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ABSTRACT

In-situ TPA measurements provide blocked forces that can be used to diagnose structure borne noise
problems in vehicles. One of the main advantages of in-situ TPA, also known as blocked force TPA, is that
all measurements are made with the source and receiver in a coupled state making measurements easier and
ensuring representative operation of the vibration source. Perhaps the greatest advantage however is that the
blocked forces obtained, unlike contact forces, are an intrinsic property of the vibration source which means
they remain valid for modified or completely different receiver structures. In the paper, real world practical
examples that exploit the advantages of in-situ TPA in terms of structure borne noise prediction and structural
modification are presented. The first example is of a complex vibration source coupled at multiple points
through six degrees of freedom per interface to a test bench that is subsequently built into a new assembly for
which structure borne noise predictions are made. A further example is then used to demonstrate how
structural modifications can be made to the receiver side of an assembly for the purposes of troubleshooting
noise and vibration problems using in-situ TPA.
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1. INTRODUCTION

In-situ transfer path analysis (iTPA) and conventional transfer path analysis (TPA) bear many
similarities in terms of their application but the former has two distinct advantages. The first advantage
is that to implement an iTPA it is not necessary to separate the source and receiver structures during the
measurement of frequency response functions because the assembly is kept in the coupled state for all
measurements. The second advantage is that the iTPA approach yields blocked forces, an intrinsic
property of the source, whereas conventional TPA provides the operational forces at the
source-receiver interface. This subtle difference is perhaps the most significant advantage overall
because modifications to the receiver structure can be made and the blocked forces, by definition,
remain valid. Interface forces (from conventional TPA), on the other hand, are a property of the
assembly and could therefore change significantly with only minor alterations to a receiver structure.

Beyond TPA, this freedom to transfer blocked forces from one assembly to another presents further
benefits because it allows one to characterize the vibration activity of a source on a test bench and to
use the same blocked force dataset to virtually excite modelled systems obtained by experimental
sub-structuring, FEA, SEA or hybrid methods [1].

In this paper two case studies are presented to (a) illustrate the application of the blocked force
methodology combined with sub-structuring for the prediction of structure borne noise in a train and
(b) to demonstrate the application of structural modification as a noise/vibration control measure.

For (a) an air generation and treatment unit (or AGTU) is characterized in terms of its blocked
forces using measurements on a test bench. This data is then combined with frequency response
functions of the AGTU and the train to predict structure borne noise. Comparisons are then made to
actual measurements of the structure borne noise with the AGTU installed on a train. Case study (b)
then demonstrates how design changes can be investigated by sub-structuring simple idealized
elements to this system using the combined methodology.
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2. THEORY

In this section of the paper the theory of in-situ transfer path analysis (iTPA), sub-structuring and
structural modification are outlined setting out the key terms and relationships used throughout the
paper. Useful references for the interested reader include [2-7].

21 In-situ Transfer Path Analysis

The blocked force, fgp;, of a structure borne sound source can be obtained from measurement
in-situ using the equation,
fsp = Yo 'Ve (1)

where f, Y and v are force vectors, mobility matrices and velocity vectors respectively.

Here, the uppercase subscript, S, denotes a property of source structure alone and, C, a property of
the coupled source and receiver assembly. The additional lower-case subscript, bl, indicates a blocked
condition. It is important to note here that blocked forces are a property of the source, S, and not the
assembly, C, even though the source and receiver are coupled during measurements [2,3].

When performing an iTPA it is usual to measure a further set of frequency response functions, Hc,
at the same time as measuring, Y¢ , which relate forces at the source-receiver interface to a target
location (e.g. sound pressure or floor vibration). For the case of sound pressure, pc , we may write,

Pc = Hefsp (2)

The combined dataset then allows one to investigate contributions to the interior noise from
different paths by setting elements of the blocked force vector to zero and repeating the calculation;
thereby eliminating contributions from one or more paths [7]. This in turn allows one to identify the
strongest paths, the strongest forces and their combined contributions to a vehicles interior noise.

For example, in some cases just one source-path combination may dominate and, once identified,
measures can potentially be taken to resolve the issue by structural modification. The advantage of
iTPA with respect to conventional TPA is then that changes to, H¢ , can be investigated without any
concerns regarding the potential effect on the interface forces (which are likely to be quite sensitive to
changes made to the receiver structure).

2.2 Sub-structuring and Structural Modification

The mobility of the source-receiver interface, Yc, is a combination of the passive properties of the
source and receiver sub-structures, Ys and Yr respectively. Y can expressed as the inverse of sum of
the source and receiver impedances Zs and Zg, where Z = Y71, ic.

Yo=[¥st+ ¥Rl = (25 + 2] 3)

Similarly, the mobility of a structurally modified assembly, Y’ , or receiver, ¥'g,can be obtained by
sub-structuring using the equations,

Ye=[ra +vit] ' = [2e + 2] )

Vg =[rg'+ YITJI]_I =[zg + ZM]_I ®)

where the dash denotes a structurally modified component or assembly and, Y, is the matrix of
elements that are used to make the modification. For example, this could be a matrix of ideal mass or
stiffness elements or more complex components such as beams, plates or resonant absorbers. The key
point to note is that the blocked forces from equation (1) can again be used to excite these modified
structures because blocked forces are an intrinsic property of the source. For example, equation 4 in
combination with Equation 1 can be used to predict vibration levels at the source-receiver interface of
a modified assembly using data describing the individual sub-structures.

Perhaps more usefully however, the frequency response function, H¢ , from equation (2) which
relates forces at the interface to a point of interest can also be obtained by sub-structuring using the
equation,



H¢ = Hg[Ys + YrI71Ys (6)

where, Hg , is a vibro-acoustic frequency response function for the receiver structure alone
Similarly, we may also write,

H'c = H'r[Ys + Y'r]7Ys (7)

Where, H', is a vibro-acoustic frequency response function of an assembly where the receiver
structures mobility has been modified using equation (5). Note that [Yg + YR]'IYSfS,bl is the actual
force applied to the original receiver structure, fg, and that this will not be the same force applied to
modified assembly, ', because,

[Ys + YR 71Ys # [Ys + Y'Rr]I7Ys (&)

Note also that because, Hg, may no longer be equal to, H'g, the vibro-acoustic frequency response
functions relating forces at the interface to a response location might also be changed. A discussion
regarding how H'g may be obtained in practice is given later in the paper.

3. Prediction of Structure Borne Noise

In this section of the paper a case study is presented that demonstrates the real-world application of
equations 1, 2 and 6 for the prediction of structure borne noise within a train. This involved the
measurement of source blocked forces, source mobility, receiver mobility and a set of vibro-acoustic
frequency response functions for the train (without the vibration source installed). The passive FRF
data was then combined to make an experimental model of source-receiver assembly and this model
was excited using measured blocked forces to predict structure borne noise within the train carriage.

3.1 Blocked Force Measurements

An air generation and treatment unit (AGTU) was characterized in terms of its mobility and
blocked forces taking into account six degrees of freedom at each connection point (three translational
and three rotational) with the AGTU supported on air springs as shown in figure 1. In order to take into
account six degrees of freedom at each connection point four accelerometers were oriented in the
vertical z direction in order to capture translation in the z axis and rotation about the x and y axes. Two
further accelerometers oriented in the x direction then capture translation in the x direction and
rotation about the z axis. A single accelerometer was the oriented in the y direction to capture the
remaining degree of freedom. A description of the method used can be found in [8].

After performing measurements with the source resiliently mounted on air springs the source was
then rigidly coupled to the test bench as shown in figure 1b. In this configuration an additional
accelerometer was installed at a remote location on the test bench. The measurements were then

repeated but this time obtaining Y. and v¢ to satisfy equation 1. The combination of measurements
in the free and rigidly coupled conditions on the test bench allowed the blocked forces to be validated
using two methods:

1. The blocked forces from the free and rigidly coupled test setups were compared for each
degree of freedom to confirm they were not affected by the boundary condition, and

2. The blocked forces obtained from the freely suspended condition were used to make a
prediction of the test bench vibration at a remote location away from the interface.

In theory both of the above should be satisfied because equations 1 and 2 are known to be exact for
linear, time invariant systems. However, experimental uncertainty and the number of degrees of
freedom included in the model are known to affect the agreement between blocked forces measured in
different states and this in turn affects the accuracy of any subsequent sound or vibration predictions.
Furthermore, in some cases it is possible that source operation could be affected by the mounting
condition, i.e. the source’s behavior can be altered. Thus, by making checks 1 and 2 above the
reliability of the blocked force data for structure borne noise predictions on the train can be assessed.
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Figure 1: (a) Air compressor installed on test bench
supported by air springs (top left) (b) air compressor
installed on test bench by rigid coupling, showing also

the position of the validation reference sensor (top
right) and (c) instrumentation of the interface used to

capture 6 degrees of freedom (bottom left).

Shown in figure 2 is a comparison of the blocked forces measured in the free and rigidly coupled
states for one of the AGTU connection points in the vertical z direction. It can be seen that blocked
forces measured under both mounting conditions agree well over the majority of the frequency range
shown (20-2000Hz). Note that the operation of the AGTU was found to vary from one day to the next
by a similar order of magnitude, perhaps due to variations in environmental conditions (as observed in
acceleration measurements made on the core of the compressor).

Shown in figure 3 is the reference vibration level measured on the test bench with the AGTU
operational (blue line) when mounted as shown in figure 1b. This is compared to a prediction of the
vibration acceleration obtained using the blocked forces measured in the free condition (data check 2
above). Except for a few tonal peaks the agreement between measurement and prediction is very good,
especially when the repeatability of the AGTU’s operational behavior is considered.
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Figure 2: Comparison of blocked forces measured on the test bench under two different boundary conditions
- rigidly coupled (blue) and mounted on air springs (red). The blocked forces obtained under both boundary
conditions are in good agreement despite the different mount conditions demonstrating that the data is

independent of the installation condition [9].
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Figure 3: Prediction of test rig reference vibration levels in the vertical z direction with the AGTU operational.

The blue line shows the actual vibration level measured on the test rig when the source and receiver were
rigidly coupled, and the orange line was predicted using in-situ measured blocked forces obtained when the

source was freely mounted [9].

3.2 Sub-Structuring

With the blocked forces of the compressor validated as described above a further measurement
campaign was carried out to validate the full prediction methodology. In order to do so frequency
response function measurements were made on a train with and without the compressor installed and
the sound pressure inside the train with the air compressor operational was measured. A photograph of
the AGTU installed on the train is shown in figure 4 below.

Figure 4: The air generation and treatment unit (AGTU) installed on the train.

In order to make a prediction of structure borne noise in the train it was first necessary to perform
measurements of the train mobility at the degrees of freedom where the AGTU was to be mounted and
of the transfer functions relating the interface degrees of freedom to the interior sound pressure. This
was done by instrumenting the train using the same accelerometer arrangement as shown in figure Ic
but with an additional three microphones in the train carriage. This test setup allowed the simultaneous
acquisition of the train mobility and the vibro-acoustic frequency response functions by exciting, one
by one, all the interface degrees of freedom. Once these measurements had been completed the AGTU
was reinstated and the interior structure borne noise was measured for validation purposes.

The final result of this section is therefore a comparison of the train interior noise with a prediction
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of the structure borne component of the interior noise obtained using equations 6 and 2 (see figure 5).
Note that the measurements on the train were performed in a reverberant space (a factory) and that the
measured train interior noise can be expected to include both the structure borne component and a
flanking airborne paths, e.g. through door seals and windows, so one would not expect a perfect
comparison. Nevertheless, the prediction result is very encouraging with most of the frequency range
shown displaying a good agreement between the measured and predicted response (the difference to in
the overall A-weighted sound level was 2.5dBA). The under prediction in the frequency range
1000-2000Hz is thought to be in part due to airborne transmission. Recall also that the source
repeatability may not be perfect, for example it can be seen that the operational speed of the AGTU on
the train was slightly lower than on the test bench.
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Figure 5: Prediction of structure borne noise in the train with the AGTU operational (dashed red line)

compared to the actual interior noise (solid black line). The y-tick divisions each represent 10dB.

4. Structural Modification

As explained in the introduction and theory sections of the paper, one of the main advantages of
blocked forces over contact forces is that they remain valid even after a modifications to a source
receiver assembly (providing the modifications are made downstream of the interface). This was
shown experimentally to be the case in figures 2 and 3 in the previous section. By means of an example
it is therefore interesting to experiment with the possibility of sub-structuring simple elements or
components to the coupled source-receiver assembly using equation (4). The purpose of doing so in
real world applications would be to investigate the influence of structural modifications to an assembly
to solve noise and vibration problems.

Shown in figure 6 is the accelerance of the z-direction at one of the interface points of the
source-receiver assembly (blue line). To implement the structural modification approach, the
accelerance of the z-direction degrees of freedom were modified by sub-structuring virtual lightly
damped springs (of stiffness, k=3x10° Nm!) to each node of the 4 z-oriented nodes at each connection
point. Applied in practice, this would have the effect of stiffening the receiver structure in the
z-direction and rotationally about the x and y axes. It can be seen in the figure that the orange line
(representing the modified assembly) now has a lower accelerance than the original source receiver
assembly. It can be expected therefore that the vibration at the source receiver interface will also be
significantly altered by this structural modification.

After artificially modifying the source-receiver interface the vibration response of the modified
assembly was then predicted using equation (1). The resulting vibration level is shown in figure 7 with
a comparison to vibration the vibration level at the same point prior to structural modification. It can
be seen in the figure that the vibration acceleration at the interface (in the vertical z-direction) would
be reduced significantly in the frequency range 0-800Hz by making such a change to the receiver
structure. Similar plots could also be made for the force on the receiver or the transmitted power
making it a useful tool for the investigation of noise and vibration mitigation measures. What is often
required however is the vibration or sound level at a response position that is remote from the
source-receiver interface.

As previously mentioned in section 2 of the paper, when the response at a remote location is
required the process of artificial structural modification is somewhat more challenging because



equation 7 might then be used and any alteration to the transfer function relating the remote response
to the interface degrees must also be taken into account. This is inconvenient because additional
measurement positions are required for every position on the system where a structural modification
might be made. In such instances it is likely therefore to be more useful to either excite a numerically
modelled system (e.g. obtained using SEA or FEA) or a modal model obtained by measurement. This
is a promising area for further research.
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Figure 6: Example of modification to the accelerance of the coupled source receiver assembly in the vertical
z-direction. The source receiver assembly was modified by sub-structuring damped springs of stiffness
k=3x10° Nm! to each of the nodes oriented in the z direction (orange line). This is compared to the

accelerance before structural modification (blue line).
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Figure 7: Example of the influence of artificially stiffening the source receiver interface on the vibration
acceleration at the interface in the z-direction (orange line). The vibration level of the unmodified system is

shown as a blue line.

433



434

5. CONCLUDING REMARKS

Described in the paper are two case studies that demonstrate the use of the in-situ blocked force
approach in combination with sub-structuring, sometimes referred to as component TPA. The first case
study describes measurements made to characterize a real-world vibration source on a test bench and
the data checks that were carried out to ensure the blocked forces obtained were suitable for making
predictions of structure borne noise. Six degrees of freedom were taken into account at each terminal
of the source structure in these measurements which is unusual for a system of such complexity. The
blocked force data was then used to make predictions of structure borne noise in a train and it was
shown that the combined blocked force and sub-structuring methodology provide an estimate that
agrees with measurements made on the train (within 2.5dBA overall).

The second case study presented uses the same source-receiver assembly but investigates the use of
structural modification by means of a simple example. For this case study it is shown how the effect of
stiffening of the receiver structure can be investigated by sub-structuring ideal springs to the source
receiver interface. The combination of methods and techniques presented in the paper provide a useful
toolset that can be employed for noise/vibration prediction, diagnostic testing and virtual prototyping.
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