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When a certain electric vehicle is driving at a constant speed of 40 km/h on the rough asphalt road, the rear passenger can obviously
feel the ear pressure, which seriously affects the comfort. Through the analysis of objective data, it was found that the problem was
caused by the road excitation, which leads to the coupling between the mode of the backup door and the mode of the acoustic cavity,
and causes the resonance of the car cavity, thus causing the ear pressure sensation. To solve this problem, this paper optimizes the
backup door by means of experiment and simulation, increases the dynamic vibration absorber, makes its modal frequency avoid
the acoustic cavity modal frequency, and achieves the purpose of reducing the interior noise. After optimization, the vehicle noise is
reduced by 8 dBA at 42Hz under 40 km/h working condition of rough road surface, and the ear pressure sensation is reduced at the
same time, thus improving the NVH (noise, vibration, and harshness) performance of the vehicle.

1. Introduction

In the automotive industry, noise, vibration, and harshness is
referred to as the NVH problem of automobile, which is a
comprehensive problem to measure the manufacturing
quality and core technology of automobile. It gives the auto-
mobile users and consumers the most superficial and direct
feeling. Excessive vehicle noise will reduce the sound quality
in the car and negatively affect the psychology and physiol-
ogy of passengers. Therefore, reducing the noise and vibra-
tion in the car has attracted widespread attention. Vehicle
noise, vibration, and harshness performance have become
design standards. In terms of NVH performance, new-
energy models do not have the noise masking effect of engine
and other components, but the noise of road noise, wind
noise, and electronic and electrical accessories is more
prominent.

Noise control usually requires reducing the sound by
changing the sound source, increasing the transmission
path, or removing objects or subjects exposed to the noise.
Therefore, the vehicle noise level can be improved from
the following three aspects: noise source, transmission
path, and receiver [1, 2].

Only by accurately identifying and characterizing noise
and vibration sources can new design improvements and
solutions be verified, thereby improving the sound comfort
of the vehicle interior. The internal noise of the vehicle
mainly comes from the engine and gearbox, intake and
exhaust system, road noise, and high-speed wind noise,
which are closely related to the structure and working state
of the vehicle and have the characteristics of time-varying
and randomness [3]. According to the mechanism of noise
generation, noise sources can be divided into two types.
Structural noise source: the noise generated by the vibration
of vehicle structural components, which can excite the vibra-
tion of the vehicle compartment and cause structural noise.
Air noise source: the noise generated by the mutual excitation
of various subsystems and aerodynamics of the vehicle,
which is transmitted through the body and is perceived by
passengers [4]. Structure noise is mainly low frequency of
main frequency, and air noise is mainly main frequency
intermediate frequency and high frequency. Related research
and analysis show that the contribution of air noise to vehicle
internal noise is less than structural noise [1]. When the vehi-
cle is running at a relatively low speed, especially on rough
roads and cruising or partial throttle conditions, no obvious
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aerodynamic noise will be produced [5]. The noise generated
by the front structure, the noise and power generated by the
rear structure, and the noise generated by the system air are
the main noise source below 500Hz [6, 7].

At present, the control of road noise is mainly divided
into active and passive noise control technology. The princi-
ple of active noise control (ANC) is to effectively reduce the
road noise problem by collecting noise samples according
to the characteristics of noise sound waves and after system-
atic analysis and processing, and a noise sound wave with the
same amplitude and opposite phase is designed to offset the
noise, thus effectively reducing the road noise problem. This
control technology is a potential supplementary technology
for passive noise control of light vehicles [8]. The advantage
of the control technology is that the sound device is arranged

conveniently, and the noise suppression effect of low-
frequency structure is good. Its disadvantages are poor stabil-
ity, high technical requirements, and high cost.

Passive noise control technology has been widely used to
control noise, vibration, and harsh sounds in the cabin [9].
Passive noise control technology is the stage of engineering
sample vehicle, and the main noise reduction method is often
adopted to solve the road noise problem of real vehicle, which
is mainly to take measures from the response point and
structure transfer path of the body structure. The control
methods include the following: the muffler is used in the
key parts of the vehicle to weaken the noise source, the local
stiffness mode is improved by increasing damping or
strengthening the SMT material, and the vibration of
the structure is weakened. Or by improving the sound
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Figure 1: Backup door NTF.
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Figure 3: The first-order bending mode of the backup door.
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Figure 4: The first-order torsional mode of the backup door.
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Figure 5: Second-order bending modes of the backup gate.
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Figure 6: Second-order torsional modes of the backup gate.

6 Wireless Communications and Mobile Computing



absorption and insulation performance of the acoustic pack-
age to reduce the car noise set the format: font color: red set
the format: red set the format: highlight set the format: high-
light radiation, through the above means to reduce the
vibration of the body structure. Local stiffness, modal, and
acoustic transfer indicators are improved by optimizing the
body structure. Based on the above analysis, the test vehicle
in this paper is still in the stage of engineering sample vehicle,
so passive noise control technology is adopted.

The research on the performance of road noise will go on
and on. This paper takes the road noise problem of a new
energy vehicle as the research object and introduces in detail
the finite element modeling, benchmarking, road noise simu-
lation analysis process, road noise simulation analysis, and
benchmarking in the engineering design stage. On this basis,
the validity and accuracy of the analysis results are con-
firmed. Aiming at the road noise problem in real cars, the real
cause of the problem is found by using the transfer path anal-
ysis. After the improvement scheme is proposed, the
improvement effect is verified by the real car test.

2. Problem Analysis

2.1. Problem Description.When the pure electric SUV is driv-
ing at a constant speed of 40 km/h on the rough asphalt road,
the passengers in the back can feel a very obvious feeling of
ear pressure. Through experimental verification, it is found
that the ear pressure problem of this SUV mainly occurs in
the engine idle speed and low-speed condition. The low rota-
tion speed is mainly shown in 1500 rpm-3000 rpm, but the
subjective feeling in the car was not obvious in the low-
speed condition. In contrast, the subjective feeling of the
ear pressure in the car was more obvious in the idle condi-
tion, which was unacceptable.

2.2. Problem Analysis. In order to reduce the noise in the car
more scientifically, the first step is to identify the noise
source. Generally speaking, simulation methods and experi-
mental methods can be used to determine the noise source
of the vehicle. Simulation methods usually use numerical
analysis methods to predict the noise characteristics of prod-
ucts in the design stage of automotive products. The experi-
mental method is usually based on the real environment,
and the adjustment plan can be verified in the mass produc-
tion stage of the car. In actual automobile production, the
two methods are indispensable and complement each other
[1]. Through experiments and simulation analysis, it is found
that the cause of the low-frequency aural sense problem of
the SUV is the first-order torsional mode of the backup door
is coupled with the acoustic mode of the vehicle, thus causing
a series of NVH problems.

After testing, the first-order longitudinal acoustic mode
of the SUV is about 43Hz, and it is along the x-direction of
the vehicle (that is, the axis direction from the front to the
rear of the vehicle). As a result, sheet metal and panel
mounted in the x-direction can easily push the acoustic cav-
ity modes to move. When these sheet metal and panel modes
are close to the acoustic cavity modes, the acoustic cavity
modes will be excited by them, causing the acoustic cavity

modes to move in accordance with their original modal for-
mation, thus generating noise.

The first-order torsion mode of the SUV’s backup door is
about 42Hz, which is close to the acoustic cavity mode.
Therefore, the acoustic cavity mode is excited and low-
frequency noise is generated, resulting in low-frequency ear
pressing sensation. It leads to worse subjective feelings.

The structure of the vehicle is complicated. Some
assumptions have been introduced into the numerical analy-
sis of the dynamic characteristics of the vibration-acoustic
system and have led to a significant simplification of the sim-
ulation model. However, the reliability of the simulation
results is very consistent with the accuracy of the model.
Experimental measurement and testing can provide better
solutions [1].

The structure and installation method of the car backup
door is relatively simple and is generally connected with the
body through two hinges, and through the limit block and
door lock, it is fixed on the car body, thereby limiting its
displacement. In order to better investigate the causes of
the 42Hz peak in the car, NTF (noise transfer function) test
was carried out on the backup door, after testing and analysis.
The results are shown in Figures 1 and 2.

Figure 1 shows the NTF test data of the backup door.
Figure 2 shows the spectrum diagram of the inner ear noise
of the rear right rear passenger under 40 km/h condition.
The peak value problem of 42Hz mainly exists in ultralow
frequency. Moreover, the peak value of 42Hz makes a great
contribution to the vehicle and occupies a dominant position
in the ultralow frequency. Meanwhile, the vibration ampli-
tude of 42Hz is larger. Moreover, the peak value of vibration
coincides with the peak value of interior noise. Therefore,
simulation analysis and modal analysis are needed for the
backup door to understand its structural characteristics and
determine the cause of noise generation.

3. Simulation Analysis

3.1. Simulation Results of Backup Door. Simulation analysis
methods are fast and efficient in the prediction and identifi-
cation of noise sources. Common methods include statistical
energy analysis method, boundary element method, and
finite element method [10].

Modal analysis is a common method to study the
dynamic characteristics of structures. It has been widely used
in engineering field. By analyzing the modes, you can get a lot
of information, such as system mass, dynamic stiffness, natu-
ral frequency, and the main formation parameters. At the

Table 1: Comparison of the natural frequencies of the front four
modes.

Formation
Finite metacalculation

frequency/Hz
Modal test

frequency/Hz

First-order bending 25.7 24.5

First-order twist 43.1 40.3

Second-order bending 58.7 59.4

Second-order twist 63.0 66.0
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same time, modal analysis can more truly reflect the struc-
tural characteristics of the object. But the only drawback is
that modal analysis is not clear about the division of
measurement points. The finite element method includes
all possible methods. These methods connect many simple
equations on a small area called finite element and use it to
estimate complex equations on a larger area. It regards the
solution domain as composed of many small interconnected
subdomains called finite elements, assumes an appropriate
(simpler) approximate solution for each element, and then
derives the solution to this domain to satisfy the conditions
(such as structure the equilibrium condition), so as to get
the solution of the problem [10]. The finite element simula-
tion can reflect all the details of the object. Therefore, in this
paper, comprehensive tests are combined with tests and sim-
ulations on the backup gate. Conduct modal analysis. In the
actual test, in order to better reflect the movement formation
of the backup door, 25 measuring points are arranged for the
backup door. Test the mode state of the backup door by LMS
Test.Lab/Impact testing module. Artificial excitation test is a
quick and simple method to find out which resonance fre-
quencies radiate more noise. Measure the sound pressure
generated by the force input by hitting the system with a
hammer at one position and measuring the sound pressure

generated at the receiver position [11]. The experiment was
carried out under the constraint of the whole vehicle, and
the power hammer was used to stimulate the backup door.
In order to make the formation more accurate, the mode test
is carried out by using single excitation point and moving
sensor. Figures 3–6, respectively, show the experimental
and simulation results of the first-order bending mode,
first-order torque mode, second-order bending mode, and
second-order torque mode of the backup door. The statistics
are shown in the comparison of the natural frequencies of the
fourth-order mode in the backup front door in Table 1. It can
be seen that the error between the simulation and the test is
less than 5%, which indicates that the results obtained by
the simulation method are very close to the reality. The
simulation method will be used to analyze the optimized
scheme below.

3.2. Simulation Results of Acoustic Cavity Mode.During vehi-
cle development, a finite element model (FEM) was used to
analyze the fully trimmed car body. The accuracy of this
coupled structure-acoustic system model depends on the
accuracy of the dynamic characteristics expressed on the
input, output, and structural acoustic coupling surfaces. In
the digital development stage, the mode shape and frequency

Figure 7: First-order longitudinal mode 43Hz.

Figure 8: First-order transverse mode 90.5Hz.
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Figure 9: Comparison before and after optimization of the first-order bending mode of the backup door.
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Figure 10: Comparison before and after optimization of the first-order torsional mode of the backup door.
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Figure 11: Comparison before and after optimization of second-order bending modes of the backup door.
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Figure 12: Before and after optimization of the torsional bending mode of the backup door.
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of the body structure and panels (i.e., panels) are designed to
not cause noise and vibration problems. In order to optimize
the modal shape of the plate and reduce vibration, it is very
important to understand the acoustic mode shape on the
coupling surface. Acoustic modal analysis is a method used
to verify noise and vibration characteristics through experi-
ments [12].

Acoustic cavity modal analysis can better grasp the fre-
quency and formation of the vehicle’s acoustic cavity modal.
Therefore, in the later design process, all kinds of system
excitation and acoustic cavity modes are matched to avoid a
series of resonance problems caused by the vibration of body
structure. Figures 7 and 8 show the first-order longitudinal
and transverse acoustic cavity modes of the SUV, which are
43Hz and 90.5Hz, respectively.

Through the analysis of the mode data of the backup
door, the simulation and cavity mode data of the backup
door, the peak value of the 42Hz channel noise response is
close to the natural frequency of the first-order torsional
mode of the backup door in the system. The first-order cavity
mode is close to the backup door mode, but it has some test
error. According to the principle of modal superposition,
the structural modes of the two frequency points contribute
greatly to the amplitude of the response of the whole system.
The results show that the cause of ear-pressing sensation in
the back row is the resonance between the mode of the
backup door and the mode of the acoustic cavity.

4. Optimization Scheme

Generally speaking, the air noise frequency of vehicles is
mainly high frequency, and the noise reduction method is
mainly to use sound insulation materials and sound absorp-
tion materials. The frequency of structure noise is mainly low
frequency, and the noise reduction method is mainly
achieved by suppressing structural vibration [13–15].

At the same time, the acoustic cavity mode has been final-
ized in the design of the vehicle, and it is difficult to change it
in the later stage. Therefore, the general solution to the prob-
lem caused by the modal resonance between the acoustic cav-
ity mode and the body plate structure is to change the modal
resonance of the body plate structure to prevent its modal
coupling and thus generate resonance.

Commonly used methods to solve resonance in engineer-
ing can be roughly divided into three categories:

(1) Increase Quality. Adding mass reduces the overall
mode.

(2) Increase Stiffness. By supporting the backup door, the
stiffness of the whole or part can be increased; thus,
the mode can be slightly increased.

(3) Increase the Power Vibration Absorber. The dynamic
vibration absorber can absorb the energy generated
by the original system and reduce the single peak
value of the system, thus reducing the vibration
generated by a single frequency.

4.1. Scheme Verification. Dynamic vibration absorber (DVA)
is one of the vibration control methods to solve the vibration
problem. DVA was first submitted by Frahm, also known as
tuned vibration absorber (TVA). It consists of a single degree
of freedom (SDOF) oscillation system, which can be placed
on any structure or machine. This kind of DVA can most
effectively offset the vibration of the main structure by adjust-
ing the natural frequency of the main structure to make it
consistent with the natural frequency of the structure.
Passively tune the DVA and manually adjust the natural
frequency of the DVA to match the modal frequency of
the main structure. In order to obtain the required natu-
ral frequency, the stiffness is usually changed instead of
the mass [16–20].

In order to solve the problem of in-car ear pressure
caused by modal coupling, the natural frequency of the
backup door needs to be changed, thus achieving frequency
avoidance. Because this peak value is more prominent, and
the amplitude is relatively large. Therefore, the damping
dynamic vibration absorber with the backup door is verified.
Figures 9–12 are the simulation calculation results of adding
the damping dynamic vibration absorber to the backup door.
The modal frequencies before and after optimization are
shown in Table 2. In the optimized idle speed condition, it
can be seen that the mode of the backup door is reduced by
about 7Hz, and the frequency is avoided by the mode of
the excitation source sound. Meanwhile, the original modal
formation is also greatly changed, which solves the problem
of ear pressure in the car caused by the modal coupling.

4.2. Test Verification. In order to further verify the vibration
absorption effect of the dynamic vibration absorber, the
vehicle with and without the installed dynamic vibration
absorber is verified by road test. It is verified that the operat-
ing condition is a rough road with a uniform speed of
40 km/h. At the same time, use LMS Test.Lab/Test. Lab-
Signature module for data collection.

Figures 13 and 14, respectively, show the in-car noise
spectrum of the uninstalled and installed power vibration

Table 2: Frequency comparison before and after optimization of the backup door.

Formation Frequency before optimization Frequency after optimization Difference

First-order bending 25.7Hz 25.0Hz 0.7Hz

First-order twist 43.1Hz 37.2Hz 5.9Hz

Second-order bending 58.7Hz 52.2Hz 6.5Hz

Second-order twist 63.0Hz 56.2Hz 6.8Hz
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absorber. From the comparison of the red and green decibel
lines in the figure, it can be seen that the dynamic shock
absorber has a significant effect. The peak value of 42Hz in
the driver’s inner ear was reduced by about 5 dB, and the
peak value of 42Hz in the rear passenger’s inner ear was
reduced by 8 dB. At the same time, after installing the power
vibration absorber, the in-car ear pressure sensation is
improved significantly, which is acceptable and has practical
application value.

5. Conclusion

A series of NVH problems caused by modal coupling are very
common in engineering. The general solution in engineering

is to change its natural frequency by changing its original
mass, damping, and local or global dynamic stiffness. For
the backup door such as large sheet metal parts, the natural
frequency is lower and the mode is lower. Therefore, it is eas-
ier to cause modal coupling and thus emit low-frequency
noise.

This paper is aimed at the engineering problem that
when a pure electric SUV is driving at a constant speed of
40 km/h on a rough asphalt road, the rear passengers in the
car can clearly feel the ear pressure. In this paper, the finite
element method is first used to model the backup door, and
the experimental calibration is carried out at the same time
to establish the accuracy of the simulation method to obtain
the modal natural frequency data. Reserve on this basis, the
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selection of door type of dynamic vibration absorber which is
used to increase damping scheme, the method of using the
simulation contrast optimization before and after optimiza-
tion scheme, see backup door modal reduced about 7Hz,
and incentive source acoustic mode state from the set format:
font colors: red frequency, and at the same time, the original
modal formation have significant changes, which were solved
due to the modal coupling pressure inside the ear problems,
finally carries on the real vehicle tests to verify the improve-
ment effect, but also to verify the effectiveness of the method
in vehicle engineering design phase.

Through this method, significant results have been
achieved, and the same working conditions: rough road,
40 km/h, at a constant speed, vehicle drivers’ ear 42Hz peak
decreases about 5 dB, rear passengers’ inner ear noise reduces
8 dB, and 42Hz peak has practical application value. At the
same time, this solution also has a certain reference for the
low-speed road noise problem of electric vehicles.
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