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ABSTRACT

Low frequency interior noise in cars is mainly due to structure-borne excitations which
are related with road excitation and component vibrations such as suspension and engine
mounts. In order to analyze the annoying interior noise, a technique (Transfer Path
Analysis) is introduced to find a noise source and the path of that noise. In this study,
TPA is reviewed theoretically and applied to investigate the case when the low frequency
interior noise at front seat due to road excitations needs to be optimized. The subjective
and objective appraisal was performed under the conditions that a testing vehicle traveled
on asphalt at 30 km/h, so that the low frequency to be eliminated was detected. The
related vibration and noise data for TPA were measured on running and static vehicle.
The results reveal that the noise contribution along the z-direction of trailing arm is
prominent to low frequency interior noise.
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An interior noise in cars due to road excitation

1. Introduction exists in the low frequency range, less than 500

Hz. Such type of noise could be seriously related

*ANAY AEARERE with driver alertness, communication, comfort,
A3, F4AN AFARFRTE etc. In case when the low frequency interior

1158 /832 SXS3esxl/4 8 A A 6 &, 1998



Tools to Understand Interior Noise due to Road Excitation in Cars

nose under running conditions bothers ride
feelings of driver or passengers, it may lead to
customer’s complain in spite of good overall
raings in dynamic vehicle performances,
Tlerefore, the noise level inside vehicles in most
aatomobile manufactures is still an important
sudject to be optimized in level since the general
lenels of vehicle noise have been significantly
icproved along with developments in vehicle
conponenis and main body properties“‘3‘~6).

n general, there are obstacles in the way of
opiimizing the interior noise level, First of all, it
it necessary to investigate partial noise contribu-
t.cns with respect\ to the overall interior noise
before achieving opfimization, but information on
partial contributions rom direct experimental
measurements is not gen€

reaching a good result of opti
frequency interior noise often demands a
conpromise in vehicle properties such as ride &
handling, comfort, costs, etc.

Recently, TPA (transfer path analysis) has
bz2n introduced as a good tool to address the
irterior noise problem by establishing individual
nose source strengths and a partial noise
coltribution of each of these sources to the
ovzarall noise level,

n this study, the TPA will be reviewed
theoretically and applied to the case study when
the low frequency noise at the front seat due to
ro:d excitations is annoying to driver's ears.

2. Mathematical Background

TPA is a method which was developed in
au.omotive industries to understand the contribu-
ticn of the individual powertrain and drive line

. . . 1 .
mounts to the interior noise'”. In simple form,

TPA is composed of two types of data®™® :

1) Estimation of the operational forces at the
a~ achments.

'2) Calculation by combining the operational
forces with mechanical-acoustic transfer functions
wrich convert the forces to sound pressure at

the driver's ears.

2.1 Interior Noise
The total interior noise can be described as a
linear summation of partial contributions:

pP =P1+P2+ ..... (1)

where P is total interior noise at driver's ear
location and P, is the k-th partial acoustic
pressure confributor to the interior noise.

Each contributor is a product of acting force
at the corresponding path and the vibro-
acoustical system FRF (Frequency Response
Function) matrix, and described as following :

= gl ngijfij (2)

where Hj; is a mechanical-acoustical transfer

function of the 7-th attachment in ; direction,
and f; is an operating force at the 7-th attach-

ment in ; direction.

2.2 Force Estimation

There are two ways of estimating operational
forces at attachments or mounts. The best and
sure way could be to measure forces from fields
directly. However, it is practically very hard to
obtain field data by using force sensors and
therefore, it is recommended to use dynamic
stiffness of each mount for estimating forces
with measured relative acceleration data under
operation conditions.

fi==2z K@) {(X.); — (%)) (3)

==
where f; is the estimated force on the body

side of the i-th mount in ; direction, (X,)

y
is the operational acceleration on excited side of
the i-th mount in ; direction, and (X,), is
the operational acceleration on body side of the
i-th mount in ; direction. K(w) is the
measured complex dynamic stiffness of the
corresponding mounting element as a function of
frequency.
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Fig. 1 Road noise

A. Front interior noise(upper) vs wheel vibrations (lower)
B. Rear interior noise(upper) vs wheel vibrations (lower)
Road noise was tested at 30 km/h on asphalt road

Noise level in each grid is 5 dB(A)

Solid line is for front wheel vibration and dotted line is for rear wheel vibration

Second way to estimate operational forces at
bushes during running is using ftransfer function
matrix between accelerations and forces at
bushes in all directions. It is usually measured
from hammer impact testing in the lab.

The formula is following:

fij=[H];‘}5p{Xb}ﬁ (4)

where [Hlprr is a transfer function matrix

from impact testing, f; is the operational force
on the i-th bush in ; direction, and (X,), is
the acceleration on the 7-th bush of body side
in j direction.

Although this method could be easier in
measurements, it is essential to have an accurate
inversion for a better estimation, and it is based
on singular value decomposition algorithms in
general.

2.3 Mechanical-Acoustical Transfer Function
To obtain the second type of data for the
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TPA, it is required to measure and find a
relation between forces and interior sound pressure
which is a mechanical-acoustical transfer function:

p ..
[HMA ]” fz'f )
where [Hyal i is the same ftransfer function

matrix as described in equation (2). f; is the
force acting on the i-th bush of body side in s

direction and p; is the generated sound

pressure in the cabin due to force acting on the
i-th bush of body side in j direction.

In general, this is measured in such a way
that the body side is not connected to bushes of
any of excited side during transfer function
measured. The microphones for measuring interior
sound pressure are placed at the occupant’s ear
locations.

3. Case Study

The structure borne noise contributions in a
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passenger car with 30 km/h speed were
irvestigated to understand the common interior
noise problem. After a subjective appraisal on a
vehicle with speed of 30 km/h on a smooth
rcad, objective measurements according to the
test procedures ES-TY502 and ES-TY506 were
rnade for analysis. Every test was repeated at
least three times to check whether the measure-
rn1znts show representative behavior of vehicle.

3.1 Road Noise

First, road noise was subjectively inspected by
experienced engineers. The noise in 200~300 Hz
was pointed as a target to be removed. Initial
tasts for road noise measurements were per-
fomed to see how interior noise is influenced
e.ther by road excitations of front wheel or by
twse of rear wheel. The performed test conditions
vwere as close to the subjective appraisal as
possible.

As the front seal was not comfortable due to
roe.d noise for drivers in subjective evaluation,
th:: measurements on front seat were more
fccused in analysis. In Fig. 1-A, the rear wheel
vitration peaks in 200~300 Hz due to road
excitation are more closely related with the front
sezt interior noise frequencies than the front
wtleel vibration. The sound quality replay proved
thet the noise in these frequencies was same as
an annoying noise pointed by the expertsm. On
the other hand, since the noise in rear seat was
ev:luated as an acceptable level in subjective
apyraisal, the detailed investigation was not
performed although there were some peaks
arpeared at rear seat as shown in Fig. 1-B.

3.2 TPA

Since road excitations through rear wheel were
closely related with structure borne interior noise,
ncite contributions to interior noise (200~300
H: were investigated mainly on three possible
along rear strut (path 1),
traiing arm (path 2), and torsional beam (path

transfer paths

3). Figure 2 shows how the rear suspension
syslem is connected to the frame of the tested

Fig. 2 Rear suspension system

vehicle,

The required measurements for the analysis
are composed of three steps. First of all
operational accelerations were measured at three
directions of each noise path under operating
conditions. Each test was also repeated three
times to confirm a repeatability of measured data.
Secondly, mechanical-acoustic transfer functions
were measured along the three paths on vehicle
body sides after separating unsprung mass parts
from the test vehicle. Finally, the dynamic
stiffness of each connecting mount along the
path was estimated. In general, as far as the
accuracy is concerned, the dynamic stiffness of
each mount should be measured by using a
rubber testing machine. Unfortunately, since the
testing machine was not available during our
tests, all values of dynamic stiffness at each
mount were estimated by manufacturing design
criterion and educated guesses from experienced
engineers. Thus, the results of TPA for this
work must be explained and understood along
the limitations that the exact nonlinear behavior
of rubber mount was not included.

The transfer path analysis was performed by
utilizing the TPA Module of LMS CADA-X
3.4.06.

3.3 Results
Figure 3 shows that the front seat noise was
not transferred through the 3rd path in all
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direction since no contribution is estimated,

However, Fig. 4 shows that =z-direction in the
first path is important since the large amount of

contribution to front seat noise is observed, but
the range of noise frequency is in 300~400 Hz.
In Fig. 4, other directions in the first path are
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Fig. 3 Contribution of the third path for front seat

———— Calculated total
No contribution from x,y,z directions Noise level in each grid is 5 dB(A)
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Fig. 4 Contribution of the first path for front seat

Calculated total

D seeeseenee Contribution from x direction
— s Contribution from y direction : —:-

—-+—-++ Contribution from z direction
Nose level in each grid is 5 dB(A)
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not closely related to front seat noise in the

casin. In a similar way, =z direction in the
second path Is also important since the
coatribution to overall front seat noise, at

20)~300 Hz, is prominent in Fig. 5. Again, as
odserved in the first path analysis, contributions

to overall noise in other directions along the
second path are not as important as that in 2z
direction,

Therefore, interior noise In the range of

23)~400 Hz is related to only =z direction in
b>h of the first and second path.

3.4 Discussion

“rom both subjective and objective road noise
tests, it was noticed that the interior noise in
the range of 200~300 Hz bothered driver's ears.
Tt erefore, front seat noise contributions in that
renge were analyzed intensively in TPA.

3ased on the geometry shown in Fig. 2, noise
pa:hs are assumed to be x, ¥y and =z direction
thiough hub from road excitations,

rear X

direction (path 2) is trailing arm, y direction
(path 3)
(path 1) is shock absorber.

the estimated TPA results
around 100 Hz are quite different from measured
values. This could be because of not perfectly

is torsional beam, and =z direction

However, on

estimated characteristics of the rubber mount.
As expected, z direction along the first path
was dominantly contributed in interior noise. It
was true for front seat position measurements.
However, the interior noise bothering passengers
in the range 200~300 H:z
whereas the contributing range to the interior
noise along shock absorber is around 300~400
Hz. Thus, shock absorber in this study is not

in cars is only

closely related with low frequency interior noise
which was pointed out from the subjective
evaluation. In other words, shock absorber of this
tested car might work properly to any trans-
mitted vibrations due to road excitations. If there
were any complains related with 300~400 Hz
noise inside, then that should be because of rear

suspension components.
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Fig. 5 Contribution of the second path for front seat

Calculated total

- Contribution from vy direction :

Contribution from x direction
-—-- Contribution from z direction

Nose level in each grid is 5 dB(A)
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Fig. 6 Estimated vs Measured of front interior noise

Calculated total

.................. Measured noise

Nose level in each grid is 5 dB(A)

In this study case, trailing arm is a problem
chassis component for low frequency interior
noise since TPA shows a 2z direction of trailing
arm is the main path for transferred noise.
Specially, all the estimated noise around 200
~300 Hz is contributed from the f{railing arm.
Therefore, there are several check points to solve
the current situation. Fundamental data such as
natural frequencies of components along the
second path should be investigated. Also, as a
possible and practical solution, any bushing in
trailing arm should be re-examined for right
performance,

4. Conclusion

TPA was infroduced to understand theore-
tically and quantify the partial contribution of
the transferred noise to the specific interior noise
due to road excitations.

Front seat interior noise around 200~300 Hz
in the test vehicle was noticed in subjective and
objective studies. Interestingly, it was closely
related with road excitations, especially at rear.
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The TPA results showed that z direction of a
trailing arm was the main noise iransfer path of
front seat interior noise due fo road excitations.
On the other hand, =z direction in rear strut
component showed Ilittle relation with low
frequency interior noise in the tested vehicle.
Torsional beam was not sensitive to low
frequency interior noise in this case study.
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