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Operational Transfer Path Analysis (OTPA) is very attractive from a practical point of view, as it not requires
an expensive measurement campaign in which transfer functions are measured, as is the case in the traditional
Transfer Path Analysis (TPA). Instead, transmissibilities are measured from operational data, making the method
relatively cheap in terms of measurement efforts. In practice, however, a lot of difficulties have to be overcome in

order to obtain reliable path estimates.

In this paper the Operational Transfer Path Analysis (OTPA) technique is applied to a small gearbox. Laboratory
experiments are presented, discussing the use of singular value decomposition to determine the number of physical
transmission paths involved, the development of verification checks, and finally the application of OTPA to estimate
the strengths of the transmission paths. A comparison with the classical Transfer Path Analysis (TPA) will be
included as well. Shortcomings of both the OTPA and TPA method are discussed and conclusions are drawn from

the experiments.

1 Introduction

The experimental determination of noise and vibration
transmission paths is an essential step in noise control en-
gineering. Knowing the dominant transmission paths en-
ables the engineer to take appropriate measures to reduce
the noise and vibration problem at hand. Traditionally trans-
fer paths are determined by means of a synthesis of contri-
butions, i.e. the contributions are calculated as the product
of source strengths and path sensitivities [1]. In this ap-
proach, denoted by classical TPA, the path sensitivities are
determined by means of a separate measurement of the rel-
evant transfer functions. The source strengths are estimated
by means of an inversion of the measured transfer function
matrices. The separate measurement of transfer function ma-
trices makes the procedure time consuming and costly, as the
machine needs to be removed from its connection points to
allow the transfer function matrices to be measured.

Another approach which is gaining much interest is the
Operational Transfer Path Analysis (OTPA) technique, which
is based on a decomposition of the received signals based
on transmissibility measurements. In this procedure a trans-
missibility matrix identified from operational measurements
is used to obtain a decomposition of the received signals
that should indicate the strengths of the transmission paths.
Transmissibility matrices between points close to the paths
to be identified and the target points, where the reduction of
noise and vibration is of interest, are measured during opera-
tion of the machine. This makes the measurement technique
relatively cheap. There is no need to remove the machine,
which also guaranties correct boundary conditions during the
measurements (think about the stiffening effects of rubber
mounts, for instance).

So the advantages of OTPA as compared to TPA are evi-
dent. However, the transmissibility approach also constitutes
some inherent difficulties to obtain a decomposition of the re-
ceived signals into meaningful quantities that are useful for
the identification of the transmission paths.

In this paper both the OTPA and the classical TPA tech-
niques are applied to an experimental test set-up, consist-
ing of a small gearbox. Due to the interaction of the gears
vibrations are generated which are transmitted to a frame
structure. The ultimate goal of the analysis is to determine
the strengths of the transmission paths, i.e. determine the
strength of the transmission paths at each bearing as function
of frequency. It will be shown that both OTPA and TPA have
their shortcomings.
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2 Theory

In this section the theory of TPA and OTPA is not fully
treated. We refer to an accompanying paper by Sandier, Leclere
and Roozen [3] for a more extensive discussion of the the-
ory. In this section only some definitions and some basic
equations are given, taken from [3], that are referred to in the
sequel of this paper.

In OTPA, a linear system is considered between two sets
of response dofs. The so-called indicator signals are denoted
by y. Indicator sensors are placed on the receiving structure
side as close as possible to the physical transmission paths.
Each indicator signal is thus related to one excitation force
acting on the structure. The target points are denoted by x.
These points are distributed on the receiving structure.

The cross spectral matrix between the indicator points is
denoted by S,,. The cross spectral matrix between the tar-
get points is denoted by S .. The cross spectral matrix be-
tween the indicator and target points is denoted by S \,. The
transmissibility matrix between indicator signals y and target
signals x can, in theory, be determined as follows

ey

In practice, however, it is often numerically not possi-
ble to invert the cross-spectral matrix S, as obtained from
a single measurement. More operational conditions are re-
quired to make the system invertible. One approach is to
use spectral analysis tools like principal component analysis
(PCA) [4],[5] or conditioned spectral analysis (CSA) [6] to
obtain a limited number, let’s say N, orthonormal response
vectors X; (for the target dof) and Y; (for the indicator dof)
for each operational condition. Collecting all response vec-
tors X;, (i = 1,N) and Y;, (i = 1, N) for all operational condi-
tions into a single matrix X, and Y., respectively, gives:

T=S54S

X.=[X1Xo...Xnu]l Ye=[N1Y2..YNu] 2)

where M is the number of operational conditions considered.

In classical TPA transfer functions @ are measured which
relate the cross spectral matrix at the target points S, to the
cross spectral matrix of the forces at the target points S ¢, as

Sy =DSys @’ 3)

3 Measurement test set-up

The measurement test set-up comprises an electro-motor
that drives two shafts with gears mounted on them. The
electro-motor can operate at various speeds, steered by an
electronic controller. By means of four ball bearings the
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shafts are mounted on a frame structure, as shown in Figure
1. At each bearing housing a 3D-accelerometer is mounted,
4 in total. The vibration signals thus obtained are numbered
from 1 to 12 as shown in Figure 2. These 12 signals consti-
tute the indicator signals for OTPA, which are denoted by y.
At the receiving part of the structure, i.e. the frame structure,
three 1D-accelerometers are mounted, numbered 13, 14 and
15, as shown in Figure 2 also. These 3 signals constitute the
target signals for OTPA, denoted by x. Data acquisition is
done by means of a 32 channel OROS measurement system.

Figure 2: Test set-up numbering.

4 Transfer path analysis

In this section both the Operational Transfer Path Anal-
ysis (OTPA) technique and the classical Transfer Path Anal-
ysis (TPA) technique will be discussed. Both techniques re-
quire matrix inversions, being one of the issues to be dealt
with. Another point of concern is the choice of the number
and location of the input and output sensors. These issues,
as well as a means to check the correctness of the analysis
(OTPA or TPA), will be addressed in the following subsec-
tions.

4.1 Checking condition numbers

Matrix inversions can cause erroneous results, especially
if the system is ill-conditioned. In most cases regularization
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is of prime importance to this respect. A parameter which
can be used to inspect the need of regularization techniques
is the condition number. The condition number gives the ra-
tio between the largest and the smallest singular value of the
matrix. From the experience of the authors, there is no need
for regularization if the condition number is lower than let’s
say 100. If the condition number is between 100 and 1000
regularization might be considered, and is it above 1000 reg-
ularization is absolutely required.

When dealing with the classical Transfer Path Analysis
(TPA), an inversion of the matrix @ (see Eq. 3 and [3]) is
required, which is typically done by means of a (regularized)
pseudo-inverse. For the present case the condition numbers
of the matrix with measured transferfunctions ® are shown in
Figure 3. In this case the matrix @ consists of transfer func-
tions from different number of indicator channels to 3 target
channels. The number of indicator channels vary from 4 to
12, as shown in the legend of Figure 3 (“incha”=indicator
channel). From this figure it can be seen that in all cases the
condition numbers are low enough, thus not requiring regu-
larization.

Classical TPA

Condition number FRF(outch2,inch,i)

. .
0 500 1000
Frequency [Hz]

1500

Figure 3: Condition numbers of matrix H (inch x 3
channels), classical TPA, for different number of indicator
channels

)

\ Al

Condition number Yc(

. .
500 1000
Frequency [Hz]

1500

Figure 4: Condition numbers of OTPA operational response
matrix, for different number of indicator channels

When dealing with the Operational Transfer Path Analy-
sis (OTPA), an inversion of the cross-spectral matrix S, (see
Eq. 1 and [3]) is required. In practice, however, it is often
numerically not possible to invert the cross-spectral matrix as
obtained from a single measurement. More operational con-
ditions are required to make the system invertible. The ap-
proach taken here is to obtain measurement data from 14 dif-
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ferent operational conditions (i.e. 14 different motor speeds).
On each data set a principal component analysis (PCA) was
performed of which the first 12 principal components were
used for subsequent data processing. Thus, a matrix X, and
Y. (see Eq. 2) of 14 x 12 columns for each matrix was ob-
tained, which was used to determine the transmissibility. The
condition number of these matrices, using different indicator
channel sets is shown in Figure 4. From this figure it can also
be concluded that a regularization is not very crucial in this
case.

4.2 Checking for the number of relevant trans-
mission paths: Singular value decomposi-
tion

When setting up a measurement for operational transfer
path analysis, one of the biggest problems is the selection
of the number of sensors and their locations. Often engi-
neering judgement is used to make a sensible choice. In the
present case the transfer paths at the bearings are to be identi-
fied, which led to the choice to use 3D-accelerometers at the
bearing housings as indicator sensors. It remains to be seen,
however, if all those 12 degrees of freedom are required for
the present analysis. To answer this question it is useful to
perform a singular value decomposition (SVD) on the mea-
surement data in an effort to asses the number of physical
transmission paths involved.

Figure 5 shows the singular values of the matrix [X, Y.],
containing the first 12 principal components of each mea-
surement data set, containing all signal dof (i.e. both indica-
tor signals and target signals). In addition, a separate mea-
surement was performed in which the electro-motor was dis-
connected from the driving shaft. In this case, the shafts and
gears were not rotating, leaving the motor as the only source
of vibrations. Performing the same data processing, the sin-
gular values of this configuration was obtained as well. The
thick black line in Figure 5 shows the most significant singu-
lar value, denoted by $Vgisconnected> Which corresponds to the
transmission path from electro-motor to the frame structure.
From Figure 5 it can be seen that below 500 Hz 10 singular
values are more significant than $Vgiscomnecred- These singu-
lar values thus must represent the transmission paths via the
bearings. Looking at Figure 5 one could possibly say that
at frequencies higher than 800 Hz there are less significant
transmission paths as compared to $Vgisconnected-

Summarizing, up to 500 Hz at least 10 physical transmis-
sion paths seem to be involved.

4.3 Checking for the correctness of reconstruc-
tion

The ultimate aim of TPA is to reconstruct individual con-
tributions of each indicator channel to a target channel. Thus,
when adding all individual contributions as obtained by means
of TPA, it should reproduce the measured response at that
specific output channel. In this manner the TPA results can
be verified. Passing this check does not, however, guarantee
that the results will be correct. Only in cases where there is
a significant difference, one could conclude that other paths
are also participating which are not ’sensed’ by the indicator
channels, which makes the TPA analysis incorrect.

For OTPA the situation is a little bit different. As the
method is based upon a decomposition of the signals at the
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Figure 5: Singular values using 12 indicators, with shafts.
Thick black line: first singular values with gears
disconnected from motor

target points, the vibration contributions of the erroneously
omitted transmission paths will be distributed amongst the
indicator channel paths that are being considered by the OTPA
analysis [2]. The result will be, in that case, that the global
reconstruction at the target points is quite well, but that the
partial contributions are not correct. Thus, it can be con-
cluded that this check will be less discriminative for OTPA.

Figure 6 and Figure 7 show the reconstruction of TPA
and OTPA, respectively, for output channel 15. It should be
noted here that the vibration signal from channel 15 was not
used in the TPA procedure to calculate the cross-power spec-
tral matrix S g of (virtual) sources according to Eq. 3 (see
also [3]). Thus, a reconstruction of output signal 15, based
on the information contained in all other sensor signals is
truly predictive. As can be seen from Figure 6 the TPA pro-
cedure is very well capable in predicting the total response
at sensor 15, except for a frequency range around 700 Hz
and around 1400 Hz. Later we will see that in the frequency
range around 700 Hz the TPA method is indeed lacking, ob-
viously because of some vibrations that are not captured by
the sensors. It is, however, not clear which vibrations in that
frequency range are responsible for this behavior.

From Figure 7 it can be seen that the OTPA method ap-
parently does a good job. It is, however, incorrect to conclude
that OTPA is without any error, in view of what has been said
earlier, as this check is simply not strict enough for OTPA to
make such a conclusion. On the other hand, it is not self-
evident that the reconstruction will always be good, because
in the data processing of OTPA one data set was deliberately
not employed for the estimation of the transmissibility ma-
trix, which is the (indicator) data-set which is used for this
check.

For ease of interpretation, Figure 8 and Figure 9 show
the ratio between the reconstructed data and the measured
data for TPA and OTPA, respectively. Note the difference in
ordinate axis magnitudes in both figures. It shows that the
errors for OTPA are very small as compared to TPA, at least
in terms of this reconstruction check. It should be stressed,
however, that especially for OTPA this check is not a suffi-
cient validation.

The comparison of the individual transmission path con-
tributions allows for ranking of sources (or transmission paths)
at target points. It should be noted that this source ranking
makes sense, only if the individual contributions are not sig-
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indicator channels

‘ nificantly greater than the global contribution. For instance,
’ T et e if sources are correlated and are canceling each other at tar-
get points (destructive interference, e.g. in case of a strong
undamped modal behavior), the individual contributions will
be (possibly significantly) higher than the measured vibration
level at the target point. In that case, the results obtained by
TPA or OTPA will not by definition be incorrect, but it will
be difficult, if not impossible, to speak about a decomposi-
tion of the signal at the target point. The following criterion
is proposed in [3], called the energetic sum check of partial
contributions, which reads

Figure 7: OTPA reconstructions, using different number of
indicator channels

Z SV =< S . +3dB )

J

where S ffx) is the partial contribution of the j-th indicator
signal. If this check is passed, a meaningful decomposition
of the signal at the target point can be realized by means of
TPA or OTPA.

Figure 10 and Figure 11 show a plot of the actually mea-
sured response at channel 15, the complex reconstructed re-

Ratio [-]

Ratio between measurement and TPA2-reconstruction chan 15 4 inch (inversion excl outch 15)

Ratio between measurement and TPA2-reconstruction chan 15 8 inch (inversion excl outch 15) sponse (which was ah‘eady considered in Figure 6 and Figure
Ratio between measurement and TPA2-reconstruction chan 15 10 inch (inversion excl outch 15)|
Ratio between measurement and TP, ion chan 15 12 inch (inversion excl outch 15)| 7) and the energetic sum Check (black curve in the ﬁgures)
o : ! ; s
500 1000 1500 . )
Frequency 1] as expressed mathematically in Eq. 4, for TPA and OTPA,

respectively. From these figures it can be seen that this cri-
terion is only met at the frequency peaks at approximately
400 Hz and 1140 Hz. In the frequency range around 700 Hz
the criterion is not met by far, indicating that a meaningful
decomposition by means of TPA and OTPA will be difficult.

Figure 8: Ratio between Classical TPA-reconstructed and
measured data, using different number of indicator channels
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Figure 11: OTPA energetic sum check, using 12 indicator
channels

4.4 Identifying dominant transmission paths

Using both TPA and OTPA an attempt is made to iden-
tify dominant transmission paths for the small gearbox test
set-up. It was decided to use all 12 indicator sensor signals,
as the singular values of the matrices [X, Y.] indicated 10
physical transmission paths (at least up to 500 Hz). Numeri-
cal experiments were also performed using 8 or 10 indicator
signals, but the path reconstruction was not much different,
with a slightly better result when using 12 indicator signals.

In Figure 12 a TPA estimate of the individual contribu-
tions are given. Though in total 12 indicator dof are consid-
ered, the figure only shows the vertical vibration components
at the bearing housings. The contributions related to the two
horizontal dofs appeared to be less dominant as compared to
the vertical dof. The difference between the global TPA re-
construction and the measured response (showing the short-
comings of TPA at certain frequencies) is filled in blue. Note
that the blue filled areas correspond to the errors shown in
Figure 8. For instance big errors are present in the frequency
range around 700 Hz. As from the energetic sum check it was
clear that only the frequency peaks at approximately 400 Hz
and 1140 Hz passed, we will focus on these two frequencies.
In Figure 14 and Figure 16 a detail zoom plot around these
two frequencies can be found. From the TPA analysis it can
be concluded that at 400 Hz the bearing at indicator chan-
nel 5 and indicator channel 8 are both very dominant. Note
that these two bearings are on the same driving shaft. Also
the bearing at indicator channel 11 seems to play a signif-
icant role at this frequency. At the resonance around 1140
Hz it is clear that the bearing at indicator channel 8 is by far
dominant only.

The OTPA estimates of the individual contributions are
given in Figure 13. Also here the difference between the
global OTPA reconstruction and the measured response is
filled in blue. Again, as from the OTPA energetic sum check
it was clear that only the frequency peaks at approximately
400 Hz and 1140 Hz passed also, we will focus on these
two frequencies. In Figure 15 and Figure 17 a detail zoom
plot around these two frequencies can be found. From the
OTPA analysis it can be concluded that the bearing at indica-
tor channel 11 is only dominant, perhaps also a bit the bear-
ing at indicator channel 5. So this is partly in correspondence
with the TPA estimates. At 1125 Hz there is full agreement
with TPA: the bearing at indicator channel 8 is by far domi-
nant only also.
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Figure 12: Classical TPA estimate of Y-component
contributions, using 12 indicators
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Figure 13: OTPA estimate of Y-component contributions,

using 12 indicators

5 Conclusion

Both Operational Transfer Path Analysis (OTPA) and clas-
sical Transfer Path Analysis (TPA) are difficult to apply to
real-life applications. For instance, one must be aware of a
correct choice of the number and location of indicator sen-
sors. A singular value decomposition (SVD) can be used
posterior to estimate the number of physical transfer paths
being present. In addition, the correctness of the reconstruc-
tion can be verified by comparing the complex added sum
of the reconstruction with the actually measured vibration
data at the target points. This check revealed that the clas-
sical TPA suffered from missing vibration data in certain
frequency regions to capture all the transmission paths. To
this respect, this is a very useful check, as troublesome fre-
quency regions can be identified. OTPA suffered from the
same shortcoming in this frequency region. Yet another check
is the so-called energetic sum check, which allows the ener-
getic sum of all individual paths not to be larger than 3dB
as compared to the actual vibration level at the target points.
Following the outcome of this check, we focussed on two
resonant frequency regions, which could be identified suc-
cessfully with both TPA and OTPA.
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Figure 14: Classical TPA estimate of Y-component

contributions, using 12 indicators, detail zoom plot around

400 Hz
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Figure 15: Classical OTPA estimate of Y-component
contributions, using 12 indicators, detail zoom plot around
400 Hz

Classical TPA, Input channels:1 2 3 4 5 6 7 8 9 10 11 12, output channels: 13 14 15
T

-50 T T

T
measured

global TPA reconstruction
—— TPA2 path inch 2

TPA2 path inch 5

-60[- TPA2 path inch 8 n
TPA2 path inch 11
Energetic sum of all paths

-70

Autospectrum [dB]
.
&
3

-90

-100

-110
1000

L L L L
1050 1100 1150 1200 1250

Figure 16: Classical TPA estimate of Y-component
contributions, using 12 indicators, detail zoom plot around
1125 Hz
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