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ABSTRACT

Apart from other aspects, the interior sound of a passenger car model has to meet customers expecta-
tions. For optimizing the interior sound of a passenger car, target sounds have to be met by sound engi-
neering efforts. For such a sound engineering process it is necessary to reduce on the one hand annoy-
ing undesired interior NV H aspects and to create on the other hand the relevant and necessary interior
sound to meet the target sound as close as possible.

This can only be performed in optimizing the NVH of the different vehicle noise sources with the
knowledge and / or modification of the chassis transmission paths. The necessary NVH and sound
optimization of the different vehicle noise sourcesis quite straight forward, however the prerequisite of
the exact evaluation of the chassis airborne and structure vibration transfer characteristics is much more
complex. However exact chassis transfer path results are necessary to obtain optimum interior sound
results.

In this publication, the benefits and drawbacks of current available experimental transfer path analysis
(TPA) procedures will be presented and discussed and improved TPA strategies and their potential will
be presented, to optimize and increase the efficiency of the passenger car sound engineering process.

1. CURRENT VEHICLE CHASSIS
TRANSFER PATH ANALYSIS

The first object of this research program is to

PROCEDURESAND RESULTS

The transfer characteristics of a vehicle chassis
with respect to airborne noise and structure
vibration act as a “filter” for the powertrain
vibration excitation and airborne noise radia-
tion. Therefore this “filter characteristic” ef-
fects to alarge extent the vehicle interior noise
/ noise quality and vibration, which is a basis
for vehicle interior noise / noise quality opti-
mization and sound engineering. Since it is
reported from acoustic engineers world wide,
that the current commercially available acous-
tic TPA analysis systems to not aways give
reliable results, a research project was set up
by AVL in cooperation with ACC and IEM to
understand in detail and describe with suffi-
cient accuracy the transfer characteristics of
passenger car chassis.
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analyze passenger cars in very much detail
with respect to TPA using in parallel some
commercially available “standard” TPA sys-
tems.

The “standard” TPA procedure uses the iner-
tance matrix obtained at the mounting posi-
tions of the powertrain by force excitation. For
calculation of the force inputs at these mount-
ing positions during vehicle operation, meas-
ured accelerations and the inverted inertances
are necessary [1].

If no structural vibration crosstalk between
different degrees of freedom is considered,
only the main diagonal of the inertance matrix
is required. If the crosstalk within each mount
is considered the 3x3 block diagonal matrix
and for the overall crosstalk within and be-
tween al mounts the full inertance matrix is
used for the calculation of the forces under
vehicle operation (see Figure 1). The draw-
backs of the use of more than the main diago-
nal is, that numerical problems occur due to
the ill conditioned matrix if more and more
components of the inertance matrix are taken
into the force calculation procedure [2].
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Figure 1. Inertance matrix with indication of
main diagonal, three 3x3 block diagonal and
all inertance components

Asabasisfor afirst TPA analysis with current
available TPA procedures, an extensive vehi-
cle measurement set up was defined, inheriting
all necessary transducers and shaker excitation
points at all powertrain mount positionsin x, v,
z direction and an adequate number of micro-
phones in the engine and passenger compart-
ment. Additionally a large number of trans-
ducer and excitation positions were defined for
an extensive senditivity analysis and for an
over determination of the inertance matrix with
respect to chassis structure vibration and air-
borne noise [3]. This sensitivity analysis ams
at the possibilities to evaluate the accuracy of
the results obtained, to evaluate in detail the
chassis response (with respect to crosstalk, etc.)
and as a basis for the set up of arefined strat-
egy and methodology for an optimized TPA.

As a first step the TPA results obtained with
three commercially available acoustic TPA
systems on one mid Ssize passenger car pow-
ered with a4 cylinder Diesel engine according
to their individual analysis procedures will be
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presented and discussed. The TPA results
obtained with all three systems are based on
exactly the same time signals and should there-
fore yield very similar results for one and the
same passenger car. The transfer characteris-
tics from the engine mounts to the vehicle
interior have been measured by using mini-
shaker excitations and the airborne noise trans-
fer characteristics by using volume source
excitations in the engine compartment. An
overview of the TPA results for the narrow
band interior 2™ order noise over engine speed
at full load in 3" gear of this passenger car, can
be seenin Figure 2.

The results shown in the upper part in Figure 2
are the 2™ order airborne noise and structure
vibration contributions from the powertrain
and intake / exhaust system to the interior. In
the lower part of Figure 2 one can see the com-
parison between the actual measured 2™ order
interior noise level and the overall 2™ order
interior noise level calculated from all struc-
ture and airborne noise transfer paths by TPA.
The results obtained are quite different be-
tween the measurement systems and the over-
all 2™ order interior noise contribution do not
really fit the actually measured 2™ order noise.

In Figure 3 asimilar 1/6 octave result is shown
for the same car for an engine speed of 3850
rpm at full load in 3 gear. Here the overall
interior noise is calculated from the structure
vibration and airborne noise TPA and com-
pared with the actually measured overal inte-
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Figure 2: 2" order TPA results of one mid size passenger car using three different analysis
systems (upper part) and comparison of overall interior 2™ order TPA noise results actually

measured and obtained via TPA (lower part)



rior noise level. Again the results obtained are
quite different between the measurement sys-
tems and do not redly fit the actually meas-
ured overall interior noise level. Deviations of
up to more than 10 dBA can be recognized at
certain frequency bands.

Such differences in path contribution results
obtained with different TPA systems would
actualy impede any noise / noise quality or
sound engineering process on a vehicle.

Using the so called “reciprocal” excitation by a
volume source in the vehicle interior and ana-
lyzing the resulting accelerations at the power-
train mount positons one can obtain a transfer
function with the dimension (1/m?) from the
volume acceleration (m*/s?) to the vibration
acceleration (m/sec®) which has the same di-
mension as the force (N) to interior noise
(N/m?) transfer function. Apart of the high
excitation energy needed for producing ade-
guate vibration accelerations (especially for
premium passenger cars) at the powertrain
mount positions there is no force information
at the powertain mounts available with this
approach.

For vehicle noise / noise quality improvement
and sound engineering, however the effect of
the magnitude distribution of the powertrain
excitation forces is of considerable importance
since their modification is one option for inte-
rior noise quality modification and optimiza-
tion.
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Figure 3: 1/6 octave interior overall noise TPA
result at 3850 rpm, full load, 3 gear for one
mid size passenger car using three different
measurement systems compared with the ac-
tual measured overal interior noise level

2. RESULTS OF THE SENSITIVITY
ANALYSIS

To understand in more detail the transfer char-

acterigtics of a vehicle chassis the before men-

tioned sensitivity analysis was performed. One

aim was to analyze possible errors in the meas-
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urement set up, the extent of the crosstalk
within each engine mount and between al
engine mounts as well as the overall response
of the vehicle chassis for further TPA devel-
opment.

When determining the transfer characteristics,
the vehicle chassis vibration excitation can be
performed by impact hammer or miniature
shaker according to the required force input
and space available [1,2]. In todays engine
compartments space is normally very limited
so small errorsin X, y, z excitation direction
are sometimes inevitable. To estimate the ef-
fect of such an excitation direction error, ac-
cording results can be seen in figure 4 with
respect to the frequency response function
(FRF) from one engine mount to interior noise
under the two different angles of 0° and 15° of
shaker excitation. As can be seen, such a de-
viation of 15° in excitation direction which can
easily happen also unintentionally under severe
space restrictions in the engine compartment,
yields errors of nearly up to 10 dB in the FRF
at anumber of frequency bands.
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Figure 4: FRF from one engine mount to inte-
rior noise under two different angles of shaker
excitation (0°, 15°)

Secondly to understand and obtain the magni-
tude of the crosstalk within one powertrain
mounting position and between all powertrain
mounting positions in X, y, z direction a num-
ber of tests were performed and some results
are shown in figure 5 and 6. In figure 5, the
crosstalk energy at one powertrain mount
which is transferred in the two other directions
compared to the energy transfer in excitation
direction is shown. Zero dB indicates that the
same energy as the input energy is transferred
in the other two directions. A positive dB
number indicates more crosstalk energy and a
negative dB number indicates less crosstalk
energy is transferred into the other two direc-
tions. As can be seen in figure 5 the crosstalk



within each powertrain mounting position has
a magnitude of up to +10 dB (see left side of
figure 5) which induces an error in the TPA
calculation if this crosstalk is not considered
also of up to 10 dB for some frequency bands.
(seeright side of figure 5)
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Figure 5: Crosstalk at chassis side engine
mount position within each of all powertrain
mounting positionsin x, y, z direction

In figure 6, zero dB indicates the same
crosstalk energy is transferred in all the other
remaining powertrain mounts in x, y, z direc-
tion as in the excitation direction at one power-
train mount.

As can be seen in figure 6 the crosstalk be-
tween the excitation and the remaining power-
train mounting positionsin x, y, z direction has
a magnitude of up to +4 dB (see left side of
figure 6) which induces an error in the TPA
calculation if this crosstalk is not considered of
up to 5 dB. (seeright side of figure 6)
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Figure 6: Chassis crosstalk between 4 power-
train mount positionsin x, y, z direction

The results presented in figure 5 and figure 6
strongly enforce the consideration of crosstalk
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for the “standard” TPA analysis. This consid-
eration however leads in vehicle application to
numerical problems due to ill conditioned
inertance matrices. This is mainly due to the
number of antiresonances in measurement
results at frequencies where the background
noise level is reached and the coherence be-
comes low. Over al measurement results these
errors are more or less even distributed over
the whole frequency range. Here the errors
from measurement data may be even amplified
and lead generally to errors in the contribution
determination. Therefore a method considering
crosstalk without generating these numerical
errors is one of the goals of our research pro-
ject.

Due to differences in the path contributions
determined by the different “standard” TPA
systemsin afirst step a “standard” TPA verifi-
cation approach is currently performed where
operational excitation forces are simulated and
therefore exactly known since they will be in
parallel applied by a number of shakers instead
of the powertrain excitation under operation.
This alows a further detailed investigation of
the results obtained by different TPA systems
and will give valuable input for developing an
optimized TPA procedure.

3. APPROACHES TO OBTAIN
OPTIMUM  VEHICLE CHASSIS
TRANSFER BEHAVIOR RESULTS

Apart from the “standard” TPA procedure

presented in detail with its benefits and draw-

backs a number of other procedures are feasi-
ble to obtain the transfer behavior of a vehicle
chassis.

In figure 7 an extensive summary of possible
analysis procedures to obtain the vehicle chas-
sis transfer characteristics and its verification
methods are listed. Apart from the verification
methods it can be seen that the analysis meth-
ods can be divided into two groups. The first
group uses force calculations to determine the
contributions of the transfer paths (also includ-
ing the “standard” procedure). The second
group calculates the path contributions by only
concentrating on the measured accel erations at
chassis and powertrain mounting positions. For
some of these methods even only measure-
ments under vehicle operation are sufficient
[4]. An extensive comparison between the
methods listed in figure 6 concerning the de-
tailed results obtained for path contributions
and the possible difference between simulated
and measured results has not been published
yet.



Having shown the strong influence of a 15°
deviation in excitation direction on the ob-
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come back to the inertance relation between
force and acceleration which — in this case -

Overview of TPA analysis procedures

Methods Without Force Calculation:

Structure Borne—|

Methods With Force Calculation

[—Structure Borne

pseudoinverse Verifikation Methodes— —a->F
Per moun —Diagonal Method
Full Matrix: —Test Bed Measurements [—Inversion 3x3 Matrix

Prinzipal Component/Regression-
Per Mount
Full Matrix:

Partial Least Squares-

Per Mount: —Data of FRF Measurements

Full Matri

Combination of Airborne
and Structure Borne

Prinzipal Component/Regressio
Full Matrix:

Partial Least Square:
Full Matrix:

[—Shaker Excitation
ancelling engine excitatigns L

Simulating engine excitatign

—inversion Full Matrix
—Direction Corrected

—Overdetermination

->p
—Reciprocal Measurement

—Shaker Measurement

—Dynamic Stiffness of Engine Mounts —Direction Corrected

|_Combination of Airborne
and Structure Borne

Figure 7: Overview of a number of procedures to obtain chassis transfer characteristics

tained FRF (see figure 4), the development of
new FRF determination procedures that are
based on a number of arbitrary excitation di-
rections is under investigation [5]. In this new
approach more eguations will be available than
unknown variables to determine the exact
magnitude and direction of the force input at

each powertrain mount. Such a method would
lead to more precise results with respect to
excitation errors in everyday work even with-
out changing the “ standard” TPA procedure.

As an alternative approach, a purely vibration
acceleration based procedure can be devel oped.
The acceleration data can be obtained either in
FRF measurements or under real or simulated
vehicle operation conditions. One preliminary
example is given in figure 8 comparing the
actual measured 2™ order interior noise level
and the prediction based on a pure real opera-
tional acceleration based method [4]. In figure
8, it can be seen that the results are quite prom-
ising. Similar to the drawbacks mentioned in
the reciprocal approach in chapter 1, no infor-
mation about the operational forces at all pow-
ertrain mount degrees of freedom can be ob-
tained by this result. As mentioned before, here
we loose a valuable input for vehicle sound
engineering. To obtain these force data neces-
sary for vehicle sound engineering, we have to

only serves for an a-posteriori force determina-
tion and not for the calculation of the actual
interior noise contribution. This approach is
also currently under investigation in our re-
search project.
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Figure 8: Actua 2™ order interior noise level
compared to 2™ order interior noise level ob-
tained by an acceleration only based TPA

Furthermore, a robust and preferably applica-
tion-specific method for the inversion of the
inertance matrix can be further utilized. For



this, the above mentioned method for exact
excitation force determination which can be
regarded as a specia constrained inversion
procedure is currently also investigated in
combination with high-sophisticated mathe-
matical tools like partial least squares for im-
proving as fare as possible the ill condition
status of the inertance matrix.

4. SUMMARY / CONCLUSIONS

Since reliable results for transfer paths and
excitations forces are necessary for effective
vehicle noise / noise quality improvement and
sound engineering a research program has
been set up to develop methodologies which
will meet these targets. In this publication,
first of all, the pro and cons of current TPA
procedures are discussed and presented by
actual results obtained on passenger cars. Fur-
ther on, first possibilities to refine the current
TPA approaches and / or to define and develop
new transfer characterization methodologies
which are currently under investigation and
development have been presented. It is in-
tended that the final outcome of this research
project will be presented in the near future.
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