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Abstract: For investigating influences of vehicle components on the acoustic comfort at low frequencies,
e.g., the booming noise behavior of a vehicle, building a whole car simulation model is useful. To reduce
the model’s complexity and to save resources in the validation process, we first identify relevant
components before building the model. Based on previous studies, we focus on the vehicle’s body and
the rear axle. In this paper, we analyze which axle and body elements are crucial for describing road
booming noise. For this purpose, we use impact measurements to examine noise transfer functions
of the body and a vibro-acoustical modal analysis to identify coupled modes between the body’s
structure and the interior cavity. For investigating relevant force paths from the rear axle to the body,
we used a chassis test bench. We identify the main transmission paths of road booming noise and
highlight which axle and body components have an influence on them. Mainly the rear axle in its
upright direction in combination with a rigid body movement of the rear tailgate coupled with the
first longitudinal mode of the airborne cavity causes road booming noise. Furthermore, the rear
axle steering, the active roll stabilization and the trim elements of the vehicle’s body are essential to
describe road booming noise. The results can be used to set priorities in the validation of individual
axle and body components for future simulation models. We found that the ventilation openings,
the front seats, the headliner, and the cockpit of a vehicle have little influence on its noise transfer
functions from the rear axle connection points to the driver’s ear between 20 and 60 Hz.
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1. Introduction

A vehicle’s interior sound gains more importance since the vehicle electrification and the resulting
loss of the combustion engine lead to an increasing relevance of road noise [1,2]. Road noise can be
divided into different phenomena. One of them is called booming noise. It occurs in both conventional
fuel-powered and electric vehicles. For fuel-powered vehicles it is either caused by the vehicle’s
powertrain or through road excitation [3]. Due to the increasing importance of road noise [2,4] and
the vehicle electrification in general, this article only considers road excited booming noise, which is
transmitted in the vehicle as follows.

Non-uniform road profiles excite the axles of a vehicle and cause vibrations in the front and
rear axle at low frequencies [3,5]. The structure-borne noise is transmitted to the vehicle body and
leads to an airborne noise in the cavity [6,7]. The front passengers perceive the noise as booming,
so-called road booming noise, below 100 Hz [3,8]. Previous studies show that the rear axle is the
primary transmission path for road excitation of the booming phenomenon [9,10]. Phase excitation
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and anti-phase excitation of the axle can be considered separately and independently of each other [10].
Furthermore, phase excitation causes the dominant sound pressure level in the vehicle interior at low
frequencies below 60 Hz [10]. Therefore, this work will focus on in-phase excitation of the rear axle
and the vehicle body.

To optimize the road booming noise, or booming noise in general, recent studies focus primarily
on the optimization of the powertrain, the axles, and its connection to the vehicle’s body. Some of the
influencing variables are mainly the tires [11], the connection points of the powertrain to the body [12,13]
or the stiffness of the subframe mounts [13]. The influence of new rear axle components, such as rear
axle steering or active roll stabilization on the road booming noise still has to be investigated.

Furthermore, booming noise can be improved by changes to the vehicle’s body, e.g., optimizing the
rear tailgate [14] or de-coupling different structure-acoustic [15]. However, the influence of various
body elements still has to be analyzed.

Our main goal is to build a whole car simulation model and validate all different elements with
measurements. We aim to find new different parameters in the model, which control the booming
noise sensitivity of the vehicle. To reduce the complexity of the model and to save resources in the
validation process, we first need to understand which elements are crucial for describing road booming
noise. For this purpose, it is necessary to describe the main transmission paths from excitation to
sound pressure in the vehicle interior.

Since the influence of different rear axle components, e.g., the rear axle steering, or various body
elements, e.g., the cockpit, on the booming noise transmission paths still has to be investigated, we aim
to analyze these components in particular.

This paper shows the importance of different rear axle elements and body elements for describing
the booming noise phenomenon based on different measurements. The analyzed elements are rear axle
steering (mechanical components), active roll stabilization (mechanical components), forced ventilation
openings, front seats, headliner, cockpit, and trim elements.

2. Materials and Methods

In this section, we describe our test vehicle, the used methods and measurement equipment as
well as the used test benches.

2.1. Research Vehicle

Since station wagons are more sensitive to road booming noise than sedans [6], we picked a
four-door shooting brake station wagon equipped with all-wheel-drive, a V8 engine, optional rear axle
steering and active roll stabilization [16]. It is shown in Figure 1 (see Section 2.2).
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Figure 1. Measurement method for identifying the noise transfer functions of a trimmed body [6]: (a) 
measuring chain and calculating the transfer function; (b) microphones at the driver’s and front 
passenger seat; (c) exemplary excitation point at the rear shock absorber in z-direction. 

Figure 1. Measurement method for identifying the noise transfer functions of a trimmed body [6]:
(a) measuring chain and calculating the transfer function; (b) microphones at the driver’s and front
passenger seat; (c) exemplary excitation point at the rear shock absorber in z-direction.



Vehicles 2020, 2 591

2.2. Measurement Equipment and Methods

We mainly used two methods. An impact measurement for determining the noise transfer
functions of the vehicle and the vibro-acoustical modal analysis for identifying the coupled modes of
the body and the cavity. For each of the two methods, first the used measurement methodology and
then the processing of the obtained data is explained.

2.2.1. Determining Noise Transfer Functions of a Vehicle

We analyzed the vehicle in a trimmed body shape. The engine, the powertrain, the exhaust
system, the front, and the rear axle are removed. This state is typically used to determine the structural
behavior of the vehicle’s body. Figure 1 shows the principle of measuring noise transfer functions on
a vehicle.

An impact hammer (PCB 086C03) initiates force in one direction on a defined point into the
body structure, e.g., the attachment of the rear shock absorber in z-direction (c). Simultaneously,
microphones (B&K, Yorba Linda, CA, USA, 4189) at the driver’s and front passenger seat (b) record
the resulting noise. A frontend (Simcenter SCADAS Mobile) merges all the measurement signals and
sends it to the measurement software, which collects all the obtained data. We then convert the force
and the sound pressure into the frequency domain and divide them by each other. The result is the
noise transfer function (NTF). We measured the noise transfer function from all connection points
between the vehicle body and the connection points of the rear axle in every direction separately to the
driver’s ear. The measurement points on the body are two rear shock absorbers, two rear springs and
four rear subframe mounts.

2.2.2. Vibro-Acoustical Modal Analysis of a Vehicle

Figure 2 shows the used method for identifying the frequency response functions of the trimmed
body with a moving microphone array and accelerometers.

Vehicles 2020, 2, FOR PEER REVIEW 3 of 15 

 

2.2. Measurement Equipment and Methods 

We mainly used two methods. An impact measurement for determining the noise transfer 
functions of the vehicle and the vibro-acoustical modal analysis for identifying the coupled modes of 
the body and the cavity. For each of the two methods, first the used measurement methodology and 
then the processing of the obtained data is explained. 

2.2.1. Determining Noise Transfer Functions of a Vehicle 

We analyzed the vehicle in a trimmed body shape. The engine, the powertrain, the exhaust 
system, the front, and the rear axle are removed. This state is typically used to determine the 
structural behavior of the vehicle’s body. Figure 1 shows the principle of measuring noise transfer 
functions on a vehicle. 

An impact hammer (PCB 086C03) initiates force in one direction on a defined point into the body 
structure, e.g., the attachment of the rear shock absorber in z-direction (c). Simultaneously, 
microphones (B&K, Yorba Linda, CA, USA, 4189) at the driver’s and front passenger seat (b) record 
the resulting noise. A frontend (Simcenter SCADAS Mobile) merges all the measurement signals and 
sends it to the measurement software, which collects all the obtained data. We then convert the force 
and the sound pressure into the frequency domain and divide them by each other. The result is the 
noise transfer function (NTF). We measured the noise transfer function from all connection points 
between the vehicle body and the connection points of the rear axle in every direction separately to 
the driver’s ear. The measurement points on the body are two rear shock absorbers, two rear springs 
and four rear subframe mounts. 

2.2.2. Vibro-Acoustical Modal Analysis of a Vehicle 

Figure 2 shows the used method for identifying the frequency response functions of the trimmed 
body with a moving microphone array and accelerometers. 

 
Figure 2. Measurement method for identifying frequency response functions of a trimmed body with 
a q-source, a microphone array and accelerometers: (a) measuring chain and calculating the FRFs; (b) 
exemplary position of the microphone array; (c) q-source with microphone array in the trunk. 

Two omnidirectional point sources excite the vehicle’s cavity. Accelerometers (PCB 356A16) on 
the vehicle’s body and the rear tailgate pick up the acceleration on the structure, a microphone array 
(B&K 4189) inside the vehicle records the sound pressure. The time data is transferred to the 
frequency domain and divided by the point sources volume velocity. The result is the frequency 
response function (FRF). We moved the microphone array through the vehicle’s cavity and repeated 

Figure 2. Measurement method for identifying frequency response functions of a trimmed body with
a q-source, a microphone array and accelerometers: (a) measuring chain and calculating the FRFs;
(b) exemplary position of the microphone array; (c) q-source with microphone array in the trunk.

Two omnidirectional point sources excite the vehicle’s cavity. Accelerometers (PCB 356A16) on
the vehicle’s body and the rear tailgate pick up the acceleration on the structure, a microphone array
(B&K 4189) inside the vehicle records the sound pressure. The time data is transferred to the frequency
domain and divided by the point sources volume velocity. The result is the frequency response function
(FRF). We moved the microphone array through the vehicle’s cavity and repeated the measurement
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process. The accelerometers were positioned on the exterior of the vehicle, e.g., the roof, the doors,
and the rear tailgate.

We then use the vibro-acoustical modal analysis to extract the coupled modes from the determined
frequency response functions. Since the theory of modal analysis is well known, only a short
introduction will be given. For the calculation of the acoustic modes, one starts with the second-order
coupled equation [17]:[
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Ms, Cs, Ks are the mass, damping and stiffness matrices for the structural vibration, while M f , C f ,
K f are for the fluid part and Mc, Kc for the coupling submatrices. x and f stands for the acceleration
and the force of the structure. p,

.
q and ρ are the sound pressure, the volume velocity, and the density of

the fluid. After applying the theories of vibro-acoustic reciprocity, general modal analysis and partial
fraction expansion, one gets the following results [17]:
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P is the modal scaling factor and N the number of modes in the frequency band. Ψ are the
eigenvectors, λ the searched eigenvalue and s the domain of the used Laplace transformation.

.
qk is the

acoustical excitation with the q-source at location k. The terms on the left side of the equations equal the
measured frequency response functions. Using the FRFs, the equations can be solved for the parameter
estimation of the coupled modes such as the modal shapes and the modal frequencies. More detailed
information about the theory of the vibro-acoustical modal analysis can be found in [17–19]. For solving
the equations, we used the software Siemens Simcenter Testlab with the PolyMax method [20].

2.3. Test Benches

For measuring the noise transfer functions and the frequency response functions of the vehicle,
its trimmed body is placed on a hoist in an acoustic chamber. Air suspension pads between the body
and the hoist decouple the vehicle from the lift.

The rear axle examinations are performed on a chassis identification test bench [21]. Figure 3 shows
the test bench and its components.
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The rear axle is attached within its mounts to the supporting test bench frame. The frame
itself is resonance free up to a frequency of 129 Hz and fixed to the test bench. An adaptive air
suspension decouples the test bench from the ground (25 tons, natural frequency 1.1 Hz). The tires
can be excited at both sides by two vertical cylinders and a wheel plate. For horizontal excitation two
additional shakers are added to the setup. A bar connects the shaker with the center of the wheel
hub. Triaxial accelerometers (PCB 354C03) measure the acceleration of the left and right wheel carrier.
Additional accelerometers on the supporting test bench frame ensure that no excitation via the frame
caused by the shaker attachment occurs. Load cells (Kistler, Winterthur, Switzerland, 9167A & Kistler
5018, Michigan Scientific Corporation, Charlevoix, MI, USA, Tr3D-C 10K) determine the internal forces
between the rear axle and the supporting frame of the test bench. Figure 4 shows the rear axle and the
sensor positions.

Vehicles 2020, 2, FOR PEER REVIEW 5 of 15 

 

The rear axle is attached within its mounts to the supporting test bench frame. The frame itself 
is resonance free up to a frequency of 129 Hz and fixed to the test bench. An adaptive air suspension 
decouples the test bench from the ground (25 tons, natural frequency 1.1 Hz). The tires can be excited 
at both sides by two vertical cylinders and a wheel plate. For horizontal excitation two additional 
shakers are added to the setup. A bar connects the shaker with the center of the wheel hub. Triaxial 
accelerometers (PCB 354C03) measure the acceleration of the left and right wheel carrier. Additional 
accelerometers on the supporting test bench frame ensure that no excitation via the frame caused by 
the shaker attachment occurs. Load cells (Kistler, Winterthur, Switzerland, 9167A & Kistler 5018, 
Michigan Scientific Corporation, Charlevoix, MI, USA, Tr3D-C 10K) determine the internal forces 
between the rear axle and the supporting frame of the test bench. Figure 4 shows the rear axle and 
the sensor positions. 

 
Figure 4. Measurement points on the rear axle with rear axle steering (blue) and active roll 
stabilization (red). 

The internal forces at the four subframe mounting points and the shock absorbers are recorded 
in three directions, while the force at the spring is recorded in vertical direction. The rear axle steering 
(mechanical components, blue) can be added without removing the axle from the test bench. The 
change from the conventional stabilizer to the active roll stabilization (mechanical components, red) 
can also take place on the test bench without removing the axle. Figure 5 shows the used excitation 
signals. 

 
Figure 5. Excitation signals for x- (blue) and z-excitation (red) at the rear axle test bench. 

The two left charts show the time signals and the right chart the corresponding signals in the 
frequency domain. For horizontal excitation (blue), only a frequency sweep with constant force could 
be used. For vertical excitation (red), we used a frequency sweep with a constant acceleration of 4 
m/s2. To ensure a working shock absorber, we overlay the signal with a path constant sinus at 2 Hz. 
The test bench excites the rear axle at the left and right side in-phase. Figure 6 shows the acceleration 
on the left wheel carrier of the rear axle on the test bench in comparison to a real road excitation in a 
vehicle. 

x-excitation 
signal (time)

-55

-30

-5

20

45

0.1 0.11 0.12
-4

-2

0

2

4

0.1 0.3 0.5 0.7

Fo
rc

e
[N

]

D
is

ta
nc

e
[m

m
]

0

2

4

6

0

20

40

60

10 30 50 70 90

Fo
rc

e
[N

]

A
cc

el
er

at
io

n
[m

2 /s
]

z-excitation 
signal (time)

x-/z-excitation 
(frequency peak)

Time [s] Frequency [Hz]Time [s]

Figure 4. Measurement points on the rear axle with rear axle steering (blue) and active roll stabilization (red).

The internal forces at the four subframe mounting points and the shock absorbers are recorded in
three directions, while the force at the spring is recorded in vertical direction. The rear axle steering
(mechanical components, blue) can be added without removing the axle from the test bench. The change
from the conventional stabilizer to the active roll stabilization (mechanical components, red) can also
take place on the test bench without removing the axle. Figure 5 shows the used excitation signals.
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Figure 5. Excitation signals for x- (blue) and z-excitation (red) at the rear axle test bench.

The two left charts show the time signals and the right chart the corresponding signals in the
frequency domain. For horizontal excitation (blue), only a frequency sweep with constant force could
be used. For vertical excitation (red), we used a frequency sweep with a constant acceleration of 4 m/s2.
To ensure a working shock absorber, we overlay the signal with a path constant sinus at 2 Hz. The test
bench excites the rear axle at the left and right side in-phase. Figure 6 shows the acceleration on the left
wheel carrier of the rear axle on the test bench in comparison to a real road excitation in a vehicle.
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Figure 6. Comparison of the wheel carrier acceleration on the test bench with a real road excitation in a
vehicle (non-uniform road profile at 40 km/h).

The black curves show the acceleration on the wheel carrier in a vehicle driven on a road with a
non-uniform road profile at 40 km/h. The red and blue curves correspond to the rear axle on the test
bench for the two different excitation signals.

For horizontal excitation (blue), the acceleration in x-direction below 40 Hz is lower than the
vehicle reference. Above 40 Hz, the x-acceleration on the test bench is higher than the reference.
Although the horizontal excitation is not direct comparable to the real excitation of the rear axle on a
test track, it is useful to investigate the influences of the different rear axle elements.

For vertical excitation (red), the acceleration in z-direction matches the vehicle reference quite well.

3. Results

In this section, we determine relevant force transmission paths from the rear axle to the test
bench at low frequencies. By analyzing the influences of various axle elements on these force paths,
we expect to gain a better understanding of which axle elements influence the acoustic comfort at low
frequencies. To investigate the trimmed body, we analyze the noise transfer functions (NTFs) for the
determined force transmission paths. In addition to this, we use the results of an experimental modal
analysis of the vehicle’s cavity to identify which body components excite the cavity. Our purpose is to
specify which rear axle and body elements are crucial for describing low frequency noise phenomena,
e.g., road booming noise.

3.1. Determining Relevant Rear Axle Forces

At first, we compare the directions of the internal forces between the rear axle and the supporting
frame of the test bench for all connection points. Figure 7 shows the forces at two subframe mounts
and the shock absorbers in x-, y- and z-direction, as well as the force at the spring in vertical direction.
The excitation signals are applied with constant force in horizontal direction (x) and with constant
acceleration in vertical direction (z). Due to the symmetry of the rear axle, only results for the left side
of the vehicle are presented.

It is found that in comparison to the x- and z-direction, the y-direction is relatively small.
Furthermore, the forces at the shock absorber are only important in z-direction and those at the spring
are irrelevant in the shown frequency band. Particularly noteworthy are the peaks at approximately
34 Hz (I) at the forces in z-direction, 39 Hz (II) at the forces in x-direction and 45 Hz (III) at both
directions. It can be seen that the peaks at 34 Hz (I) and 39 Hz (II) are equally noticeable at both the
front and rear subframe mounts and have similar magnitudes. In contrast, the third peak at 45 Hz (III)
in the z-forces is only distinct at the rear subframe mounts.

Since the excitation signal in z-direction differs from the x-direction, the resulting forces for the
two excitation directions cannot be properly compared. Nevertheless, the measured forces for the
z-excitation are lower than the forces with x-excitation and decrease above frequency. However,
this does not mean that the rear axle is more sensitive to excitation in x-direction than in z-direction.
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The results concerning the relevant force paths are very similar to those with horizontal excitation.
The forces at the shock absorber are only relevant in z-direction, while the forces at the spring are
irrelevant. Furthermore, all forces in y-direction are relatively small. It is found that excitation in
z-direction causes mainly resulting forces in z-direction. The peak at 34 Hz (IV) is especially notable.
It is also primarily distinct in z-direction. Similar to the excitation of the rear axis in x-direction, the peak
is equally noticeable for the front and rear subframe mounts.Vehicles 2020, 2, FOR PEER REVIEW 7 of 15 
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Figure 7. Internal forces between the test bench supporting frame and the rear axle (left side) at different
positions for horizontal excitation (x, constant force) and vertical excitation (z, constant acceleration).

In conclusion, the following paths are identified as relevant for further investigation: all four
subframe mounts in x- and z-direction as well as the shock absorber in z-direction. In addition,
three areas around approximately 34 Hz (I), 39 Hz (II) and 45 Hz (III, IV) are found to be of special
relevance. The paths of the four subframe mounts in x- and z-direction are mainly important for these
three frequencies.

3.2. Influence of Rear Axle Elements on Relevant Rear Axle Forces

In the next step, we changed the configuration of the rear axle on the test bench and repeated the
test with both excitation directions. In the first step, we analyzed the initial condition without rear
steering and without roll stabilization. Second the rear axle steering and finally the active roll bar is
successively applied. To see the influences of the two additional axle elements separately, we compared
each axle configuration with its previous state as a reference. The result is shown in Figure 8.
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Figure 8. Influence of the rear axle steering (mechanical components) and the active anti-roll stabilization
bar (mechanical components) on relevant forces transmitted by the rear axle.

The left two columns show the result for the rear axle steering, the right two columns for the
active roll bar. The five rows show the forces at the relevant points, which were identified in Section 3.1.
The black curves display the initial state of the axle. The blue curves show the influence of the rear
axle steering and the red curves of the active roll bar. Since we changed the configuration of the axel
successively, each axle element is compared to the axle’s previous state.

In the first column, it is clearly notable that the rear axle steering influences the forces especially
at the four subframe mounts. The steering gear adds approximately 10 kg mass to the front part of the
rear axle subframe. Due to this increase, a shift of the peaks from 33 Hz to 32 Hz and 39 Hz to 38 Hz is
obvious. It is noteworthy that the amplitude at 33 Hz (I) increases at the front mount in z-direction by
+7% and decreases at the back mount in z-direction by −27%. Furthermore, the rear axle steering has a
positive effect on the amplitude of the peak at 45 Hz (II). It drastically decreases the maximum force
especially in x-direction, up to −54% at the rear subframe front left (x). The forces at z-excitation in the
second column show very similar results. Due to the different excitation signals; however, the effects
at higher frequencies are less visible. The steering increases the forces at the subframe mounts in
x-direction up to +130% (rear subframe front left x at 33 Hz, III). The amplitude of the peak at 33 Hz
(III) in z-direction increases by +63% and shifts to 32 Hz. In comparison, the effects at the rear axle
shock absorber are very small.

The third column shows the influence of the active roll stabilization on the rear axle forces for
excitation in x-direction. The active roll bar adds about seven more kilograms to the rear of the
subframe compared to a conventional anti-roll bar. Due this increase, the peak at 33 Hz (IV) shifts
again to 32 Hz and its amplitude decreases at all subframe mounts in z-direction, up to −30% at the
rear subframe front left z position. The addition of an active roll bar reduces the amplitude of the peak
at 39 Hz (V) at the front and rear subframe mounts in the x-direction by up to −24% (rear subframe
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front left x), but increases the forces in z-direction by up to +51% (rear subframe front left z). The effects
described for excitation in x-direction differ slightly from excitation in z-direction. The active roll bar
has almost no influence on the forces on the subframe mounts in x-direction and on the shock absorber.
However, the peak at 33 Hz (VI) shifts to 32 Hz and its amplitude increases at the subframe mounts in
z-direction by up to +19% (rear subframe front left z).

In summary, it is found that both the rear axle steering and the active roll stabilization considerably
influence the forces transmitted by the rear axle, mainly the forces of the subframe mounts. Since the
rear axle elements cause opposite effects on the amplitude depending on the excitation direction of the
axle, it cannot be clearly determined whether the elements have a positive or negative influence on
road booming noise based on the performed test bench investigation. However, it can be stated that
these rear axle elements are important for the description of road booming noise.

3.3. Influence of Vehicle Body Elements on the Noise Transfer Functions of a Trimmed Body

For the investigation of the trimmed body, we analyzed all noise transfer functions from the
rear axle connection points to the driver’s position (see Sections 2.2 and 2.3). Since only the four
subframe mounts in x- and z-direction as well as the shock absorber in z-direction are relevant paths
for transmitted forces from the axle to the trimmed body (see Section 3.1), we only investigate these
points. At first, we measured the complete trimmed body as reference and then successively removed
body elements and repeat the measurement for each state.

After the reference state, we closed all forced ventilation gaps of the trimmed body structure.
Then we removed the driver’s seat and the front right seat. After that we removed the headliner.
Thereupon we detached the full cockpit module. In the last state, we removed the remaining trim
elements such as the door panels, the tailgate cover, or the bottom panels.

Figure 9 shows all measured noise transfer functions for each state from the relevant rear axle
connection points to the driver’s position.Vehicles 2020, 2, FOR PEER REVIEW 10 of 15 
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The noise transfer functions of the trimmed body are relatively similar from all three relevant axle
connection points in z-direction to the driver’s position. We identified a very distinct and wideband
maximum between 30 Hz and 40 Hz. At the front mount in x-direction, the NTF is significantly lower
in comparison to all other functions. It is quite remarkable that the examined variants have relatively
small influence on the level of the maximum and the characteristics of the transfer functions. Merely the
last state without any trim elements has a distinct influence on the noise transfer functions from the
subframe front and back mounts in x-direction. Since the differences of the individual variants are
hardly recognizable, we have extracted the local maximum between 30 Hz and 40 Hz for each NTF as
a single value. Table 1 summarizes the results.

Table 1. Influence of vehicle body elements on the maximum (30–40 Hz) of different noise transfer functions.

Forced Ventilation
Closed 1

Without
Front Seats 1

Without
Headliner 1

Without
Cockpit 1

Without Trim
Elements 1

Rear subframe front left x −0.1 dB −0.8 dB 0.0 dB −0.3 dB −1.7 dB
Rear subframe front left z −0.4 dB −0.6 dB −0.7 dB −0.1 dB −1.1 dB
Rear subframe back left x +1.0 dB −0.8 dB −0.2 dB −0.9 dB −9.0 dB
Rear subframe back left z −0.2 dB −1.5 dB 0.0 dB −0.4 dB −0.5 dB
Rear shock absorber left z −0.3 dB −0.8 dB −0.3 dB −0.5 dB −0.2 dB

∅ 2 0.0 dB −0.9 dB −0.2 dB −0.4 dB −2.5 dB
1 The values always relate to the previous state of the vehicle. 2 The arithmetic mean contains no weighting funtioncs
of the different transfer paths and only helps in visualizing the data.

The table lists all variants in the columns and the noise transfer functions to the driver’s position
in the rows. The last row calculates an arithmetic mean of all five single values. Since the average
contains no weighting functions of the different transfer paths, it only helps in visualizing the data.

The influences of the forced ventilation openings are rather low. However, it is the only variant
that causes an increase of a transfer function. Without the increase of one NTF, the mean average of
the four other paths would equal −0.25 dB. The front seats have a more significant influence on the
transfer functions. The influence of the headliner and the cockpit, on the other hand, are somewhat
less. The four variants have an average of less than 1 dB influence on the level of the transfer function
at its maximum. The remaining trim elements show the highest influence of up to −9.0 dB on one NTF.

In summary, it is found that the transfer functions of the vehicle body show a highly distinct
maximum between 30 Hz and 40 Hz, which is highest in the functions in z-direction. The investigated
body elements have little influence on the maximum’s height. Only the removal of all trim elements
has a high influence. Therefore, the trim elements of the vehicle are mainly important for an exact
description of road booming noise while the forced ventilation openings, the front seats, the headliner,
and the cockpit are less relevant.

3.4. Vibro-Acoustical Modal Analysis of the Trimmed Body

As described in Section 2.2, we performed a vibro-acoustical modal analysis to investigate the
modal characteristics of the coupled vehicle body structure and the cavity. Figure 10 shows the sum of
all measured frequency response functions for the cavity and the vehicle structure.
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Letters (A, B, C, D, E, and F) mark the striking maximums. Figure 11 shows the corresponding
(coupled) acoustic-structural modes of the interior cavity and the vehicle structure at the marked frequencies.Vehicles 2020, 2, FOR PEER REVIEW 12 of 15 
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Figure 11. Coupled modes of the interior cavity and the vehicle structure (side view): undeformed model
(gray dotted lines), deformed model (yellow lines), minimum (left), maximum (right).

The first illustration (A) shows the side view of the mode in minimum and maximum deflection
on the left and right for the first coupled mode at 32 Hz. The dotted lines represent the undeformed
vehicle body structure. The deformed structure is marked with yellow solid lines. The arrows illustrate
the deflection and direction of the individual acceleration measurement points on the structure.
Each colored dot inside the vehicle’s trimmed body is one of the microphones from the used array.
The color depends on the measured sound pressure level.
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One can clearly identify that the airborne cavity oscillates in the shape of its first longitudinal
mode and is coupled with a rigid body movement of the rear tailgate and its retractable rear spoiler.
In comparison, the deflections of the roof and the doors are very small.

The second coupled mode at 34 Hz (B) shows similar results as the first one. Whereas the third
(36 Hz, C), fourth (39 Hz, D), and fifth coupled mode (41 Hz, E) are a slightly different. The pulsation
of the airborne cavity stays the same, but the deflection of the tailgate decreases while the deflection
of the spoiler increases. At 39 Hz (D) and 41 Hz (E) mainly the first bending mode of the spoiler is
involved. The last identified coupled mode at 45 Hz (F) consists of the first longitudinal mode of the
airborne cavity and rigid body movement of the rear tailgate. Furthermore, a small deflection of the
roof is noticeable.

In summary, we conclude that the coupled modes in the investigated frequency range mainly
consist of the first longitudinal mode of the airborne cavity as well as a rigid body movement of the
rear tailgate and a deflection of its spoiler. Therefore, an accurate definition of the coupling between
the airborne cavity and the vehicle structure, especially the tailgate and the spoiler, is essential for the
description of road booming noise.

4. Conclusions

In this paper, we investigated the transmitted forces from the rear axle to the vehicle’s body.
We identified the relevant input forces and analyzed the influence of two additional rear axle elements
on these forces. We then used the gained findings to examine the noise transfer functions of a trimmed
body. We focused on the identified rear axle connection points, where the axle applies forces into
the vehicle, which are radiated as noise to the driver’s position. Subsequently, we investigated the
influence of different vehicle body elements on the noise transfer functions. At last, we performed
a vibro-acoustical modal analysis on a trimmed body and examined the coupled modes and the
components participating.

This paper shows how the force transmission of the rear axle and the transfer functions to the
driver are influenced by different equipment elements. It provides information which elements have
no influence on the transmission path and are therefore not relevant for the description of road
booming noise.

The following conclusions for describing road booming noise between 20 Hz and 60 Hz are obtained:

1. The main force transmission paths from the rear axle to the vehicle body are all four subframe
mounts in x- and z-direction as well as the shock absorber in z-direction.

2. The rear axle steering and the active roll stabilization have a major influence on the transmitted
forces from the rear axle to the vehicle body.

3. The noise transfer functions of the trimmed body show a highly distinct maximum, mainly in
the transfer functions from all four subframe mount connections in z-direction and the shock
absorber in z-direction to the driver’s position.

4. The forced ventilation openings, the front seats, the headliner, and the cockpit of the trimmed
body have little impact on the maximum of the noise transfer functions. Only all remaining trim
elements have a significantly high effect on the maximum of the transfer functions.

5. In the examined frequency band, mainly the first longitudinal mode of the airborne cavity and
rigid body movements of the rear tailgate and a deflection of the rear spoiler are identified in
several (coupled) acoustic-structural modes.

Since our tests were performed with one vehicle due to the high experimental effort, a transferability
of the results to other vehicles should be verified.

For further research, we will create a whole car simulation model based on the gained knowledge.
We aim to validate some of the experimental results of this work with the simulation model.



Vehicles 2020, 2 601

Author Contributions: Conceptualization, M.H., R.J., F.K., A.Ö. and S.P.; investigation, M.H., F.K. and S.P.;
writing—original draft preparation, M.H.; writing—review and editing, F.G.; visualization, M.H.; supervision, F.G.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Dr. Ing. h.c. F. Porsche AG within a cooperative project with Karlsruhe
Institute of Technology (KIT), Institute of Vehicle System Technology.

Acknowledgments: We acknowledge support by the KIT-Publication Fund of the Karlsruhe Institute of Technology.
The authors are grateful for the NVH-Department of Dr. Ing. h.c. F. Porsche AG for supporting this work in
collaboration with the Institute of Vehicle System Technology of the Karlsruhe Institute of Technology (KIT).
Additionally, we thank A. Winandi from the Karlsruhe Institute of Technology for valuable input and Anzhi Wang
and Peter Szabo of Dr. Ing. h.c. F. Porsche AG for support.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in the manuscript:
FFT Fast Fourier Transformation
FRF Frequency Response Function
NTF Noise Transfer Function
NVH Noise Vibration and Harshness

References

1. Mantovani, M. Rollgeräusche kann man nicht mit Emotionen verbinden. Automob. Z. 2018, 120, 18–21.
[CrossRef]

2. Rambacher, C.; Ehrt, T.; Sell, H. Schwingungsoptimierung ganzer Achsen. Automob. Z. 2017, 119, 54–59.
[CrossRef]

3. Ersoy, M.; Gies, S. Fahrwerkhandbuch: Grundlagen—Fahrdynamik—Fahrverhalten—Komponenten—Elektronische
Systeme—Fahrerassistenz—Autonomes Fahren—Perspektiven, 5th ed.; ATZ/MTZ-Fachbuch; Springer: Wiesbaden,
Germany, 2017; ISBN 978-3-658-15467-7.

4. Kim, J.-K.; Lee, J.; Kim, H.-G.; Cho, M.; Ih, K.; Ko, H.-Y.; Shim, J.-S. The Effects of Suspension Component
Stiffness on the Road Noise: A Sensitivity Study and Optimization. In Proceedings of the the 10th International
Styrian Noise, Vibration & Harshness Congress, Graz, Austria, 13 June 2018; SAE International: Warrendale,
PA, USA, 2018; pp. 1–7.

5. Oh, S.-H.; Kim, H.; Park, Y. Active control of road booming noise in automotive interiors. J. Acoust. Soc. Am.
2002, 111, 180–188. [CrossRef] [PubMed]

6. Zeller, P. Handbuch Fahrzeugakustik: Grundlagen, Auslegung, Berechnung, Versuch, 3rd ed.; ATZ/MTZ-Fachbuch;
Springer Fachmedien Wiesbaden GmbH: Wiesbaden, Germany, 2018; ISBN 978-3-658-18519-0.

7. Frappier, J.; Bukovics, J. Einflüsse von Karosserieschwingungsformen auf Tieffrequente Brumm- und Dröhngeräusche
im Fahrzeuginnenraum, Physikalische Effekte und Abstellmaßnahmen; 8. Aachener Kolloquium für Fahrzeug-
und Motorentechnik: Aachen, Germany, 1999; pp. 1143–1166.

8. Genuit, K. Sound-Engineering im Automobilbereich; Springer: Berlin/Heidelberg, Germany, 2010;
ISBN 978-3-642-01414-7.

9. Kudritzki, D. Verfahren zur Analyse fahrwerkerregten Dröhnens im Pkw-Innenraum. In Proceedings of the
Tagung; Fahrzeuginnenraumakustik: Essen, Germany, 1999.

10. Brandstätter, M. Tieffrequente Geräusche in Einem Kraftfahrzeug bei Unebenheitsanregung; Technische Universität
Berlin: Berlin, Germany, 2013.

11. Sanghani, R.R.; Cherian, T.; Loganathan, S.; Suhalka, K.; Thomas, J. Tire NVH Optimization for Future Mobility;
SAE International: Warrendale, PA, USA, 2020; p. 1520.

12. Jawale, P.; Karanth, N.V.; Gaikwad, A.A.; Mutalik, K. Low Frequency In-Cab Booming Noise Reduction in the
Passenger Car; SAE International: Warrendale, PA, USA, 2019; p. 171.

13. Uhlar, S. Simulating and Optimizing the Dynamic Chassis Forces of the Audi E-Tron; SAE International: Warrendale,
PA, USA, 2020; p. 1521.

14. Osawa, T.; Iwama, A. A Study of the Vehicle Acoustic Control for Booming Noise Utilizing the Vibration
Characteristics of Trunk Lid. JSTOR 1986, 95, 472–479.

http://dx.doi.org/10.1007/s35148-018-0085-5
http://dx.doi.org/10.1007/s35148-017-0040-x
http://dx.doi.org/10.1121/1.1420390
http://www.ncbi.nlm.nih.gov/pubmed/11831793


Vehicles 2020, 2 602

15. Gupta, G.; Gautam, R.; Jain, C.P. Study of Coupling Behavior of Acoustic Cavity Modes to Improve Booming Noise
in Passenger Vehicles; SAE International: Warrendale, PA, USA, 2014; p. 1974.

16. Porsche Panamera Sport Turismo Specifications. Available online: https://presskit.porsche.de/models/de/

porsche-panamera-sport-turismo/specifications.html (accessed on 23 October 2019).
17. Wyckaert, K.; Augusztinovicz, F.; Sas, P. Vibro-acoustical modal analysis: Reciprocity, model symmetry,

and model validity. J. Acoust. Soc. Am. 1996, 100, 3172–3181. [CrossRef]
18. Heylen, W.; Lammens, S.; Sas, P. Modal Analysis Theory and Testing; Katholieke Universiteit Leuven: Leuven,

Belgium, 1998; ISBN 90-73802-61-X.
19. Pierro, E.; Mucchi, E.; Soria, L.; Vecchio, A. On the vibro-acoustical operational modal analysis of a helicopter

cabin. Mech. Syst. Signal Process. 2009, 23, 1205–1217. [CrossRef]
20. Peeters, B.; Van der Auweraer, H. PolyMax: A revolution in operational modal analysis. In Proceedings of

the 1st International Operational Modal Analysis Conference, Copenhagen, Denmark, 26 April 2005.
21. Heine, J.; Haberzettl, S. Achsentwicklung am Fahrwerk-Identifikations-Prüfstand; VDI Fahrzeug- und

Verkehrstechnik: Baden-Baden, Germany, 2014; pp. 871–884.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

https://presskit.porsche.de/models/de/porsche-panamera-sport-turismo/specifications.html
https://presskit.porsche.de/models/de/porsche-panamera-sport-turismo/specifications.html
http://dx.doi.org/10.1121/1.417127
http://dx.doi.org/10.1016/j.ymssp.2008.10.009
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Research Vehicle 
	Measurement Equipment and Methods 
	Determining Noise Transfer Functions of a Vehicle 
	Vibro-Acoustical Modal Analysis of a Vehicle 

	Test Benches 

	Results 
	Determining Relevant Rear Axle Forces 
	Influence of Rear Axle Elements on Relevant Rear Axle Forces 
	Influence of Vehicle Body Elements on the Noise Transfer Functions of a Trimmed Body 
	Vibro-Acoustical Modal Analysis of the Trimmed Body 

	Conclusions 
	References

