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Abstract: To take into account the influence of uncetainties on
the dynamic response of the vibro-acousitc structure, a hybrid
modeling technique combining the finite element method ( FE)
and the statistic energy analysis (SEA) is proposed to analyze
middle
The mid-frequency dynamic response of the

vibro-acoustics responses with uncertainties at
frequencies.
framework-plate structure with uncertainties is studied based
on the hybrid FE-SEA method and the Monte Carlo ( MC)
simulation is performed so as to provide a benchmark
comparison with the hybrid method. The energy response of
the framework-plate structure matches well with the MC
simulation results, which validates the effectiveness of the
hybrid FE-SEA method considering both the complexity of the
vibro-acoustic structure and the uncertainties in mid-frequency
vibro-acousitc analysis. Based on the hybrid method, a vibro-
acoustic model of a construction machinery cab with random
properties is established, and the excitations of the model are
measured by experiments. The responses of the sound pressure
level of the cab and the vibration power spectrum density of
the front windscreen are calculated and compared with those of
the experiment. At middle frequencies, the results have a
good consistency with the tests and the prediction error is less
than 3.5 dB.
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vibro-

he dynamic analysis of a built-up vibro-acoustic sys-
T tem has been a topic of interest in many industrial
design fields as a way to predict noise, vibration and
harshness problems (NVH) in systems. However, there
is not a single method able to be employed when the dy-
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namic behavior spreads over a wide frequency range "',
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Currently, the FE method”™ is one of the most widely-
used deterministic approaches for dynamic analysis,
which is built on the discretization of the system into a
fair amount of elements. Whereas, as the frequency in-
creases, the FE model will desire a large number of de-
grees of freedom ( DOFs) so as to exactly describe short
wavelength behavior of the structure, which demands a
huge calculation resource and time. Furthermore, the FE
model becomes more and more sensitive to randomness
with the frequency increasing, which will lead to a major
propagation error easily. Thus, the FE method is limited
to the low frequencies for practical reasons. Statistic ener-
gy analysis”™ " is another widely used approach from a
statistical point of view, which provides statistical infor-
mation and requires relatively few degrees of freedom at
high frequencies. However, this method only provides
the ensemble average responses of the nominally identical
systems and is not capable of obtaining results at single
frequencies and individual locations. Moreover, the un-
derlying assumptions of a high modal density and modal
overlap in SEA may not be valid at middle and low fre-
quencies. Therefore, the applications of the SEA are lim-
ited to high frequencies for the reasons above.

In practice, between the low- and high-frequency ran-
ges, there is a mid-frequency gap where mixed behaviors
exist. Often some substructures have a high modal density
satisfying the requirements for SEA, while the other sub-
structures behave deterministic behaviors which are appro-
priate for the FE method. In the past several decades,
several methods have been proposed to enhance the com-
putational efficiency and to weaken the propagation errors
in the middle frequency band. One type of modified ap-
proach is upward extension of the FE method” ™. An-
other type of modified approach is the downward exten-
sion of the SEA by relaxing the assumption of high modal
density*™'. However, modes at a single frequency or
individual location still in the mid-frequency range cannot
be acquired by those mean ensemble methods.

The hybrid FE-SEA method is employed in this paper to
study the vibro-acoustic responses of the framework-plate
system with randomness and is applied to a construction
machinery cab in mid-frequency vibro-acoustic analysis.

1 Mathematical Formulation

The vibro-acoustic system is divided initially into deter-
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ministic and statistic subsystems. The former is modeled
by the FE method using dynamic equilibrium equations
and the latter is described by the SEA model based on
power flow equilibrium equations. Once the partition is
defined, the energy reciprocity principle is applied to
combine the FE and SEA models. The primary character-
istic of the coupling is the view of the direct field and the
reverberant field which is described using transmission
and reflection waves in the interface of the subsystems.

If the DOFs of finite element parts are described as ¢
and external forces exerted on this part are denoted as f,
the dynamic equations can be represented as

N

D.qg =f+Yfu (1)
k=1
N

D, =D, + Y Dy (2)
k=1

where N represents the total subsystems of SEA; D, re-
presents the dynamic stiffness matrix of FE subsystems,
which is given by the FE model; D\’ is the direct field
dynamic stiffness matrix of the SEA subsystem k; D, re-
presents the global dynamic stiffness matrix which con-
sists of the dynamic stiffness matrices of FE subsystems
and the direct field of SEA systems; f\. is the reverber-
ant field force from the SEA subsystem k.

Based on the reciprocal relationship of the diffusion
field''”, the cross spectrum matrix of the reverberant field
loads can be written as

S, =E[fY fou =(£)Im{Dgﬁ) (3)
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where E[] indicates the ensemble average and H denotes
the conjugate transpose; E, represents the energy response
and n, represents the modal density of subsystem k.
Eq. (3) makes a connection between the FE and SEA
subsystems at the boundary. The cross-spectral matrix of

the response ¢ is written as
N
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(4)
Eq. (4) implies that the response ¢ is determined by the
loads exerted directly on the FE part and also by the re-
verberant loads from the SEA part. By solving Eq. (4),
one can obtain the response of the FE part.

For the optional SEA subsystem j, based on the energy
equilibrium equation, the ensemble and time average
power input will equal the sum of the output power and
self-dissipation power. Furthermore,
consists of the power input of the direct field of subsystem
Jj arising from the external loads applied to the FE part and
the sum of power input arising from the reverberant field
loads of subsystem k applied to subsystem j. The power
output delivered to the other subsystems is divided into
two components. One part is the power transmitted to the

FE subsystems and the other part is the power transmitted

the power input

to the other SEA subsystems described. Thus, the energy
equilibrium equation of each subsystem is written as
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placement response g, arising from external load f applied

where the power input P; . can be computed by the dis-
to the subsystem j and its dynamic stiffness matrix D ;
7., 18 the coupling loss factor.

Eqgs. (4) and (5) constitute the primary equations of
the hybrid FE-SEA method. Once the energy response E;
of SEA subsystem is computed by Eq. (5), the response
of g is also computed by Eq. (4) eventually.

2 Numerical Example

The vibro-acoustic system shown in Fig. 1 is considered
based on the hybrid method mentioned above. A frame-
work-plate structure is widely used in vehicle engineer-
ing, such as the body structure of the automobile and the
cab of the construction machinery. Therefore, analyzing
vibro-acoustic behaviors of a system with randomness is
of great engineering value to the structure design.

Fig.1 The framework-plate structure

The structure is composed of a beam framework with
two plates which are welded to the framework along the
boundaries. All components are made of aluminum, of
which Young’s modulus is 71 GPa, and the Poisson ratio
is 0.3, and the density is 2 700 kg/m’. The plate dimen-
sions are all of 1.3 m x 0. 65 m, with a thickness of
2 mm. All the framework beams are 1.3 m in length,
with a square hollow section of external side width of
22.3 mm and wall thickness of 3 mm.

The system is randomized by varying the thickness of
the plates to fluctuate within the range of 20% to generate
100 samples of the framework-plate structure. A point
force is exerted on one of the lower horizontal beams of
the framework in the vertical direction. The damping loss
factor of plates and the framework beam is 1% . Then the
MC solutions for the response of randomized structures are
obtained for comparison with the hybrid method. The divi-
sion of the system is based on the number of modes in a
certain band of frequencies (N, =nAf) which is used to de-
termine whether an FE or SEA description of a subsystem
is the most appropriate. The number of modes of each sub-
system in the one-third octave band is plotted in Fig.2.
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Fig.2 Number of modes of the plate and framework
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It is shown that the mumber of modes of the plate in
the same band is much more than that of the framework
beam, which indicates that the dynamic response between
them is remarkably distinct and it should be considered at
middle frequencies.

In the hybrid model, the framework beam is modeled
by FE while the plates are modeled by SEA. Then the en-
ergy response of the plate is plotted in Fig. 3. The MC
simulation of 100 random systems and the ensemble-aver-
aged response are plotted with the dot line and the solid
line, respectively, and the dash line curve is the hybrid
method response.
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Fig.3 Plate energy responses

It is also observed that the MC simulation is extremely
sensitive to randomness and the hybrid result almost mat-
ches the ensemble-averaged reference at the frequency of
the various peaks in the response. This indicates that the
hybrid method is capable of catching modal behaviors of
the ensemble-averaged response arising from the deter-
ministic subsystem with robust dynamics. Additionally,
peaks of the hybrid FE-SEA response approximating the
natural frequencies indicate that the global mode is gov-
erned by the deterministic subsystem. Some discrepancies
between the ensemble average and the hybrid method are
likely due to the limited samples used in the MC method.
Moreover, the possible reason for the difference is the
limited amounts of uncertainty, particularly within 150
Hz, which cause the hybrid method to dissatisfy the diffu-
sion reciprocal conditions.

As previously noted, the hybrid method combining the

strength of FE and SEA can provide an efficient way of
modeling the mid-frequency vibrations and predicting the
average response over an ensemble of the random vibro-
acoustic system at the middle frequencies. Compared with
the conventional FE method, this method makes the com-
putation efficient since all degrees of freedom associated
with SEA subsystems are omitted from the hybrid model.
On the other hand, the subsystems with uncertainties can
be described statistically by SEA.

3 Case Studies

The vibro-acoustic analysis of the framework-cavity-
plate system is a very complicated task not only due to the
interaction between the acoustic cavity and the flexible
structures but also due to the complexity of the model
with randomness frequency (e. g., variability of the ge-
ometry, material properties and boundary conditions). In
this section, the hybrid method is used to study the vibro-
aocustic response of a construction machinery cab under
the air-born, and the simulation results are compared with
the experimental results.

The construction machinery cab is a representative vi-
bro-acoustic system, and it is composed of the steel rec-
tangular hollow beams with a thickness of 4 mm. The
thickness of the steel plates and laminated glasses of the
cab are 1.5 and 7 mm, respectively. Material properties
are given in Tab. 1.

Tab.1 Material properties of the cab

. Density/ Young’s modulus/ . .
Material 5 Poisson ratio
(kg -m™) GPa
Steel 7800 210 0.3125
Laminated glass 2500 62 0.24
Air 1.21

The hybrid model of the construction machinery cab is
constructed by the software package VA-one, in which
the framework beams are modeled by the FE method
using 31 962 elements and the flexible plates ( shells,
glasses) and the acoustic cavity are regarded as SEA
components. A modal analysis is performed on the finite
element parts and 126 modes are extracted within
1 000 Hz. The parameters of the cavity can be calculated
by an analytical method. The modal density n(w) and
the internal loss factor 7 of the cavity are given by

2 2 2
oV, wA, o]
= ‘ 6
n(w) 2n’c’ " 16mc’ " 16mc (6)
A«
n :4a)V0 (7)

where c is the speed of sound;A, represents the surface ar-
ea; V, represents the volume of the acoustic cavity; [, re-
presents the sum length of the boundaries and « is the a-
coustic absorption factor. The computed modal density of
the acoustic cavity is plotted in Fig. 4.
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Fig.4 Modal density of the cavity

Two excitations of the acceleration and the sound pres-
sure arising from the powertrain and exhaust noise are
considered, which are acquired by experiments and the
experimental results are shown in Figs. 5 and 6, respec-
tively. The averaged acceleration excitation ( see Fig.5)
is applied to the four cab suspensions equally and a dif-
fuse acoustic field is applied to the cab surface to simulate
the external sound pressure. Twelve acceleration sensors
are placed on the surface of the cab and a microphone is
placed near the driver’s ear. Consequently, the accelera-
tion power spectrum density ( PSD) of the cab’s front
windscreen and the experimental results’ pressure level of
the interior cavity are obtained by the hybrid method un-
der the given excitations, and the comparison between the
prediction results and the experimental results are shown
in Figs.7 and 8, respectively.
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As plotted in Fig. 7, the prediction of the acceleration
response of the hybrid method agrees well with the test
within 2 000 Hz. Furthermore, there is a peak at 250 Hz
on both curves which is precisely one of the natural fre-
quencies of the cab. It can also be seen from Fig. 8 that
the sound pressure levels inside the cab decrease with the
frequency increasing. It may be caused by the decline of
the acceleration excitation, as shown in Fig. 5, which im-
plies that the interior noise of cab arises mainly from the
structural vibration.
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Fig.8 Sound pressure levels near the driver’s ear

4 Conclusions

1) The hybrid FE-SEA method can provide an efficient
way for modeling the mid-frequency vibrations and pre-
dicting the average response over an ensemble of a ran-
dom vibro-acoustic system in the middle frequencies.
Compared to the conventional FE method, this method
makes the computation efficient since all degrees of free-
dom associated by SEA subsystems are omitted from the
hybrid model. On the other hand, the subsystems with
uncertainties can be described statistically by SEA, with-
out any need for a MC simulation of the ensemble.

2) In the hybrid model, substructures with few modes
are modeled by the FE while substructures with many
modes are modeled by SEA, which can adjust to the mix-
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ture of vibro-acoustic behavior present at middle frequen-
cies. With the frequency increasing, the SEA subsystems
tend to have sufficient randomness and the hybrid model
will be more likely to meet the conditions of the diffusion
field.

3) The resonance behavior of the FE subsystem at low
frequencies greatly influences the response near the reso-
nant frequency and contributes little to the frequency far
from the resonant frequency.
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