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Abstract
Finite Element Method (FEM) and the Statistical Energy Analysis (SEA) are standard methods in the
automotive industry for the prediction of vibrational and acoustical response of vehicles. However, both
methods are not capable of handling the so called “mid frequency problem”, where both short and long
wavelength components are present in the same system. A Hybrid method has been recently proposed that
rigorously couples SEA and FEM. In this work, the Hybrid FE-SEA method has been used to create
fast/efficient model of structure-borne noise in a fully trimmed vehicle from 200Hz to 1 kHz. This paper first
describes simple guidelines used to partition the vehicle into stiff components described with FE and modally
dense components described with SEA. It is also demonstrated how detailed local FE models can be used to
improve SEA descriptions of car panels and couplings. After review of the Hybrid FE-SEA models of a full
vehicle that were built, sample experimental validation results of interior Sound Pressure Levels and panel
vibration are shown for both bare and fully trimmed vehicle configurations.
Keywords: FEA, Hybrid FE-SEA, SEA, DOF, BIW
1.

INTRODUCTION

The prediction of the interior noise levels of vehicles in the mid frequency range (200 – 1000 Hz) is a highly
complex vibro-acoustic problem. Multiple sources (engine, tire, exhaust) are involved. Additionally, sources are
both structure borne (through engine and suspension mounts) as well as airborne. Finally, the structure displays both
long and short wavelength behaviours. The A-pillar is an example of a rigid component with a long wavelength
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dynamic response while the roof is typically a modally dense component (short wavelength). Such characteristics
considerably increase the complexity involved with the vibro-acoustic modelling of a vehicle in this frequency
range. Numerical methods are widely used in the automotive industry. The main methods used are the Finite
Element (FE) Method and the Statistical Energy Analysis (SEA). The FE method, based on a deterministic
description of the dynamics is typically used for structure-borne problems (although it may also be used for airborne sources) and is usually limited to frequencies below 250 Hz. The method becomes prohibitively expensive in
terms of computational costs with increasing frequency as more Degrees-of-Freedom (DOF) are required to
correctly represent the dynamic response of the structure. Additionally, the dynamic response becomes sensitive to
small perturbations in the model, thus defeating the purpose of a deterministic modeling method 0. The FE model of
a typical passenger car may involve around 6 million DOF up to 250 Hz. SEA is a statistical method widely applied
in automotive industry for air-borne problems at frequencies higher than 300 Hz. The method is highly efficient for
the design and optimization of sound packages facing airborne sources, but it lacks accuracy when dealing with
structure-borne sources in the mid frequency range. In short, there is a need for an efficient vibro-acoustic tool for
the prediction of structure-borne problems in the mid frequency range.
The Hybrid FE-SEA method is a newly developed method that rigorously couples FE and SEA methods 0. The
method allows rigid components to be modeled deterministically using FE while modally dense components can be
described using SEA. Both structural and acoustic components can be included in a hybrid model, either as a FE
mesh or a SEA subsystem. With the possibility of including acoustic SEA subsystems, the method also allows the
use of trim modeling approaches commonly applied in airborne SEA model of vehicles. Examples of such
approaches are the Transfer Matrix Method 0 (which may be obtained using Biot’s formulation) and the use of
measured Insertion Loss. In other words, the Hybrid FE-SEA method brings the great flexibility of SEA with the
option of modeling more complex stiff components using FE whenever required.
Since the Hybrid FE-SEA method was proposed, it has been used in many different applications and extensively
validated 0,0,0, but the understanding of the full potential of the Hybrid FE-SEA method is still to be achieved. The
work presented in this paper is part of an on-going project with the purpose of investigating the application of the
Hybrid FE-SEA model for the mid frequency problem in vehicles. An additional objective of the project is the
development of a simple, fast and accurate model building process using the Hybrid FE-SEA method. Other papers
have described previous steps of the project, including the modeling process used for the body-in-white (BIW) car 0
and some preliminary numerical and experimental validation results 0. This paper summarizes the modeling process
and describes the full vehicle Hybrid FE-SEA model. Finally, validation results of the full vehicle vibration and
acoustic responses are finally presented.
I)

MODELING PROCESS

a) Subsystems Definition
A fundamental step in the modeling process using the Hybrid FE-SEA method is the partitioning of the structure
into SEA and FE subsystems. Typically, rigid components of the structure, such as the frame and the rails, are
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modeled deterministically. On the other hand, flexible regions with a large number of local modes are good
candidates for SEA subsystems. It is important that the partitioning approach ensures that global and local
transmission paths are correctly accounted for in the model.
A first analysis of the geometry and physical properties of the structure showed that the decision making process can
be difficult due to the complex geometry encountered in modern BIW. Therefore, the partitioning scheme was
refined 0 based on: (i) global modal analysis of the vehicle (localized modes indicate potential SEA regions); (ii)
local modal analysis of regions identified as potential SEA subsystems (wavelength, modes in band, spatial
uniformity of the response, sensitivity to boundary conditions, etc); and (iii) forced response analysis of the vehicle
(regions with homogenous response are good SEA candidates).
b) SEA Parameters
Once the FE and SEA subsystems are identified, the next step is the determination of the SEA parameters, which
are: effective subsystem mass and stiffness, modal density (and subsequently power input), damping loss factors
(DLF), coupling loss factors (CLF). Typically, SEA properties can be calculated in three ways: (i) analytically,
using the wide library of standard SEA subsystems formulations (flat plate, singly-curved shell, doubly-curved shell,
etc) for which dispersion curves can be computed from subsystem geometry and physical properties; (ii)
numerically; or (iii) experimentally. All approaches were used in this project. The experimental approach (Decay
Rate Method) was used to estimate the DLF of the bare structural subsystems and untrimmed acoustic cavities. The
DLF is a key parameter in any SEA model and analytical or numerical approaches usually do not provide accurate
results. The internal damping of the subsystems was updated until predicted and measured apparent damping match.
In trimmed configuration, the cavity damping is predicted from the trimmed panels, similar to traditional airborne
SEA models 0 while the additional structural damping due to the trim is also predicted.
Local FE models were built from which both mass and effective stiffness of the subsystem could be deduced 0. This
standard process is referred to as finding the stiffness and mass multipliers 0,0, and is needed when the component is
too complex to be directly characterized by one of the standard SEA subsystem formulations.
Local Hybrid FE-SEA or FE models were also used whenever the coupling displays a high level of complexity or
one subsystem was too complicated (complex geometry, presence of corrugations or local stiffeners, varying
curvature, etc). The Hybrid FE-SEA method is especially suitable for the task since the CLF may be directly
obtained from the hybrid equations. In the case of a FE model, the Energy Flow Method (EFM) 0 was used to postprocess the results and calculate the CLF. Local Hybrid FE-SEA models were finally used to efficiently calculate
the radiation efficiency of panels with complex shape 0. Panels with varied curvature and numerous bids and
stiffening present much higher radiation than a smooth shape panel of similar dimensions. In such cases, local FE
models coupled to acoustic subsystems through Hybrid Area Junction may be used to calculate the radiation
efficiency. The approach can be easily implemented and allow the inclusion of trim elements. The calculation of the
radiation efficiency through a hybrid model is also several times faster than through a BEM model.
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Power input calculations may also be improved over traditional SEA methods using the Hybrid FE-SEA method.
The attachment points for structure-borne sources in a vehicle are usually very stiff and complex shaped. This is a
design characteristic of modern BIW structures, and, consequently, it becomes difficult to predict the power input
using analytical equations. Therefore, a detailed FE model of such regions is required to ensure that the power input
due to these excitations is correctly computed.
Figure 1 shows details of the local FE models used to represent the regions of the attachment points of structure
borne sources.

Front
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Figure 1: Detailed FE subsystems of excitation points.

Finally, the majority of the sound package is modeled using a traditional SEA representation and common to that of
similar airborne SEA models 0. The treatment lay-ups can be applied to SEA subsystems. Transfer matrix theory
and plane wave propagation models for layered media treatments are used to predict the acoustic absorption and
transmission properties.
c)

Local vs. Global Transmission Paths

Since CLF can be accurately obtained using the hybrid method or EFM, one may be tempted to reduce the number
of FE subsystems in the full Hybrid FE-SEA model and thus reduce the size of the model. For example, the rails
may be modeled using SEA. The question is if the SEA representation of the rails would correctly account for the
transmission paths.
Figure 2 illustrates two versions of the hybrid model: (i) with rails modeled as SEA, and (ii) with rails modeled
using FE.
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Figure 2: Illustration of global coupling due to the rails and pillars.

In the first situation (rails as SEA subsystems), the CLF was obtained using EFM. The response of a subsystem at
the back of the car when considering an excitation at the engine mount is shown in
Figure 2 and compared with reference results from a full FE solve 0. It can be observed that the vibration response is
well under estimated by the model with the rails as SEA subsystems. Even though the CLF are computed from local
deterministic models, a SEA representation of the rails yields to an under prediction of the global transmission paths
as the rails globally couple the whole vehicle. In summary, numerical approaches may be well used to obtain the
CLF in the case of local transmission paths. However, in the case of a global transmission path through stiff
components, a Hybrid FE-SEA model is required.

d) Example of the Modeling Process
An example of the modeling process is provided by illustrating the modeling of the vehicle instrument panel. The
FE model of the instrument panel and the corresponding SEA model are shown in
Figure 3. The division of the instrument panel in SEA subsystems followed the guidelines outlined in the previous
sections, and local FE models of each subsystem were used to calculate the SEA parameters.
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Figure 3: Left - FE and SEA versions of the instrument panel. Right - Numerical validation.

The SEA model of the instrument panel is then validated against a full FE model (structure only). In this process, a
Hybrid FE-SEA model was created including the SEA model of the instrument panel and part of the vehicle
structure as seen in
Figure 3. The FE model of the instrument panel was also connected to the same part of the vehicle structure. Care
was taken to correctly represent the connections between the instrument panel and the structure of the vehicle. Point
forces were placed at the shock tower and the engine mount. The vibration levels across the instrument panel were
calculated for both the hybrid and the full FE models.
The velocity response for one subsystem of the instrument panel obtained through the hybrid model is compared in
Figure 3 with the average results from the full FE model for the same region. A very good agreement can be
observed between the results, with discrepancies around 2 dB (much smaller than the spatial variation of the results
also shown in
Figure 3). The results provide confidence for the inclusion of the SEA model of the instrument panel in the hybrid
model of the full vehicle.
II) Full vehicle Hybrid FE-SEA model
The main objective of the project is to create and validate a model of a trimmed full vehicle. However, to achieve
this objective, it is necessary to carry on several modeling steps. The first steps of the project included the
development of a hybrid model of a body-in-white vehicle, with focus on the floor and dash panel modeling
approach, and the validation of the model against numerical and experimental results. More details about this stage
are provided in 0. Following steps comprehended the extension of the model to a full vehicle with acoustics, and the
addition of the doors and instrument panel to the model as illustrated in Figure 4.
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Figure 4: Hybrid FE-SEA model of the full vehicle.

The model also includes internal and external acoustic subsystems as seen in Figure 4. Note that the partitioning of
acoustic subsystems follows traditional airborne SEA models 0. Additional paths from airborne SEA models (nonresonant transmission and leakage, pass through, seals, etc) were also included in the hybrid model. Each step of the
project was followed by a complete validation work so that following steps could be carried on with total
confidence. The validation process included both numerical and experimental tests. Experimental validation on the
full vehicle (both structural and acoustic response) is done in both bare and fully trimmed configurations. Results are
presented below.
III)
a.

VALIDATION
Numerical Validation

The numerical validation included the comparison of results from the hybrid model with a corresponding full FE
model (without acoustics). Since the computational costs involved with solving a FE model of the full vehicle are
prohibitive, a FE model of half the vehicle was used for the numerical validation. In this case, a hybrid model of half
the vehicle was also created. The statistics for the models are given in Table 1. It can be noted that the hybrid model
represents a significant reduction of the computational costs involved with the solution of the coupled analysis. The
results for the numerical validation are available in previously published paper 0.
Table 1: FE and Hybrid model statistics.
Full Vehicle
FE model

Hybrid model

Number of nodes

≈ 1 million

≈ 440,000

Number of elements

≈ 1 million

≈ 390.000

>10,000*

≈ 3,700

Modes extraction time

N/A

≈ 5 hours**

Coupled solve time

N/A

≈ 2 minutes / band***

Number of modes
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*Estimated

**on cluster, 4 CPUs, AMLS.

***VA One 2009 64bit, Dell Precision 380, Dual Core 3GHz, 4GM RAM, Windows
XP 64.

b.

Experimental Validation

In the previous steps of the project, experimental tests were used to validate the hybrid model of the BIW vehicle. In
that case, only structural measurements were performed and the focus was on the accurate representation of the floor
and dash panel 0. Additional tests performed in 2007 on the full vehicle (both bare and trimmed configurations). The
experimental process described here was concerned with three aspects: (i) the power input from structure-borne
sources, (ii) the vibration response of large panels (main contributors to the interior noise); and (iii) the acoustic
response inside the car. Each item is discussed separately below.

c.

Power input

Examples of the experimental validation of the power input are given in Figure 5 where predictions from the full
vehicle hybrid model are compared to impact hammer tests. Six excitation locations were chosen as illustrated in
Figure 1. The regions are quite stiff with a complex geometry, making them an ideal candidate to be modeled using
FE. Experimental results were obtained for structural impact at typical attachment points of the sources. Very good
agreement between tests and predictions is observed.
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Figure 5: Power input at the engine mount (left) / rear axle (right) - Hybrid vs. experimental.

Prasanth S, Dr. N. V. Nanjundaradhya, Dr. Ramesh S Sharma

24

Vol.1 Issue.3, July
2013. Pgs: 17-28

INTERNATIONAL JOURNAL OF RESEARCH IN AERONAUTICAL AND MECHANICAL ENGINEERING

Two additional load cases were considered and consisted of rain-on-the-roof excitation of the windshield and one of
the floor panels, both being modelled with SEA.

d.

Vibration response of panels

The acoustic radiation of large panels is a key factor for the vehicle interior noise. Therefore, an accurate prediction
of the vibration level of such panels is necessary to correctly estimate the interior noise levels. Accelerometers were
used to measure the vibration response of up to 40 SEA subsystems at a total of over 300 locations. As illustrated in
Figure 6, the model correctly accounts for the transmission paths through the structure and can predict the response
far from the excitation point in both bare and trimmed conditions in the frequency range of interest.
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Figure 6: Example velocity validation results (left – bare vehicle, right – trimmed vehicle).
e.

Acoustic response

The final step of the validation process was the comparison of interior noise levels predicted by the hybrid model
with the acoustic response measured. 40 microphones were used to record SPL in 10 acoustic SEA cavities.
Example predictions and test results are compared in
Figure 7 for both bare and trimmed conditions. In general, the discrepancies between predicted and measured sound
levels are within 3-5 dB. This is considered a good agreement for sound levels inside a vehicle. Similar
discrepancies would be expected between measurements performed repeatedly in identical vehicles 0. The model
can thus not only predict structure borne noise transmission in the bare full vehicle but also the impact of the sound
package on the response.
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Figure 7: Example SPL validation results (left – RH front headspace, right – RH front lower region)

IV) Conclusion
Some steps of investigation process of the use of the Hybrid FE-SEA method for the vibro-acoustic modeling of
vehicles over the mid-frequency range (200Hz to 1kHz) have been presented. A simple methodology was proposed
to guide the FE/SEA partitioning of the vehicle and the determination of the input SEA parameters. It was shown
that the Hybrid FE-SEA method can be used to improve traditional SEA models for structure borne predictions in
the mid-frequency range with a reduced computational cost when compared with full FE models. In fact, it was
possible to perform a coupled analysis of the full vehicle (including acoustics and trim) on a regular desktop
computer within 80 minutes. Numerical and experimental results were used to validate the hybrid model and verify
different modeling approaches. It was shown that the exclusive use of local FE models to extract SEA parameters
yields an underestimate of the response due to global coupling when the rails were modeled using SEA. The
experimental validation procedure included measurements of the power input, vibration response of panels and the
interior noise levels in both bare and fully trimmed conditions. The hybrid model predictions for the power input and
vibration levels were in general within 3 dB of experimental results. The difference between predicted and measured
interior noise levels was within 3-5 dB for both bare and trimmed configurations. Such discrepancies are similar to
the values reported in the literature for the differences in measurements with identical vehicles. The Hybrid FE-SEA
model is able to accurately predict not only absolute levels in the vehicle but also the impact of the sound package.
Finally, it should be noted that an important feature of a Hybrid FE-SEA model is the ability to perform a Noise
Path Analysis in order to determine the key panels contributing to interior noise and thus help in the design of
counter measures. Sample results have been presented in a previous paper 0 and further work is planned to
demonstrate the potential of this modeling technique for efficient sound package / BIW design.
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