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Analysis and active control of low frequency booming noise in car
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Abstract

For Lightweight body, sound radiation and sound insulation performance have negative effects
on interior noise by the deterioration of local stiffness and modality. So the research on the active
control of vibration and noise for car body panels is useful for engineering. Analysis and active con-
trol of booming noise in car is researched by using a new active damping vibration reduction technol-
ogy named smart constrained layer damping (SCLD). According to the vibration characters of body
roof, an optimal placement of actuators is distributed. Based on dSPACE hardware in loop environ-
ment, an adaptive active control system is designed. Selecting vibration signals of engine mounting
point as the reference input of adaptive controller, an active control experiment of booming noise for
mini-car is carried out. Experimental results show that , when the engine speed is at 3700RPM and
4250RPM, the interior booming noise decreases 4.2dB(A), and 3. 5dB( A) separately. It proposes
new methods and techniques for intelligent control of car body NVH in the future.
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0 Introduction

For Low noise and high quality cars, it does not
only require taking low level of sound pressure in car,
but also needs to realize comfortable acoustic environ-
ment. Light weight makes body panels to be thin which
leads to the low stiffness, increased flexibility, and
high modal density for low frequency. It will bring dy-
namic performance and NVH (noise, vibration, harsh-
ness) performance of body structure deteriorated inevi-
tably. At the same time, light weight can produce low
frequency booming noise which will affect the car’ s
acoustic environment seriously. Therefore, low fre-
quency acoustic control of thin plate structure, and re-
ducing the noise level in the carriage become the focus
of global NVH researchers''?'.

The interior booming noise is generated by larger
response to the low frequency coupling mode between
car body structure and acoustic cavity under external
excitation. It is a kind of noise in narrow band with
higher energy, and is one of the vehicle interior noise.
In the automotive NVH design, the key point of solving
the booming noise problem should be put at the elimi-
nation of excitation source. When a car is travelling in

certain speed, or the engine is working at certain
speed, the excitation force generated by the engine
cannot be eliminated. This time, in order to avoid
booming noise, we have to modify body structure
(such as floor, ceiling, the front windshield, etc. ).
At present, with the help of modern CAE ( computer
aided engineering) technology, modifying the weak or
sensitive parts to control the booming noise based on
the calculation results and analysis on the body is the
common method for most automobile manufacturing en-
terprises. But this idea is contrary to the lightweight
goals, and the control measures are often contradictory
with the body structure layout, so the control effect
isn’t ideal. So for complex vibration system of light-
weight body, it is necessary to explore new ways and
means to further improve the body NVH performance,
and develop innovative NVH solutions.

The smart constrained layer damping ( SCLD) is
composed of passive damping technology and active
damping technology, a new kind of vibration damping
technology'**). Tt becomes a highlight of the structure
vibration noise active control for nearly 10 years. And
at present, although SCLD technology research has

made a series of progress and exciting results at home
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and abroad, but the focus is mainly on numerical and
laboratory research stage for the rod, beam, plate and

191 However, the research that uses

shell structure
SCLD technology to the active control of complex vibra-
tion system is very little, especially for the car.

In this research, selecting vibration response of
car body roof as the control target, combining with
adaptive filtering active controller, the feasibility and
potential of SCLD damping technology for car body vi-
bration noise control is tried, and booming noise in car

caused by body roof is obviously reduced.
1 SCLD structure characteristics

For SCLD smart structure, scholars have proposed
many SCLD configurations'*’ , but the typical structure
of SCLD is composed of three layers. From top to bot-
tom, they are smart constrained layer, viscoelastic lay-
er and the base structure respectively (as shown in
Fig.1). It is similar to the passive constrained layer
damping structure. The material of active constrained
layer is completely consistent with the material of pure
active control. Because the positive and inverse electri-
cal characteristic of piezoelectric materials is obvious,
and it’ s successfully applied in the active control area,
so far almost all SCLD structure use piezoelectric mate-
rials as actuators.

controller

senser

PZT material
Viscoelastic material
Base structure

Fig.1 Typical structure of SCLD

The basic work behaviour of smart constrained lay-
er damping technology is: when the structure vibrates,
the shear deformation of the damping layer happens,
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which can consume vibration energy, at the same time
the piezoelectric constraining layer is stretched or com-
pressed through active control loop, so that the shear
deformation of the damping layer is strengthened. Tt
can enhance the structural damping force, so as to im-
prove the structural vibration energy dissipation capaci-
ty, and the structural sound radiation ability becomes
weaker.

2 Analysis of interior booming noise

2.1 Selection of control object

In order to study the distribution characteristics of
interior noise caused by engine excitation and deter-
mine the body panel part which causes interior noise
obviously, the interior noise is tested.

At the stationary road state, the engine works from
idle speed up to 5500RPM, and the right ear side of
the driver and co-driver is measured by using the noise
microphone. At the same time, in order to monitor the
vibration characteristics of body structure vibration var-
ied with engine speeds, vibration acceleration sensors
are placed at the middle and rear of roof; as well as the
front, middle and rear of floor. The interior noise test
results are shown in Fig.2 and Fig. 3.

Judging from Fig. 2 and Fig. 3, under the vehicle
stationary road condition, the larger noise peaks of
driver’ s ear and co-driver’ s ear appear at the near
speed of 2500RPM, 3700RPM, and 4250RPM, espe-
cially the position of driver’ s ear. And from the water-
fall of interior noise response, it can be seen that, the
interior noise energy mainly concentrats in the second
order vibration frequency of the engine under the reso-
nance speed. The corresponding excitation frequencies
are 83.3Hz, 123.3Hz, and 143. 8Hz respectively.

Through correlation analysis between body struc-
ture vibration and the car interior noise, combining
with the comparison in each frequency band, the con-
tribution of each part in different frequency bands for
car interior noise can be identified.
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Fig.2 The pressure response of driver’s and co-driver’s ear
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Fig.3  The waterfall of acceleration noise response for car

Comparative analysis is found that; at 2500RPM ,
the middle and rear floor become the great contribu-
tion; at 3700RPM, rear floor, roof contribute signifi-
cantly; at 4250RPM, roof contribute significantly.
Thus, it can be seen that the roof is the main contribu-
tion component when the interior noise is higher than
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However, from Fig.4 it can be seen that the
structure vibration of roof is also the second order, and
the frequencies are fit with the peak frequencies of in-
terior booming noise.
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Fig.4 The waterfall vibration response of roof

Obviously the engine excitation can be coupled
with the low natural vibration frequency of roof when
the engine is at speed of 3700RPM and 4250RPM,
which can deteriorate the vehicle interior noise environ-
ment. Therefore, if the roof vibration at the resonance
frequency is suppressed at the resonance speed, the in-
terior noise response will be improved greatly.

2.2 Roof modal test

As a thin plate with large area for a body, the vi-
bration radiation noise of roof is the main source of car
interior noise. Due to the low stiffness, the roof is easy
to produce low frequency vibration coupled with the
2nd order vibration of engine excitation. The analysis
of roof vibration characteristic can find out the weak
position or the coupling frequency band for engine exci-
tation. So it can offer reference for the active control of
roof vibration.

Fig.5 Modal test of roof

In the vehicle condition, the roof modal test ( as
shown in Fig. 5) is done by using hammer with con-
straint condition. The excitation position is located at
the connection of the B pillar and roof. The test results
show that the constraint modal of the first six frequen-
cies for the car are 118. 14Hz, 129.53Hz, 138.30Hz,
141.93Hz, 154.30Hz and 162.71Hz respectively.
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Among them, vibration characteristic distribution for
the first four frequencies are shown in Fig. 6. From the
modal testing result, it can be found that the low natu-
ral frequency of roof can be coupled with the engine
excitation frequency occurred in the speed at 3500RPM

~5000RPM. Tt will cause the roof resonance, which
will form booming noise in car.

Mode 1:118.14Hz 1.00% Mode 2:123.53Hz 1.82%

ﬁ x g E.
Mode 3:138.30Hz 1.13% Mode 4:141.93Hz 1.04%
Fig.6 The first four test modes of roof

3 Active control of interior booming noise

3.1 Layout design of SCLD

On the analysis of the correlation characteristics
between interior noise and vibration of the roof, active
control tests for car interior noise are done at the engine
speed of 3700RPM and 4250RPM.

Seven actuators ( smart constrained layer damping
structure, SCLD) are placed based on the 2nd and the
4th natural vibration shapes of roof, as shown in Fig. 7.
The size of piezoelectric actuator for SCLD is 105mm X
56mm X 0. 7mm; damping material is Zn —1, which
thickness is 1mm. Among them, taking into account
the actual change characteristics of vibration phase,
the phase distribution of SCLD active control is shown
in Fig. 8.

3.2 Active control test

Using piezoelectric smart structure to suppress in-
terior noise is based on the active control of car body
vibration response. The basic idea of active control is;

Fig.7 Layout of SCLD

Front

Fig.8 Phase distribution of SCLD( Upwards vibration is “ +”)

the SCLD element is pasted on the surface of car roof;
by acquiring the acoustic pressure response signal of
driver’ s ear caused by car body vibration, the signal is
transmitted to the adaptive controller; after the corre-
sponding control algorithm process, corresponding con-
trol signal is produced, and after the power of control
signal is magnified, the SCLD actuator is driven which
can make the car body produce strain to change the dy-
namic damping and inhibit the interior noise.

3.2.1

The experiment system of active vibration control

Experimental system

for interior noise mainly includes; dSPACE hardware,
B&K noise test system, pressure sensor, vibration ac-
celeration sensor, constant current source device,
charge amplifier, high quality piezoelectric drive pow-
er, low pass filter, computer and sensor wiring harness
and so on, which are shown in Fig. 9. The main equip-

ment is shown in Table 1.

dSPACE real-time platform
J;4
gassl—— [P
>

Matlab/Simulink

low-pass filter l

constant-current

'source device oscilloscope

control signal low-pass fitter /A

D

piezoelectric ceramic
drive power

B&K system

acceleration sensor of engine
mounting bracket

Fig.9 Active control experimental system based on dSPACE

3.2.2 Active control system and implementation

For the SCLD body, because of the model com-
plexity and many uncertain nonlinear factors, it makes
it difficult to set up dynamics model of controller. Ob-
viously, the traditional control method often lacks con-
sideration of the above factors, so it is not reasonable
and it is difficult to meet the requirements of real-time
control. Based on the above analysis, the adaptive fil-
tering feedforward control method is applied to vibra-
tion adaptive control. It selects the outside disturbance
signal as reference signal, and puts this signal to the
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controller, by using the adaptive algorithm to adjust the
filter right coefficient ,and control the secondary vibra-
tion amplitude and phase, which can offset the vibra-
tion response caused by primary disturbances for con-
trolled object. so the purpose of the structural active
control is realized'".

Table 1

Equipment name

Active control equipment and type

Type
B&K4190-B001
B&K 3560-B-020-2627734

Pressure sensor
Signal interface box
dSPACE real-time semi-matter
Simulation platform

DS1005/Auto Box

B&K 4508

Acceleration sensor
ial piezoelectric

Special piezoelectric HPV-3C0150A0150D

Ceramic drive power

YE3762A low-pass filter

ICP-104 constant-current

Source signal conditioning

B&K 2692charge amplifier

6-channel low-pass filter

4-channel constant-current

Source device

Signal amplifier

The adaptive filter feedforward control method is a
new vibration control technology which can realize that
the filter is in the best condition by adjusting the tap
weight coefficient of filter with adaptive algorithm, so
as to realize the aim to control structure vibration. To
achieve the control process, it needs to set reference
signal and error signal for the controller.

When the structure vibration response is controlled
actively, the filtering process is realized by the FIR fil-
ter with fixed orders ( Fig. 10). Then the output re-

sponse y(n) is
L

y(n) = w'(n) xX(n) = Z;)wL(n)x(n—z)
(1)

where the input signal
X'(n) = [x(n) x(n-1) x(n-L)],

in which, x(n) is the filter input at k time. w,(n) is

the ith weight coefficient of the adaptive filter at n time,

and w(0) = 0. L is the filter order. Given the ideal

reference response d(n) , the error signal at n time step
can be written as

e(n) =d(n) -y(n) =d(n) —w'(n) xX(n)

(2)

x(n-L)

x(n) x(n-1) x(n-2)

z Z* SRR gt

wy(n)

nn) d(n)

+ wy(n) +

Adaptive Algorithm

Fig.10 FIR adaptive filter structure

() LT

N
e(n)

According to the minimum of mean square error
signal , the best weight coefficients of filter are solved
adaptively. So it can improve the structure response
signal to be better. The adaptive adjustment of weight
coefficient depends on normalized LMS algorithm'"*’.
The calculation of the algorithm in MATLAB environ-
ment is shown in Fig. 11. The iterative formula that up-

dates the coefficients vector @ (n) is

e(n)X(n)
(3)

where y is a small positive constant, and0 < y < 1.

) o 2%
wWw(n+1) =w(n) +7 X)X ()

Prev
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Normalization

';L-l?)

Err
Fig.11 Diagram of normalized LMS algorithm

Based on MATLAB/Simulink,
dSPACE hardware in loop system, the adaptive vibra-

combining with

tion control system is designed in Simulink, as shown
in Fig. 12.
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Fig.12 dSPACE/Simulink hardware in the loop control system
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This research focuses on the interior vibration
noise problems caused by engine excitation under sta-
tionary road state, which is mainly aimed at the interior
active noise control caused by structure vibration, and
the solution method belongs to the category of active
structural acoustic control ( ASAC). The active control
test process is; firstly, adaptive active control system is
designed and developed in Matlab/Simulink, and is
downloaded to dSPACE hardware in the loop system.
When the engine works properly, the car body panels
are forced to vibrate caused by engine inspiration, so
that large noise is caused in car. At this time, acoustic
pressure sensor at driver’ s ear can monitor the re-
sponse of sound pressure quickly and this signal is
transmitted to the adaptive control system in dSPACE;
at the same time, the vibration signal measured by the
acceleration sensor placed in the middle of engine
mounting bracket, as the reference of the adaptive con-
trol system, accesses to control system after A/D con-
version. When the two kinds of signals are received,
active controller will quickly respond, and generate
control signal to the piezoelectric drive power with
analogy signal through the dSPACE output port. The
amplified signal is directly imposed on the SCLD struc-
ture placed at car body roof, and makes SCLD struc-
ture generate expected action, so it can use the excel-
lent damping performance of SCLD to restrain the vi-
bration of body roof structure, so as to reduce the car
interior acoustic field response. For observing the pres-
sure change in car, the monitoring sensor is placed at
the location of the rear middle part. Because the vibra-
tion structure frequency in the research is below
200Hz, in order to eliminate the high frequency signal
(such as external environment noise, system current
signal ) influencing the control system stability, the low
pass filter between zero to 200Hz is used in the internal
control system.

3.2.3 Active control test and analysis

According to the designed test system, a hardware
in the loop active control platform is set up for SCLD
body structure , as shown in Fig. 13. The monitoring
sensor (see Fig. 14) is placed at the rear middle part,
which is measured by B&k test system. Before the
test, the sound pressure and acceleration sensors are
calibrated. And the test response value in dSPACE is
revised based on sensor calibration value.

The adaptive active controller based on dSPACE
system can add 1/0 interface in Simulink environment
directly, and does not need to consider the program-
ming of A/D, D/A interface. The model developed in
Simulink is realized and downloaded to dSPACE hard-

ware real-time processor by RTI. At the same time,

the whole experimental process is controlled by control
desk experiment software. This management platform
can realize real-time online adjustment for active con-
troller parameters and real-time visualization display for
active control effect.

Fig. 14 Microphone of driver’ s ear and rear middle part

After active vibration control system of body roof
is set up , as an exploratory research, the active con-
trol test of interior noise is researched when the engine
speed is at 3700RPM and 4250RPM. In field test, the
NLMS filter order of adaptive active controller is fixed
with 16 and its convergence step is adjusted through
online management platform. At the same time, con-
sidering the control circuit transfer effect and roof vi-
bration characteristic, the feedback gain and active
controller phase adjustment are introduced, which can
be adjusted on line at control platform. In addition,
due to microphone (FL) for driver’s ear is connected
directly to the dSPACE system, and the microphone
(MR) for rear middle part is connected directly to the
B&K test system, so for the convenience of discussion,
the FL. microphone response results are given in time
domain, while the MR microphone response results are
given in frequency domain.

Controlling the engine speed nearly at 3700RPM
and 4250RPM, and the active control test of interior
vibration noise is done by SCLD active control tech-
nique. The time domain responses of driver’ s ear mi-
crophone before and after control under two speeds are
shown in Fig. 15 and Fig.16; the frequency response
curves of rear middle part microphone before and after
control are shown in Fig. 17 and Fig. 18. The test results
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for under two working conditions are shown in Table 2.
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Fig. 18 Frequency response of rear middle part microphone in B&K system when engine speed at 4250 RPM

Table 2 Sound pressure response of rear middle part(dB(A))

Bef Afi
Engine clore ter Noise Background
J control control ducti >
spee SPL SPL reduction noise
3700RPM 65.9 61.7 4.2 26.6
4250RPM 67.4 63.9 3.5 26.6

From the above test results, it tells us that, using
SCLD adaptive control system can effectively improve
the interior acoustic noise environment when the engine
speed is close to 3700RPM and 4200RPM. When the
engine speed approaches 3700RPM, the noise response
amplitude of driver’ s ear decreases about 55% after
control , which effect is obvious. But with the extension

of time, after the interior noise response is weakened,
the active excitation of active controller is to be outside
noise source which makes the interior noise become
bigger. While the engine speed approaches 4250RPM ,
noise response amplitude of driver’ s ear decreases
about 43% and the control effect is worse than that at
3700RPM, but the noise inhibition is still ideal. How-
ever the rear middle part response decreases
4.2dB(A) and 3.5dB(A) respectively when engine
speed is near to 3700 RPM and 4250 RPM. When the
engine speed is about 3700RPM, the main noise re-
sponse amplitude of the rear middle part decreases from
42.8MPa to 27.4MPa, the sound pressure level de-

creases 35.98% ; while the engine speed is about
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4250RPM, it decreases from 51.5MPa to 33.5MPa,
and the sound pressure level decreases 34.95% .

It is found that when car engine speed is higher,
the car is more difficult to work at stable state. Of
cause the frequency fluctuation will affect the whole
control performance, and the stability for controller is
more difficult to control. What’ s more, as a result of
taking internal noise signal as error sensor for adaptive
filter controller, it is not avoidable that the external en-
vironment will affect signals, which wil also weaken
control performance, especially when the engine speed
is high. But on the whole, at specific speed condi-
tions, for the thin plate parts such as car roof, placing
SCLD structure based on the vibration shape can re-
strain interior booming noise level effectively, and ob-
tain satisfactory control results.

4 Conclusion

For interior booming noise problems, according to
the roof vibration shape, a distributed active SCLD
controller is placed. An adaptive active control experi-
ment system with NLMS algorithm is set up, and takes
the driver’s ear noise as control objective; the experi-
mental study on interior booming noise active control is
carried out when engine speed is at 3700RPM and
4250RPM. It shows that the SCLD structure makes the
interior booming noise achieve satisfactory noise reduc-
tion.

It further verifies that SCLD structure can effec-
tively improve the low-frequency NVH performance of
body panel structure. It provides a new solution for
NVH control for lightweight thin-walled structure. Fur-
ther researches will extend to the interior booming
adaptive active control under multiple inputs and multi-
ple outputs.
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FIR ; Finite Impulse Response

NLMS: Normalized Least Mean Square

ASAC: Active Structural Acoustic Control

RTI: Real-Time interface
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