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Abstract
The evaluation of structure-borne sound power is an effective analysis tool for the analysis of the structure-
borne sound transmission in mechanical structures like vehicles, but also for the characterization of com-
ponents. However in the case of measurement-based methods in particular the phase-accuracy becomes
challenging for lightly damped systems vibrating at non-resonant frequencies. In order to enable the mea-
surement of power quantities for such cases a method is discussed incorporating a frequency-dependent
phase correction. The latter is predetermined in a small test setup solely for the impedance heads as these
introduce the largest phase errors in the measurement chain. The evaluated impedance heads are used for the
evaluation of power quantities at an example structure afterwards. Applying the phase correction a significant
improvement of the resulting power quantities is finally achieved.

1 Introduction

Due to electric mobility and autonomous driving, requirements for acoustic vehicle quality are increased
significantly. So the vibroacoustic assessment and optimization of vehicle components at the early stage of
the complete vehicle development is an essential future competitive factor. For acoustic evaluations of the
structural components, a representative and robust physical key performance indicator is needed as sound
pressure levels at the passenger ears are not available at this stage of the development process. Besides
the assessment of primary variables like displacements or forces the evaluation of energy flows can be a
promising approach also in the lower frequency range. Power as the indicator for energy flow combines
phase-correct force and velocity measures in one real scalar.

Although the acoustic assessment of the mechanical system must be mostly simulation-based at the early
stage of vehicle development, there are some vehicle parts which are difficult to model numerically. There-
fore energetic quantities have to be assessed by measurements at in- and outputs of mechanical subsystems
like rubber bearings. As the latter ones usually have a rather low modal density one must be able to measure
power quantities outside resonance. However this task is not state of the art in normal engineering practice.

Starting from a mechanical point of view, power is the scalar product of the normal and the intensity vector
integrated over the surface [14]. The intensity vector is the multiplication of the stress tensor and the velocity
vector. For discretized systems, however, the power calculation is simplified as it can be calculated from the
vectors of discrete forces and velocities. For the harmonic vibration of a discretized linear system, the vectors
of discrete forces and velocities are described by complex quantities in the frequency domain, resulting in
the complex power [2]

P =
1

2
fHv (1)
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H is the Hermitian transpose. While the imaginary part of the complex power is equal to the product of
excitation frequency and the Lagrange energy Ū − K̄ [2]

= (P ) = 2ω(Ū − K̄) (2)

especially the real part is of interest for the energetic analysis of vibroacoustic structures

< (P ) = P̄diss. (3)

Following Equation 3 the real part of the complex power quantity is equal to the vibration cycle averaged
dissipated power P̄diss. Rewriting the latter equation results in

P̄diss =
1

2
|f ||v| cos(∆ϕfv). (4)

This trigonometric form illustrates that besides the amplitudes of forces and velocities the relative phase
between these ∆ϕfv is included in the power calculation

∆ϕfv = arctan
=
(
fHv

)

<(fHv)
. (5)

However, if the damping in the system becomes smaller, the relative phase ∆ϕfv approaches (2n − 1) · π/2

for non-resonant frequencies, while n ∈ Z. Following Equation 4 the cosinus-term is sensitive for even
small errors in the phase for such values, thus the correct measurement of power becomes challenging. Each
element of the measurement chain introduces a phase error. Especially impedance heads can exhibit an
absolute phase error approaching ε∆ϕ = 5◦ [1], the relative phase errors between force and acceleration
channel are not documented in many cases.

Even so the measurement of power quantities is established in literature for some decades, there is no dis-
cussion available regarding phase errors for the limiting case of light damping, up to the authors knowledge.
Therefore a method for the phase-correction in the frequency domain is investigated in the following by
means of a lightly damped structure. In the latter power is measured at the inputs and outputs of single
subcomponents.

Approaches to measure mean power at inputs and outputs of arbitrary parts are already presented for impedance
heads [13], for more complex parts a six degree of freedom sensor was developed by [6]. This contrasts the
many approaches in literature starting from the 1970’s, in which structure-borne sound power quantities
are determined not at inputs or outputs, but inside basic mechanical systems like trusses, beams or plates
[12, 19, 5, 8, 3, 16, 4, 11, 17, 20, 18]. An overview is provided in [10]. These references are limited to
analytical systems but not to complex geometric structures, as the displacement function, known from the
analytical solution of the idealized mechanical system, is used to calculate the power from an acceleration
sensor array.

The below example structure is vibrating in uniaxial vibration. The general methodology for phase-correct
measurements and subsequently meaningful power values is therefore based on impedance heads. Corre-
sponding test setups are presented in order to identify a correction factor for the phase deviation of the
sensors. It will be shown how the power results can be improved in the frequency domain by this factor.
Nevertheless the below discussion is more general and can be adapted for any sensor combination.

2 Phase-Correct Power Measurement

2.1 Concept of Phase Correction in the Frequency Domain

Each element of the measurement chain introduces a phase error into the experiment (compare for example
[7]). This includes phase errors from the leakage in the time-to-frequency transformation, the influence of
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cables, the DAQ (Data Aquisition) interface, or the sensors. Especially the impedance heads, as mentioned
above can have a phase lag, which is significantly higher than the phase deviation which must be identified
for lightly damped systems.

It will be shown in the following that if the phase errors of the impedance head only are considered, already
physically meaningful power values can be obtained, although the phase errors of the DAQ-interface, the
post processing et cetera are neglected. In order to compensate the phase error in the frequency domain a
complex-valued and frequency dependent correction factor Cϕ is determined. Therefore, the errors in the
relative phase are identified for distinct channel pairs, though not the absolute phase error of single channels
is determined. For the measurement of power the correction factor is included in the measured frequency
response of the cross power spectrum at the two impedance heads

Sc
fv = f(Cϕ,IH ◦ v)H . (6)

The c indicates the correction for the phase error of the measurement chain. The mean power is directly
obtained from the cross power spectrum

P c =
1

2
Sc

fv (7)

as well as the relative phase

∆ϕc
fv = arctan

=(Sc
fv)

<
(
Sc

fv

) (8)

2.2 Phase Errors in Impedance Heads

Prior to determining the phase error between the force and acceleration signal of the impedance heads,
assumptions are made regarding the sources for the sensor’s phase lag. In the following it will be shown
that with these assumptions the power results can be improved significantly. Two classes of error sources
are assumed for the impedance heads. One resulting from the mechanical interaction of the impedance
head with the attached test structure, which is therefore test-object dependent, one resulting from test-object
independent sources like electronic amplifiers inside the sensors.

In order to calculate the error resulting from the first class of test-object dependent errors, one needs infor-
mation of the attached system, like the input impedance. Subsequently the error cannot be determined a
priori. Additional phase shifts are introduced in the test setup, if the resonance of the MDOF-system of the
impedance head is decreased to values near the frequency measurement range. However, assuming that the
sensors are build sufficiently stiff, this error source is neglected for the benchmark structure.

The relative phase error, which is independent of the test structure, however, is determined and included
in the correction factor. Therefore a top-mass setup is introduced (see Figure 1), known from calibration
experiments for the amplitudes of impedance heads [15].

shaker

two-channel FFT
calibration mass mL

impedance head

Figure 1: scheme of the top mass setup for the impedance head phase measurement
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Following Figure 1 the impedance head is mounted on a vertically aligned shaker, on top of the impedance
head a mass is screwed. The ideal mass has a purely imaginary impedance

Ẑ = i ωmL (9)

the relative phase between the acceleration and force channel therefore should be ∆ϕIH = 0◦, according to
the model assumptions. The resulting frequency dependent complex correction value of the impedance head
CIH is directly calculated from the measured phase difference

CIH =
fa∗

|fa∗| . (10)

The phase error of the DAQ-interface is assumed to be negligible.
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Figure 2: relative phase in degrees of the two impedance heads used for the power measurement obtained by
the top-mass setup. Three different masses are used, four measurements are performed for each mass.

Naturally the mechanical MDOF-system of the impedance head is also influenced by the impedance of the
mass in this setup. Therefore different top-masses are used in order to evaluate the variance of the phase
results with respect to the mass. In the case of a small variance of the measured relative phase the latter is
assumed to be independent of the attached mass, subsequently to be independent of the benchmark structure.
The top-masses chosen for the experiment are rather high, otherwise the test setup is not capable to identify
the phase lag also in the low frequency range. This results in three different masses fromm = 76.3g to 610g.

A chirp excitation is chosen and twelfe measurements, four for each mass, are performed and evaluated.
The results are shown in Figure 2. Following the latter, the median value of the measured phases is an
almost linear function of frequency. A linear regression is therefore performed for the correction value. The
resulting phase correction for the impedance heads is rather large and approaches ∆ϕIH = 3◦ for a frequency
of f = 800Hz. The standard deviation is approximately 0.1◦ and is small compared to the median value,
allowing for the assumption of a mass independent correction value as discussed above. Subsequently this
correction factor is also assumed to be independent of the following example case.

Nevertheless there are frequency ranges, in which the mean in particular deviate from the linear phase func-
tion and the standard deviation σ is large. This, however, is not opposed to the above conclusions, as it
can be explained by resonances of the test setup resulting from imperfections. These imperfections distort
the desired phase results for a theoretically perfect longitudinal excitation. The resonances are shifted in
frequency for the setups with different masses mT , resulting in rather small effect of the resonances on the
median value but a rather large one on the mean and standard deviation.
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3 Lightly Damped Example

3.1 Experimental and Numerical Setup

In order to determine power quantities and relative phases between force and acceleration in a longitudinal
direction only while limiting the vibration in the other directions to a minimum, a truss is suspended in the
center of a beam. The latter is clamped at its ends. Realizing the clamping condition two identical pyramidal
supports are manufactured. This provides a clamp condition for the beam and a clearance under the beam
of h = 720mm, so that the truss, sensors and a LMS Qsources Integral Shaker for the excitation can be
suspended (see Figure 3).

The test rig should ensure the measurement of the relative phases and power quantities up to a frequency
up of f = 800Hz, the pyramids must have a first resonance above that frequency. Therefore the pyramids
are manufactured from 32mm thick aluminum plates which are screwed together. A plate is added in the
horizontal center plane in order to stiffen the structure in addition.

At both sides of the truss a impedance head IH:1, respectively IH:2 is placed for the concurrent measurement
of forces and accelerations from which the power can be calculated in the postprocessing. As there is
damping in the system, there is mean energy flow from the source, which is the excitation at the lower end of
the truss into the truss, from the latter in the beam, resulting in a mean power larger than zero in the positive
direction of y. Correspondingly the phase shift between velocities and forces ∆ϕfv is deviating - although
just slightly - from ±π/2.

All parts are manufactured from aluminium alloy EN AW-6060. For the evaluated frequency range f =
1..800Hz the structure should have a low modal density in order to analyze structure-borne power at non-
resonant frequencies. Nevertheless there should be three resonances with symmetric mode shapes in the x−y
plane, for which the two impedance heads are excited in the longitudinal axis alone. This can be achieved
by the geometrical parameters of the truss and beam according to Table 1 and Figure 3. In the following all
values are given in millimeters, Newton, seconds and tons. In addition a steel mass is mounted between the
truss and the shaker, resulting in the resonances analyzed in the next section.

BEAM:01 :02 :03 ...

PCB model 356A15
DYTRAN model 5860B

TRUSS:01

:02
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IH:2
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Figure 3: hardware realization of the benchmark structure, includ-
ing the sensor instrumentation for the uniaxial, longitudinal phase and
power measurement.

part profile value

truss circular D 16
beam rectangular b 60

h 10

Table 1: values for the cross sec-
tions of the beam and the truss.

Besides the impedance heads, triaxial accelerometers PCB model 356A15 are installed (see Figure 3). This
enables the identification of mode shapes, which can be correlated to the simulation as well as the evaluation
of the amount of out of plane and asymmetrical deflection shapes resulting from geometrical imperfections.
The latter results in an energy flow not only in the longitudinal direction of the truss but in additional degrees
of freedom.
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For the measurement setup a three dimensional linear FE-model incorporating tetrahedron, brick and shell
elements, all using linear shape functions, is considered. The material parameters are chosen according to
Table 2. The connection technique is modeled by tie contacts. The impedance heads are considered through
spring elements with a translational and rotational stiffness of kT = 1.1 · 106 respectively kR = 4.5 · 106,
connecting reference points of the corresponding parts. The mass of the impedance heads is considered via
point masses of m = 1.2 · 10−5.

Firstly the modeling of the impedance heads by means of connector elements allows for a straightforward
calculation of the internal forces in the postprocessing, which are needed for the power calculation following
Equation 1. Some more general discussion of the calculation of power quantities as a postprocessing for
FE-displacement solutions can be found for example in [9] . Secondly the power quantity can be separated
for the different element degrees of freedom. This is beneficial for the comparison with the experimental
results, as the frequency responses are measured in the longitudinal direction only at the impedance heads.

material E-modulus Poisson number density structural damping

aluminum 70500 0.3 2.65 10−9 0.025
steel 210000 0.3 7.86 10−9 0.025

Table 2: material properties for the FE-model

The FE-model is correlated via a modal analysis to the hardware realization. Therefore for both the experi-
mental and numerical setup the resonant frequencies, mode shapes and modal dampings are determined and
compared in Table 3. There is a good correlation between the resonant frequencies of the FE-model and the
experimental setup, the error is below seven percent for all resonances. Evaluating the diagonal MAC-values
between the experimental mode shapes Ψj and the numerical ones Φi

MAC =
|ΦHi · Ψj |2
ΦHi ΦiΨ

H
j Ψj

(11)

there is also a good correlation.

Nr. feig mode shapes ξ
EMA (Hz) FEM (Hz) error (%) MAC EMA (%) FEM (%) remarks

1 8.5 0.125
2 9.6 0.125
3 33.6 35.5 -5.4 0.99 0.18 0.125 1st symmetric mode shape
4 111.7 0.125
5 136.2 141.8 -3.9 0.98 0.54 0.125
6 143.2 147.7 -3.0 0.98 0.20 0.125
7 201.8 205.3 -1.7 0.93 0.04 0.125
8 281.0 284.6 -1.3 0.99 0.15 0.125 2nd symmetric mode shape
9 319.0 339.1 -5.9 0.96 1.1 0.125
10 378.0 405.4 -6.8 0.96 0.93 0.125
11 393.0 413.2 -4.9 0.92 0.35 0.125
12 606.6 607.3 -0.1 0.65 0.1 0.125
13 669.3 688.4 -2.7 0.90 0.42 0.125
14 730.0 741.7 -1.6 0.95 0.1 0.125 3rd symmetric mode shape

Table 3: natural frequencies and modal dampings for the benchmark structure.

Analyzing the damping modeling of the FE-model, Table 3 shows that the assumption of a frequency-
independent structural damping value of η = 0.025 coincides with the modal damping values of the ex-
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perimental setup for the mode shapes 4, 8 and 14 which are symmetric in the x − y plane and therefore
are mainly excited in the later operational experiments (Figure 4). For the non symmetric mode shapes the
damping values are underestimated by the FE-model, however, this mode shapes should contribute only little
to the overall vibration response. Summarizing the above results, the FE-model can be appropriately cor-
related with the hardware realization, providing a well examined basis for the following discussion of the
measurement of structure-borne sound power.

mode shape 4 mode shape 8 mode shape 14

Table 4: first resonant frequencies in longitudinal direction of the beam-truss system.

4 Results

Using the above measurement methodology for phase-correct power measurement, 12 measurement runs are
performed on the validated example structure. In order to minimize leakage, a pseudo-random excitation
profile is chosen for the vertically suspended shaker. Again, for all measurement quantities the mean value
is calculated, the standard deviation is evaluated and the experimental results are compared to the numerical
results for the FE-representation.

Analyzing exemplary the phase at impedance head IH:1 at first, one recognizes that as long as no phase cor-
rection is applied to the measurement data, the relative phases differ from the FE-simulation. The deviation
gets larger the more the frequency is increased, partly switching the quadrant in the imaginary plane, finally
resulting in a maximum difference of three degrees (see Figure 4). Applying the phase correction Equation
8, the deviation from the FE-results is decreased significantly, resulting in a maximum difference of 0.2◦.
This error is equal to 2 · σ from the impedance head phase phase measurement in Section 2.2.
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Figure 4: relative phases between force and velocity ∆ϕf at IH:1, evaluated statistically for the experiment
and compared to the simulation.
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As a consequence, calculating power quantities from measurement without incorporating the phase correc-
tion, the mean power only has physically meaningful value around the resonances for the lightly damped
example. Out of resonance, however, the values approach negative values, which is in contrast to the results
from the FE-calculations.
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Figure 5: power results at the impedance heads from simulation and measurement, the latter without phase
correction for the measurement chain. Left: IH1; right: IH2

Applying the phase correction the mean power becomes mainly positive as predicted by the FE-model. In
addition the amplitudes coincide well, except for the lowest resonant frequency as the shaker is not capable
to bring in the energy as requested. Excluding this frequency range, the experimental and numerical results
for the mean power coincide with a maximal deviation of 5 · 10−7.
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Figure 6: power results at the impedance heads from simulation and measurement, the latter with phase
correction for the measurement chain. Left: IH1; right: IH2

However there are still frequency ranges, in which the phase-corrected mean power has negative values, in-
dicating energy flow towards the shaker. Nevertheless this is not necessarily related to measurement errors.
As [13] already discussed theoretically, impedance heads capture the energy flow for the longitudinal degree
of freedom, but neglect the contributions of the remaining translational and rotational degrees of freedom.
If the power of the non-measured degrees of freedom is larger than the power in the longitudinal direction,
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the summed up overall power would be positive although the measured longitudinal power is negative. Con-
sequently there are some frequency ranges in which also the FE-model has negative values for the mean
power in longitudinal direction, however the power, summed up over all degrees of freedom, is positive
(compare Figure 7 for impedance head IH:1). Such frequency ranges are for example around f = 340Hz
and f = 404Hz. These frequencies can be directly linked to resonances of the numerical model with mode
shapes having mainly rotations at the locations of the impedance heads.

By means of the MAC of the benchmark structure, one can link the above resonances to the measured ones
at f = 319Hz and f = 378Hz. The validated benchmark structure therefore allows for an unambiguous
explanation of these negative power values, which is the first time to the author’s knowledge. They do not
result from the phase error introduced by the measurement chain but are a physical property of the mechanical
system due to the fact that impedance heads just capture the energy in one degree of freedom.
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Figure 7: power results at IH:1 for the frequency range of resonances which load the impedance head with a
moment. For the simulation once the power is evaluated solely for the longitudinal degree of freedom (sim.
Py), once for the sum of all degrees of freedom of the impedance head element (sim.

∑
Py).

5 Conclusion

Determining structure-borne sound power quantities is a challenging task for non-resonant frequencies of
lightly damped structures. An experimental technique is therefore discussed for the determination of structure-
borne sound power including a phase-correction in the frequency domain. By means of a lightly damped
structure it is shown that measuring power without a compensation for the relative phase errors of the mea-
surement chain leads to physically not meaningful results. Therefore the test-structure independent phase
error is analyzed for the impedance head, which introduces the largest relative phase error in the measure-
ment chain.

An example structure is introduced with a correlated hardware realization and FE-representation. The phase
correction is applied to the corresponding cross power spectra of the impedance head signals, improving
the power results significantly for the example structure. The final difference in the relative phases between
experiment and simulation is smaller εϕ < 0.2◦.

In addition, the fact that besides the experimental setup also a validated FE-model is available for the example
structure provides a basis for the detailed investigation of the results for the measured power quantities
obtained by impedance heads. The negative power quantities observed for specific frequency ranges at the
impedance heads can be related to out-of-plane modes, therefore the negative values can be explained by
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the fact that power is measured in the longitudinal direction of the impedance heads only but are no artifact
resulting from phase errors in the measurement chain.
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