2000 Hz for building up the energy distribution models. The SEA subsystem division was
also kept the same during the analyses. The finite elements created for the connections were
always assigned to the receiver plate’s subsystem. For each variant, two Virtual SEA simulations
were set up. One with constant damping, that assumes no measurements had been made in prior
the simulations and one where the damping values of the plates are exactly matching the measured
DLF values. The constant damping value of the plates was set according to 0.2 %, which is a
typical value for such lightly damped steel plates. Both Virtual SEA variants were excited with
the exact same injected power that comes from the measurements to make the results the as
comparable as possible.

The results that will be investigated are the energy levels of the receiver plate, subsystem 2.
Measured curves will be compared to simulation results, one with constant damping loss factors
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and one with measured damping loss factors. The second type of comparison for each variant
investigates the comparison of coupling loss factors. In this case, since the damping and coupling
loss factors are dependent on each other, the measured curves will only be compared to the
simulation where the measured damping loss factors were employed. Thereby, no external factors
affect the result, so one can get a more accurate insight to the differences of the measured and the
calculated coupling loss factors by the Virtual SEA method. It should be noted that the measured
coupling loss factors are quite challenging to capture accurately. Moreover, if the SEA weak
coupling condition is assured, large discrepancies can occur in the coupling loss factors whose
effects may not appear in the energetic results of the receiver plate.

5. Results and analyses
5.1. Test Case 1: baseline bent variant

Fig. 6 shows the energy response of the receiver plate in measurement and Virtual SEA
simulations. It can be observed that the 0.2% constant damping value employed in the simulation
(blue curve) still might be too high, proven by the measured values as well, which were lower in
general. The simulation employing the exact damping values (green curve) agrees very well with
the measurement. The general trend of both the results is still acceptable and both curves reflect
the real behavior of the structure.

The comparison of the measured and calculated coupling loss factors is shown by Fig. 7. It can
be observed that in the measurement and in the simulation too, the reciprocity relation is respected.
In the low frequency range, larger discrepancies can occur but as the frequency increases, the
results get more accurate. Starting from about 300 Hz, the trends are relatively well captured,
except in the 1000 Hz third octave band. This effect is slightly visible in the energy response
curves as well. Overall, the bent model has few parameters to tune, thus this level of correlation
is expected. The discrepancies can be attributable to the high sensitivity of the model.
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Fig. 6. Energy response of the receiver plate for Test Case 1: baseline bent variant. Measurement — red
curve; simulation with constant damping — blue curve; simulation with measured damping — green curve
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Fig. 8. Energy response of the receiver plate for Test Case 2: line welded variant. Measurement — red
curve; simulation with constant damping — blue curve; simulation with measured damping — green curve
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5.4. Test Case 4: spotwelded variant

Last, the results of the spotwelded variants are compared on Fig. 12 and Fig. 13. Former shows
that the energy response of the receiver plate has the largest difference between simulation and
measurement along all of the variants. The simulation with the measured damping values (green
curve) shows similarities with the experimental results in terms of trends, but far from the exact
values. The constant damping value for this variant does not provide reliable results in this form.
Regarding the measured and calculated coupling loss factors shown by Fig. 13, it is obvious that
something is wrong with either the modelling method of the spotwelded connection or with the
measurement. To find out what could cause such differences, a few more simulation model
variants were derived, and the effect of each parameter was investigated in the same way.
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Fig. 12. Energy response of the receiver plate for Test Case 4: spotwelded variant. Measurement — red
curve; simulation with constant damping — blue curve; simulation with measured damping — green curve
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Fig. 13. Coupling loss factors for test Case 4: spotwelded variant.
Measurement — solid lines; simulation — dashed lines

The first parameter that was changed concerns the RBE3-HEXA-RBE3 connection. The radius
of the connecting region was increased by approximately a factor of 2 via involving more grids in
the RBE3 element, shown by Fig. 14. Fig. 15 and Fig. 16 show the so-obtained results. These
curves suggest that the radius of the spotweld connection has minor influence on both the energetic
response and the coupling loss factors in this case. Therefore, it is unlikely that this parameter is
responsible for the large discrepancies in the results on its own.

a) b)
Fig. 14. Increased RBE3 diameter and connecting region in Test Case 4: spotwelded variant.
a) — original model; b) — increased RBE3 diameter

In the next step of the investigation, several changes were made to the model. As Fig. 17 shows,
the size of the HEXA element in the connection was reduced from 5 mm to about 2 mm. In order
to soften the connection, the Young’s modulus of it was also changed from 210000 MPa to
100000 MPa. Since the simulation results with the constant damping values were too
underdamped, the global structural damping value was increased from 0.2 % to 0.5 %. In the
simulation with the measured damping values, the damping of the plates was unchanged.
However, the damping of the HEXA elements is defined individually and was increased from
0.2 % to 1 %, because this model also seemed to be underdamped.
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Fig. 16. Coupling loss factors for test Case 4: spotwelded variant with increased connection area.

Measurement — solid lines; simulation — dashed lines
The combined effect of these changes is shown by Fig. 18 and Fig. 19. Regarding the

simulation results with the unchanged plate damping values with the green curve, all of these

changes had once again just minor effect, compared to previously seen curves on Fig. 15 and

Fig. 16. Only slight improvements were achieved. It is conspicuous though that the increase in the

constant damping in case of the blue curve does have significant effect on the order of magnitude
of the receiver plate’s response, but now it seems to be overdamped, compared to the measured

curve. However, the comparison of coupling loss factors suggests that neither of these changes

hence they cannot be stated as valid.

improved the overall quality of the model,
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Fig. 17. Reduced HEXA element size in comparison for Test Case 4: spotwelded variant:
a) — original model; b) — reduced HEXA element
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Fig. 18. Energy response of the receiver plate for test Case 4: spotwelded variant with increased damping,
decreased connection stiffness. Measurement — red curve; simulation with

constant damping — blue curve; simulation with measured damping — green curve

The effect of each of the above-mentioned parameters was also investigated separately in order
to make sure that opposite effects do not take place and extinguish each other out, but that was not
the case. Only the increased constant damping had large influence on its own, but as it was seen
on Fig. 18 and Fig. 19, the offset of the response curve does not mean a substantial improvement
in quality.

Many of the presumed influencing factors of the finite element connection modelling method
were investigated with no success in terms of the representation of the measured curves. In the
next step, it was assumed that the physical model had deviations from the nominal dimensions.
Thus, each of the plates’ thicknesses were increased from 2 mm to 2.1 mm in the simulation
models and the increased damping values were also kept. This produced similar results as seen on
Fig. 18 and Fig. 19. In the next step, the ratio of the thicknesses was changed, so only Plate 1 was
increased to 2.1 mm. Fig. 20 and Fig. 21 show that this improved further the energy response on
the receiver plate compared to the previously seen changes, regarding the green curve with the
measured damping values applied on both plates. The constant damping simulation curve is also
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damping values, but it is still overdamped. More fine tuning of the global damping value will be
needed to this model in order to get better results, but as the green curve suggests, the model itself
case with the previous models at all. Of the many coupling parameters that were tested, the ratio

became more accurate. The point is, that significant improvement was achieved in terms of the
coupling loss factors. The trend of these curves is now fairly well captured, which was not the
of the thicknesses had real effect on the simulation results, and it provided the only way to really
approach the measured curves. The connection modelling method in this case can now be assumed
to be correct.

changed, and its trend seems to be better fitting the experiment and the simulation with the exact
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Fig. 20. Energy response of the receiver plate for test Case 4: spotwelded variant with different thickness
simulation with measured damping — green curve

ratio. Measurement — red curve; simulation with constant damping — blue curve;
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Fig. 21. Coupling loss factors for test Case 4: spotwelded variant with different thickness ratio.
Measurement — solid lines; simulation — dashed lines

6. Conclusions

In this study, the finite element modelling method of some of the most common connection
types was investigated through comparison of experimental and virtual power injection method.
These connection types were: 1) bent; 2) line welded; 3) superglued; 4) spotwelded. Two type of
simulation results were tested to measurement data in each case: first, based on no experimental
data, where the global damping of the simulation model was a constant value; and second, where
the damping of the two plates came from the experimental PIM to get a better understanding of
the behavior of the other influencing factors and a better insight to the validity of the models. In
case of the bent, line welded and superglued variants, the simulation models reflected the realistic
behavior of the physical models, apart from some low frequency discrepancies where probably
the SEA assumptions were not entirely respected. The overall quality of these models was
satisfactory, in terms of the response of the receiver plate and the coupling loss factors too.
However, the spotwelded variant showed unexpectedly large differences. The effect of the main
influencing factors of the connection modeling method was investigated. It was found that the
changes made to the involved area in the connection, the stiffness, damping and dimensions of the
connecting elements all had relatively small effect on the resulting response and coupling loss
factor curves. The increase in the global damping value had large influence on the energy response
as expected, but it does not account for the different behavior of the model. The only thing that
brough the simulation results closer to the measurement was the change in the thickness ratio of
the two plates. Assuming that Plate 1’s thickness differed from the nominal 2 mm nominal value
to 2.1 mm, the simulation curves improved significantly. It was proved that the connection
modeling method used for spotwelded connection can be regarded valid once the exact dimensions
of the models are clarified. Further studies may investigate in the same manner the other
connection types that had been studied in [10], e.g., the bolted type, the more densely spotwelded
one or all of those variants in a different connection angle. These would provide valuable results
on validity of the finite element modeling of each connection type.
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