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Abstract

Over the last years, due to the development of quieter engines and
drivetrains, the importance of addressing the vehicle wind noise prob-
lem has significantly increased.

In this thesis work, several existing Transfer Path Analysis methods
have been applied on an experimental database acquired during a
wind tunnel test on a passenger car with the objective of analyzing
the distribution of the wind noise sources and their contribution to the
target microphones located inside the vehicle. A major challenge for
the Transfer Path Analysis (TPA) consists of the high complexity of the
aerodynamic sources exciting the structure. Moreover, the existence
of multiple incoherent source phenomena, and the presence of dis-
tributed coherent source regions of different correlation scales make
the analysis very complex.

The thesis work provides a solid and comprehensive analysis of the re-
sults obtained by different methods. The outcomes can be potentially
useful for optimizing the vehicle NVH performance in future practical
cases.

Keywords: Transfer Path Analysis (TPA), Wind Noise, Principle Com-
ponent Analysis (PCA), Matrix Inversion Method
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Abstract

Under de senaste åren har vikten av att arbeta med vägfordons prob-
lem med aerodynamisk ljudgenerering ökat avsevärt på grund av utveck-
lingen av tystare motorer och drivlinor.

I det här projektet har flera existerande metoder för Transfer Path Anal-
ysis (TPA) tillämpats på en databas med experimentella data som sam-
lats in vid vindtunneltest på en personbil, med målet att analysera
fördelningen av källorna orsakade av vindbruset och deras påverkan
på ljudnivån vid de uppsatta målmikrofonerna inuti fordonet. En stor
utmaning för TPA är den höga komplexiteten hos de aerodynamiska
källorna som exciterar strukturen. Vidare gör förekomsten av flera
okorrelerade källor, och närvaron av distribuerade koherenta källre-
gioner med olika korrelationsskalor, analysen mycket komplex.

Arbetet presenterar en solid och omfattande analys av resultat som
erhållits med olika metoder. Resultaten är potentiellt användbara för
att optimera fordonets NVH-prestanda i praktiktiken i framtiden.

Nyckelord: Transfer Path Analysis (TPA), Wind Noise, Principle Com-
ponent Analysis (PCA), Matrix Inversion Method
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Chapter 1

Introduction

Nowadays, more and more pressure has been put on the NVH en-
gineer’s shoulders to address vehicle wind noise problems, because
vehicle interior noise caused by the other sources, like the powertrain,
the engine and the tires, have been largely reduced by the populariza-
tion of electric cars and other noise reduction methods.

Several Transfer Path Analysis (TPA) methods are implemented in this
project for analyzing the distribution of the wind noise sources on a
passenger car. TPA is not a brand-new technology for analysing the
automotive NVH problem, but the application to the wind noise, es-
pecially when focusing on the whole car body, is rarely studied in the
previous research. The project provides a solid analysis and validation
in this area, and the outcomes can be useful for optimizing the vehicle
NVH performance in future practical cases.

1.1 Vehicle Wind Noise

Vehicle wind noise is the interior noise caused by wind fluctuating on
the vehicle surface. Usually, this kind of noise consists of two types of
sources, which are the hydrodynamic and the acoustic noise sources.
The hydrodynamic noise is often generated by the incompressible part
of the flow field in the turbulence, the generation mechanism of which
is also complex. The acoustic noise, also sometimes named as the leak
noise, is caused by the compressible part in the flow field [1]. Nor-
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2 CHAPTER 1. INTRODUCTION

mally, the acoustic phenomena caused by the wind are the combina-
tion of these two types of sources, but it is not easy to distinguish the
two sources clearly [2].

This is also the era when electric vehicles become more and more pop-
ular. The technology on developing an electric propulsion car has also
become mature. Compared with the internal combustion engine, the
electric motor apparently alleviates the engine noise problem. On the
other hand, the vehicle road noise has also been largely reduced in
recent years under proper estimation methods and better tire technol-
ogy. Therefore, without the masking by the engine noise or the road
noise, the wind noise problem will become more and more noticeable
by the costumers, especially when cruising over about 80 kph, and this
largely reduces the passenger’s comfort [3]. In order to enhance the
competitiveness of the production cars, the car manufacturers have to
take more consideration in this area in the future.

Unlike vehicle road noise and the engine noise, the wind noise is more
difficult to describe and to address properly. Although plenty of ad-
vanced computational tools have been implemented for the problem,
the improving space is still huge. One of the main obstacles is the com-
putational cost for precise predictions of the loads on the structure [4].
Also, since the wind loads are acting on almost every patch of the vehi-
cle surface, the difficulty of locating the sources and the transfer paths
reaches a higher level.

Figure 1.1: General wind noise problem

Normally, among the engine, the tire noise and the wind noise, only
one out of the three sources will dominate the perception at human’s
ear, because the noise from the other two sources will be masked by
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the most dominant source. According to the research results [5], the
engine noise has the most significant noise contribution under 50 kph.
Between 50 kph to 100 kph, the road noise comes to play an important
role on contributing to the vehicle interior sound noise. If the speed
of a passenger car is higher than 130 kph, the wind noise will domi-
nate the contribution [6]. The study on the engine and the road noise
started from an early age, while the wind noise problem has not be-
come a research topic until the 1990’s. Therefore, some study methods
transferred from the engine / road noise have reached good perfor-
mance on the wind noise problem. However, there is a need to study
the problem in more detail to give a better understanding the physical
phenomena.

1.2 Wind Noise Analyzing Tools

Borrowing the ideas from other NVH problems, researchers have de-
veloped a series of numerical and experimental methods to estimate
and address the wind noise problem, some of which are transferred
from the engine / road noise solutions, while others are developed
mainly for the wind noise problem. For example, researchers imple-
mented methods to use Computational Fluid Dynamics (CFD) with Fi-
nite Element (FE) Vibro-acoustic models to predict the low- frequency
wind noise caused by the underbody [4].

Transfer Path Analysis (TPA), as well as Airborne Source Quantifica-
tion (ASQ) are also proved to be powerful tools for addressing existing
NVH problem. More specifically, TPA methods are mainly used to an-
alyze and troubleshoot the structure-borne noise, which is transmitted
through the vibration of the vehicle components, while ASQ focuses
on the airborne noise [7]. In the case of the wind noise problem, the
structure-borne noise will be the main contributor to the interior cavity
noise, since the vehicle passenger compartment is a structure closed to
the exterior environment.
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1.3 Project Objective

In previous wind noise studies, TPA methods are mostly used for es-
timating the noise contribution from a single panel, such as the side
window, or the underbody. In this project, however, almost all the
panels on the vehicle body will be considered. The comparison of the
noise contribution from different panel groups is expected to give a
better understanding on which panels that have the main dominant
noise contribution to the vehicle interior cavity noise.

The vehicle wind noise problem is usually relatively complicated. Un-
like the road noise or the powertrain noise problem, the number of
dominant sound sources is very difficult to determine during the mea-
surements and the tests. Also, the number of sources may also be dif-
ferent for different frequency ranges. Therefore, some assumptions
usually have to be made in advance.

Furthermore, the objective of this project is to determine not only the
number of sound sources, but also the distribution of them. However,
it can be quite hard to interpret the results explicitly. Instead, the com-
promised solution is to identify the partial contribution from different
parts, where a single part can be grouped by several vehicle panels.
For example, the upperbody part includes the front windshield, the car
roof and the rear windshield. By deriving the contribution from differ-
ent vehicle parts, the locations and distributions of the sound sources
are clarified.

To conclude, there are two main objectives in this project: to compare
the performances of different TPA methods for the wind noise prob-
lems, and to analyze the distribution and contribution of the wind
noise sources near the vehicle surface. The TPA methods used in this
project are multi-reference matrix inversion TPA, and the energetic
matrix inversion TPA.



Chapter 2

Theory

2.1 Frequency Spectrum

In this project, the magnitude and phase spectrum, the auto-power
(linear and power) spectrum and the cross-power (power) spectrum of
the acceleration and the pressure are calculated by TestLAB, Siemens
PLM Software.

The concept of spectrum was firstly introduced by Isaac Newton in the
optics academic area. Then, it was further applied to describe other
wave types, such as sound and mechanical waves. The magnitude,
phase, or the power of the spectrum as the function of frequency can
be studied [8].

Magnitude and phase spectrum, X(jω) is calculated from the time
domain measurement data. With the help of Fourier Transform, the
measurement data is transformed from time domain to frequency do-
main, where the signal is decomposed into its frequency components,
as shown in Equation (2.1),

X(jω) =

∫ +∞

−∞
x(t)e−jωtdt (2.1)

Rectangular coordinates and polar coordinates are two ways to ex-
press the spectra. Polar coordinates are more often used to represent
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6 CHAPTER 2. THEORY

the frequency content, using the magnitude, |X(jω)|, and the phase,
∠X(jω), [9],

X(jω) = |X(jω)| e∠X(jω) (2.2)

where |X(jω)| ,∠X(jω) ∈ R.

Auto-power spectrum, GXX in the Equation (2.3), is the multiplication
of the acceleration or the pressure spectrum, SX , and its complex con-
jugate, S∗X , which is calculated individually at each frequency line. In
the Equation (2.3), a and b are real numbers of a spectrum, and i is the
imaginary number,

GXX = S∗XSX = (a− ib)(a + ib) (2.3)

More specifically, the multiplication result in Equation (2.3) is named
as auto-power power spectrum, the unit of which is squared. For the
simplification of the further calculations, the auto-power linear spec-
trum, GLinear

XX in the Equation (2.4) is therefore sometimes considered.
The word “linear” indicates that the result takes a further step with a
square root. The unit restores to the first order [10].

GLinear
XX =

√
S∗XSX =

√
(a− ib)(a + ib) (2.4)

The cross-power spectrum shown in Equation (2.5) is the multiplica-
tion of one spectrum, with the conjugate of the second one. Only the
mutual power and the relative phase will be retained in the cross-
power spectrum. It is useful when calculating the FRF’s and the co-
herence between two spectra [11].

GXY = S∗XSY = (a− ib)(c + id) (2.5)
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2.2 Transfer Path Analysis

2.2.1 TPA Definition

Transfer Path Analysis, also in some literature denoted Source Con-
tribution Analysis or Noise Path Analysis, has become an important
NVH analyzing and troubleshooting tool since it was introduced last
decade [12]. The method considers that the energy is propagating from
the noise sources to the targets through different transfer paths. There
are two types of the transfer paths: flexible transfer paths and fixed
transfer paths. If a transfer path is able to move, it is a flexible transfer
path. Similarly, a transfer path is fixed if it is not able to move. All the
transfer paths chosen in this project are flexible paths.

The source part, as well as the flexible transfer paths, are usually re-
ferred as the active system, while the target part and the fixed transfer
paths are referred as the passive system. Therefore, TPA method give
the relationships between the active system and the passive system.
Figure 2.1 below gives an intuitive sketch of the two systems.
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Figure 2.1: Active and passive system in TPA

Furthermore, there are three basic elements in general TPA method,
which are Source, Transfer path and Target.

TPA Sources

A noise source is commonly categorized as a structural source or an
acoustical source, and the acoustical source can correspond to a monopole
source, a dipole source or a quadrupole source. Taking a passenger
car as an example, the exhaust pipe noise is often considered as a
monopole source, while the noise induced by the wind is rather often
considered as a dipole source.
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TPA Transfer paths

Generally, there are two kinds of transfer mechanisms, which are air-
borne mechanisms and structure-borne mechanisms. In the passenger
car case, it is shown in the literature that, below 550Hz, the interior
noise will be dominated by the structure-borne noise, while the air-
borne noise gradually becomes audible over 550Hz [13].

In the active system, the noise sources are generating acoustic energy.
This energy will be transmitted through the transfer paths, and have
influence on the targets. The energy transmitted through the transfer
paths is also described as the transfer loads. However, in the wind
noise case, the acoustic loads are not considered, so the structural loads
are here sometimes referred to as fources.

TPA Targets

The targets in TPA can be either the acoustic response or the mechan-
ical response in the interior of a car casued by the loads. The target
response are usually calculated from measurement data (or some reli-
able intermediate results), in combination with the transfer functions.
By comparing the estimated response with experimental data, it is pos-
sible to validate the assumptions for the sources and on the transfer
paths, after which the physical interpretation of the phenomena can
be determined successfully.

TPA Application in Automotive Field

In the automotive field, the TPA method is often applied based on a
dataset, such as static measurements, dynamic tests, or simulation out-
comes. With proper implementation, it can be a very powerful tool to
analyze the vehicle NVH problems. TPA methods have been proved to
achieve a good performance for the powertrain and road NVH cases.
[14]
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2.2.2 The TPA Family

With the development of scientific exploration, the TPA methodology
has developed with more and more branches and variations. Different
TPA methods are suitable for addressing different NVH problems. Ba-
sically, the methods can be divided into two main groups: Response-
Response TPA and Load-Response TPA. Although there are only slight
differences between the equations for the two approaches, the basic
theories are very different. In the Load-Response TPA method, the
target response is expressed by the input loads, while in the Response-
Response TPA, the target response is expressed based on the input re-
sponses. The TPA method used for the wind noise problem in this
project is the Load-Response TPA approach.

Figure 2.2: General TPA methods

The Load-Response TPA

The Load-Response TPA method is based on the assumption that the
response at the target can be determined by the summation of the par-
tial contribution from each input load. The equation below gives the
relation between the target response and the transfer loads.

tk(ω) =
n∑

i=1

Fi(ω)NTFF,ki(ω) +
r∑

j=1

Qj(ω)NTFQ,kj(ω) (2.6)
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where tk is the target response in frequency domain, and Fi and Qj

represent the structural loads and the acoustic loads, respectively. The
function NTF denotes the FRF between the targets and the loads, and
is usually referred as the noise transfer function (NTF). The contribu-
tions from the airborne noise and the structure-borne noise are calcu-
lated separately but summed up when calculating the total contribu-
tion.

It is noticed that there are always two steps to carry out Load-Response
TPA calculation, which are first measuring the NTFs and secondly
identifying the loads. Although the Load-Response TPA method needs
a large measurement effort, it is still the most commonly used ap-
proach for vehicle NVH problems, because the physical interpretation
of each term in the equation is straightforward [15]. Besides, the Load-
Response TPA method is easy to in-corporate with other data process-
ing tools, like Principle Component Analysis (PCA), to achieve better
performance.

The Response-Response TPA

Unlike the TPA approaches explained earlier, the Response-Response
TPA no longer considers that the response should be determined from
the loads acting on the transfer paths, but that it should be deter-
mined from the input response. In other words, it is the measured
acceleration and pressure data that directly gives the response. The
Response-Response TPA method has fewer measurement difficulties,
but the physical interpretation can be a problem. Equation (2.7) shows
the principle of the Response-Response TPA method,

tk(ω) =
n∑

i=1

ai(ω)Tki(ω) +
r∑

j=1

pj(ω)Tkj(ω) (2.7)

where tk is the target response in the frequency domain, and ai and
pj are the indicator structural acceleration and the indicator acoustic
pressure. Instead of using the NTFs, a concept called “transmissibil-
ity” (referred as T in the equation) is used for connecting the input
response with the target response. It is the ratio of two responses,
as shown in Equation (2.8). The derivation of the transmissibility is
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not only working for the single-input-single-output (SISO) system, but
also for the multi-input-multi-output (MIMO) systems.

Tij = Sj/Si (2.8)

Sj and Si are two response spectra.

2.2.3 The Load-Response TPA Family

All the TPA methods used in this project belong to the load-response
TPA family. Since it still has several family members, there are often
two checkpoints before implementing a TPA model:

• Choose a proper load estimation method.

• Assume a reasonable source distribution scenario.

Based on the loads: The Mount Stiffness TPA

In order to use the mount stiffness TPA, some assumptions have to be
applicable:

• The sources and the systems are uncoupled.

• The weight of the mount is zero.

• The mount stiffness is linear.

• The directions (X, Y, and Z) are arbitrary.

• Torsional loads equal to zero.

Under these assumptions, the loads are derived from the acceleration
difference between the active system and the passive system, as well as
the mount stiffness between the active system and the passive system,
as shown in Equation (2.9). [16]

F (ω) = k(ω) · (Xa(ω)−Xp(ω)) = k(ω)
Aa(ω)− Ap(ω)

−ω2
(2.9)
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where F is the structural or acoustic loads, k is the transfer stiffness
between the active system and passive system, Xa and Xp are the dis-
placements of the active system and the passive system, and Aa and Ap

are the active system acceleration and the passive system acceleration.

The mount stiffness TPA method has both advantages and disadvan-
tages. Because of the strict requirement on the linearity, the measure-
ment procedure can be a huge challenge. However, the method is quite
robust, because the paths are individually determined. A single mis-
take will not influence the others.

The mount stiffness TPA method is useful when the transfer paths are
easily determined. For example, in the engine noise problem, it is the
engine mounts are considered to be the main transfer path. In such
case, the mount stiffness TPA gives a good performance, especially in
the low frequency range [17].

Based on the loads: The Matrix Inversion TPA

The matrix inversion TPA method is widely used for automotive NVH
investigations, especially for addressing the tailpipe noise problem
[16]. However, in the wind noise case, the whole vehicle body is ex-
posed to the environment during the tests, so it is necessary to pay ex-
tra attention when selecting the transfer path locations and the struc-
tural or acoustic indicators.

Unlike the mount stiffness method, the loads are derived from the
measurement data on other so called structural or acoustic indicators
near the sources, rather than the acceleration or the pressure at the
transfer paths. The method also has a limitation that the number of
indicators should be at least equal to the number of the paths to be de-
termined. In practice, the ratio between the number of the indicators
and the number of paths is often larger than two, which brings a more
stable inversion result. The redundant indicators are often located at
the position where the loads are zero [16]. Thanks to the redundancy
property between the transfer paths and the indicators, the estimated
loads are of good confidence. The formulas are shown in the Equation
(2.10) and Equation (2.11),
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O(ω)Ni,1 =
[
H

O/F
i,p H

O/Q
i,p

]
Ni,Np

·
[
Fp(ω)

Qp(ω)

]
Np,1

(2.10)

[
Fp(ω)

Qp(ω)

]
Np,1

=
[
H

A/F
i,p H

P/Q
i,p

]−1

Ni,Np

·
[
Ap(ω)

Pp(ω)

]
Ni,1

(2.11)

where ON,1 is an n by 1 vector of the measurement data, measured by
n operational points in the tests, H is the transfer function between the
loads and the operational data, F and Q are the structural loads and
the acoustic loads, A and P are representing the acceleration and the
pressure of the indicators.

One of the advantages of matrix inversion TPA, compared to the mount
stiffness method, is that it is not necessary to assume a linear mount
stiffness between the active system and the passive system. However,
the drawbacks are also obvious. Since the loads are no longer individ-
ually calculated, the matrix inversion method is quite sensitive when
one or more paths are lost, which means that all the possible input
loads should be included in the model to reach an accurate estimation
of the targets reponse. If one single transfer path is missing in the cal-
culation, all the other paths will come with errors. The other drawback
is that the FRF matrix is usually very large, which also leads to a high
computational cost.

Based on the sources: Single-Reference TPA

TPA methods are usually based on several assumptions. According
to the different noise source assumptions, the TPA methods can be
divided into the single reference approach (for analyzing the single
noise source problem), the multi-reference approach or the energetic
approach (for analyzing multi-source problems).

In the single reference TPA, the assumption is that there is only one
source near the target position. All the structural or the acoustic phe-
nomena related to targets, paths and indicators are induced by this
single source. Therefore, it is possible to linearly sum all the contribu-
tions from different paths directly, as
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I(ω) =
i∑

m=1

HI/F
m Fm +

j∑
n=1

HI/Q
n Qn (2.12)

where I is the structural or the acoustic response estimation at the tar-
get, and H is the transfer function between the target response and the
transfer load.

The single reference TPA method is usually suitable for simple noise
problems. For more complex problems, like the wind noise problem,
the single reference TPA method might not be accurate enough. The
multi-reference TPA method is therefore introduced to improve the
performance.

Based on the sources: Multi-Reference TPA

The multi-reference TPA method treats the multi-sources problem. How-
ever, there is also an assumption that the sources are fully uncorrelated
with each other. If the cases are partially correlated, some other tools
have to be implemented in advance. The set of acceleration and the
pressure caused by a single source is called an operational case in the
Multi-reference TPA method.

If the assumption of uncorrelated sources still holds, the response at
the targets will be the RMS value of all the operational case, as shown
in the Equation (2.13).

Itot(ω) =

√√√√ C∑
c=1

(
i∑

m=1

H
I/F
m Fm +

j∑
n=1

H
I/Q
n Qn)2 (2.13)

where C is the number of the operational cases.

The multi-reference TPA method is a common tool for addressing wind
noise problems, because there are usually multiple wind noise sources
influencing the target responses. For example, the interior sound noise
is not only caused by the sound source(s) near side mirrors, but also
the sound source near the underbody.

However, it is not always easy to have a clear picture of how these
wind sources are distributed around the vehicle body, and it is also
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tricky to identify the correlation between the sources. Therefore, pre-
processing of the measurement data is performed before the multi-
reference TPA, the details of which will be explained in Section 2.3.

Based on the sources: Energetic TPA

There is a common drawback with both the single reference TPA and
the multi-reference TPA: the misalignment of phases may cause unex-
pected errors, especially for higher frequencies. Besides, for the wind
noise case, it is somehow difficult to make sure that the loads on the
redundant indicators are always zero.

In order to address these problems, the energetic TPA is introduced
[16]. As for the previous approaches, there are also several prerequi-
sites before implementing the energetic TPA:

• The loads are considered to be uncorrelated energy sources to the
target responses.

• The analysis is carried out under a stationary conditions.

• The spectra are derived with sufficient averages so that the sources
are fully uncorrelated with each other.

The energetic TPA is commonly implemented with the matrix inver-
sion method for estimating the loads. The general principles are shown
in the Equation (2.14) to (2.19).

The transfer function between the response and the loads is expressed
as: [

O(ω)
]
Ni,1

=
[
H
]
Ni,Np

·
[
L(ω)

]
Np,1

(2.14)

The energetic expression is:[
O(ω)O(ω)∗

]
Ni,Ni

=
[
H
]
Ni,Np

·
[
L(ω)L(ω)∗

]
Np,Np

·
[
H∗
]
Np,Ni

(2.15)

Next, set the off-diagonal blocks to be 0:

[
L(ω)L(ω)∗

]
Np,Np

=


L1L

∗
1 0 X 0

0 L2L
∗
2 X 0

X X X X

0 0 X LnL
∗
n

 (2.16)
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A simplification then yeilds:[
OiO

∗
i

]
=
[
Hii

] [
H∗ii
] [
LiLi

]
(2.17)

[
OO∗

]
=

‖H‖2 X X

X X X

X X X

 |LL∗| (2.18)

with the constraint that:
|LL∗| ≥ 0 (2.19)

In the auto-power spectrum matrix, as the loads have been grouped
into several uncorrelated blocks, all the elements between different
blocks are set to zero. Besides, there is a constraint that the auto-power
spectra cannot be negative, since it stands for the energy of the loads.

Because of the constraint on the loads, there is a risk that, in some
frequencies near the peaks, all the loads estimated are negative, which
means the energetic TPA fails.

2.3 Principle Component Analysis

Principle Component Analysis (PCA) is a useful statistical method
which decompose the possible partially correlated observations into
uncorrelated components. It was first proposed by Karl Pearson in
1901 [18]. Nowadays, it is widely used in fields such as signal process-
ing, mechanical engineering, multivariate quality control, etc. Since
PCA is helpful for building the predictive models, it is also commonly
combined with other machine learning and data mining algorithms,
as a data preprocessing procedure [19].

2.3.1 PCA Principles

The definition of two uncorrelated observations can be described in
the Equation (2.20),

∑
Am,1 ◦Bm,1 = 0 (2.20)
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where ◦ denotes the element-wise product of vector A and vector B.

However, during the measurement, it is not certain that the two ob-
servations are totally uncorrelated with each other, while during the
calculation, it is common that the algorithm requires the input coher-
ence to be zero. This is where the PCA procedure becomes a powerful
preprocessing procedure. The formation of PCA is shown in Equation
(2.21) and (2.22),

Xi,j = Ui,iΣi,jV
T
j,j (2.21)

XT
i,jXi,j = Vj,jΣ

T
i,jU

T
i,iUi,iΣi,jV

T
j,j

= Vj,jΣ
T
i,jΣi,jV

T
j,j

= Vj,jΣ̂
2V T

j,j

(2.22)

where Σ̂2 is the principle component auto-power matrix. Since it is
a diagonal matrix, the vectors inside are uncorrelated. The non-zero
terms are presenting the weight of the independent phenomena build-
ing the structure’s dynamic behaviour. The matrix Vj,j and the matrix
Ui,i are the unitary eigenvector matrix, also referred as the rotation ma-
trix.

As shown in the Equation (2.23), the virtual cross-power spectra are
calculated by the original cross-power and the unitary eigenvector.

GY Σ = GY X [V ] (2.23)

In PCA, the first PC captures the largest variance on one possible di-
mension. The variance captured by the following PCs gradually de-
creases. It is possible that during PCA, some information in the obser-
vations are lost. It usually happens when the number of observations,
or the element in each observation is relatively small, while the mea-
surement data is of higher-dimensions. The geometrical explanation
is that it is not possible to find an N-dimensional Cartesian coordinate
system to interpret all the phenomena in the observations, where N is
the smallest of the observation number and the element number. PCA
is useful for dimension reduction. If the measurement condition is set
properly, the first couple of PCs should have captured a large percent-
age of the variance in the observation, which makes it possible to use a
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smaller number of PCs to represent the original observations. Hence,
the problem can be simplified in this way.

2.3.2 PCA as pre-processing to Multi reference TPA

In this project, the PCA procedure is used before the data is analysed
with the multi-reference TPA. It is a mandatory step because there is an
assumption in multi-reference TPA that each operational case should
be uncorrelated with the others, whereas the original measurement
data is partially correlated no matter for the microphone or the ac-
celerometer positions.

In order to implement PCA, proper observations have to be deter-
mined in advance. This project uses the two approaches shown below
to obtain the observations [20].

Target PCA and Reference PCA

Using the target response as the observation cases for PCA has the ad-
vantage that all the phenomena at the target can be captured in the
PCA results [16]. However, this approach might lead to a scientifically
questionable problem that the final output has already been used dur-
ing PCA processing. It is somehow violating the estimated results to
be closer to the targets. Besides, if there is a possibility that the number
of targets is smaller than the number of sources, it can be difficult to
have a strong validation for this approach, because all the targets have
to be considered as the observations.

The other approach is to use the references as the observations for the
PCA. In this way, the target responses are not used as an intermediate
data, which helps the approach to avoid the scientific problem [21].
The drawback is that the references might capture all the noise energy
originating from the sources, leading to a lower coherence between the
principle components and the observations. However, it is still a use-
ful approach as a validation method to the target PCA. Although the
principle components in both approaches are not directly comparable,
they can be individually used as the operational case for estimating
the target response. By comparing the final estimation, it is possible to
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have a cross validation to check if the target PCA procedure is indeed
violating the estimation to the targets.



Chapter 3

Data Description

The measurements and the tests were carried out in a wind tunnel. The
data used in this project, made available by one of Siemens’ customers,
contains the acceleration and coordinate of measurement nodes on the
vehicle surface, the pressure of microphones inside the vehicle cavity,
as well as the Frequency Response Functions (FRFs) and the Noise
Transfer Functions (NTFs) related to the vehicle.

3.1 Acceleration and Pressure

The acceleration is measured at certain locations on the vehicle surface
in multiple tests under the same experimental conditions. Data for the
experimental setup is shown in Table 3.1.

The tests were carried out for 5 runs. In each run, several compo-
nents are equipped with accelerometers to measure the acceleration
in time-domain. Besides, four microphones are placed inside the car

21
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to measure the acoustic pressure. Table 3.2 shows the deployment of
accelerometers and microphones in the experiments.

In total, there are 423 measurement nodes on the vehicle and differ-
ent sets of nodes are used in the different runs. In all runs, 17 com-
mon nodes and 4 microphones are same, to make it possible to check
that the tests are under same experimental conditions, as well as to set
a common phase reference to avoid phase mismatch problems when
calculating the spectra and the cross-power spectra of the acceleration
and the pressure.

Table 3.3 shows where the 17 common nodes are deployed on the ve-
hicle.
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3.2 Node Coordinates

The coordinates of all the acceleration measurement nodes, except the
17 common nodes, are given in the dataset. Figure 3.1 shows the ge-
ometry of the car plotted in TestLAB 17A. Due to confidentiality rea-
son, the visualization of the car body is schematic. Besides, the front
and the rear parts are removed. Each block showing on the vehicle
surface represents a single node in the measurement. As for the lo-
cation of the common nodes, the specific coordinates are not given in
the dataset. However, with the help of their names, it is possible to
categorize them to specific component parts.

Figure 3.1: Car geometry (schematic due to the confidentiality reason)

3.3 FRFs and NTFs

FRFs and NTFs are measured with the hammer test. The frequency
range is between 30Hz to 300Hz. Figure 3.2 shows an example of NTFs
between the rear windshield node and the rear right microphone.
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Figure 3.2: NTF example



Chapter 4

Methodology, Results and Dis-
cussion

4.1 Overview

The flowchart of this project is shown in Figure 4.1.

Figure 4.1: Project flowchart

In the project, there were three stages to implement the TPA approaches.
In the first stage, the approaches are only implemented on a single
panel (the front windshield in the dataset). After getting some rudi-
mentary results with different TPA methods, several panels are com-
bined together to further prove the observations and conclusions from

25
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the first stage. Then, in the third stage, the whole vehicle body is an-
alyzed with TPA methods. By using the analogies of the previous
stages, the results are more interpretable and reliable. Compared to
skipping the first two stages and implement the whole vehicle body
TPA directly, the project is expected to be more time efficient, and give
better understanding of the problem.

In the first stage, the project starts with the single-reference Matrix In-
version Transfer Path Analysis (MI TPA) approach. The assumption,
for all the frequency range of interest is that only one sound source, or
several uncorrelated sources is surrounding the targets.

The latter two stages start directly with the multi-reference MI TPA,
which is divided to two sub-approaches: using the target or the in-
dicator as the physical reference. By using the target as the physical
reference, all the acoustic phenomena at the target microphones are
well captured, but it might also lead to the method scientifically ques-
tionable. However, using the indicator as the physical reference is also
a bit risky, because it can be difficult to capture all the energy at the
response.

The third stage is the energetic MI TPA. The approach considers that
the loads on the vehicle body as uncorrelated energy sources. Each
source has its own propagation path. It also means that for each mea-
surement node, the acceleration is only induced by a single uncorre-
lated sound source.

For the approaches mentioned above, there are also several schemes
for selecting the transfer paths, including single path, multi-paths, all
possible candidate paths and pragmatic paths. These path selection
schemes give a chance to improve the performance of the result.

4.2 Single Panel TPA

4.2.1 Methodology

In the dataset, the whole vehicle body is divided into 17 components.
In this stage, the front windshield is chosen as a single panel for the
TPA methods. The geometry of the front windshield is shown in the
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Figure 4.2.

Figure 4.2: Single panel geometry

Three vibrational nodes were chosen as the targets, the details of which
are listed in Table 4.1.

Data preprocessing

The raw measurement data of acceleration and pressure is in time do-
main. In order to give convenience to the calculation later, it is nec-
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essary to transfer the data into frequency domain. The setup for time
data processing is shown in Table 4.2.

Figure 4.3 also shows one of the spectra measured on the single panel.
It is noticed that the frequency range of the spectrum is from 0Hz to
4096Hz. However, since the frequency range of FRFs and NTFs are
limited between 30Hz to 300Hz, only that part of the spectrum is used
in the analysis.
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Figure 4.3: One of the spectra on the single panel

Path Selection Schemes

The TPA analysis on a single panel is implemented with four kinds
of path selection schemes: single path selection, multi paths selection,
pragmatic paths selection and all candidate paths selection. Since the
area of a single panel is relatively small, it is convenient to implement
with the single path scheme at first, to get a rudimentary analysis on
TPA result. Then, by increasing the number of paths, it is expected to
capture more information on the response. Besides, it is possible that
the response of the target is not only induced by the nodes nearby,
but also by the other nodes further away. Hence, the response is also
analyzed by the pragmatic paths and all candidate paths. Figure 4.4
shows the details of the four path selection schemes. The green blocks
are chosen as the transfer paths. In each figure, only the location indi-
cated by the green points are assumed to be the transfer paths, which
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means the other locations on the panel are assumed with no loads.

Figure 4.4: Path selections on the single panel

Single-Reference MI TPA

In the single reference MI TPA, all the accelerations on the front wind-
shield are assumed to be to be induced by one single source.

Multi-reference MI TPA

In the multi-reference MI TPA approach, it is possible to have more
than one sound sources surrounding the panel. These sound sources
can be either partially correlated, or fully uncorrelated. In principle,
if there is coherence between the sound sources, PCA preprocessing
procedure has to be applied in advance to cancel the correlations. Since
the wind noise problem is complicated and difficult to determine the
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coherence directly, PCA procedure is always applied in this project,
even though the sources can be inherently uncorrelated.

• Using the target as the physical reference:
Using three targets as the references, all the acceleration phe-
nomena are decomposed into three uncorrelated principle com-
ponents. Therefore, it is possible to use RMS to sum up the cal-
culation TPA results from the three PCs. The selection of paths
and the indicators remain the same as the multi-paths scheme in
single reference TPA.

• Using the indicator as the physical reference:
The physical reference is no longer the TPA targets, but the four
vibrational nodes which are of the diagonal positions on the panel
(Node.182, Node.185, Node.194 and Node.197). Other setup re-
mains same.

Energetic MI TPA

It is not necessary to implement energetic TPA to a single panel, be-
cause the size of the front windshield is small, and the shape is sym-
metrical. If there is only one source, the single reference TPA should
have given a decent performance. Whereas if there are more than one
sources on the panel, the multi-reference TPA should have shown bet-
ter results.

Summary of the TPA setup for the single panel

Table 4.3 summarizes the single panel TPA setup.
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4.2.2 Results

In this section, the condition number of the FRF matrix, the target esti-
mation from the single reference TPA method and multi-reference TPA
methods are presented and discussed.

Condition Number

Figure 4.5 shows the condition number of the FRF matrix for the four
path selection schemes.

Figure 4.5: FRF condition number in different path selections

In the figure, the x-axis is the frequency range, between 30Hz and
300Hz. The y-axis is the condition number of the FRF matrix.

In order to have a stable matrix inversion process, the condition num-
ber of the matrix is better to be lower than 1000. If the condition num-
ber is higher than 1000, the matrix tends to be a singular matrix, so
when doing the matrix inversion process, those small singular values
would be enlarged, which means the results would turn to be more
noisy. If it is impossible to decrease the condition number lower than
1000, pseudo matrix inversion has to be considered.
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Single reference TPA

Figure 4.6 shows the results got from the single reference TPA under
different path selection schemes. The observations are listed below:

Figure 4.6: Single reference TPA acceleration result on 3 structural tar-
gets

In the figure, the x-axis is the frequency range, between 30Hz and
300Hz. The y-axis is the acceleration at the target node.

• The multi-paths, pragmatic paths and all candidate paths selec-
tion all give similar agreement with experimental data, and bet-
ter agreement than the single path selection.

• The results from multi-paths, pragmatic paths and all candidate
paths selection are showing similar performance up to 200Hz.
For higher frequency range, the all path scheme tends to be nois-
ier.
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• With the increase of the frequency, the performance of all four
schemes become poorer. The error is largest on the Node. 189
and Node. 190, although the trend of the results still matches the
experimental data.

Multi Reference TPA – Target reference

Figure 4.7 shows three PCs calculated by PCA using three target nodes
as the physical references. The x-axis is the frequency range between
30Hz and 300Hz. The y-axis is the amplitude of the PC auto-power
spectrum, shown in dB. The amplitude of first two PCs are much larger
than PC3, which means the first two PCs are sufficient to capture all
the variations on the three targets.

Figure 4.7: Principle component auto-power spectrum on the three tar-
gets
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Using three sets of virtual spectra as the operational data cases as input
to MI TPA, the result is shown in Figure 4.8. The results from multi-
reference TPA when using targets as the physical reference match well
with the experimental data.

Figure 4.8: Target reference TPA acceleration result on three structural
targets

• Between 30Hz and 100Hz, all results are quite close to the exper-
imental data.

• Between 100Hz and 200Hz, the multi-reference TPA still matches
well with the measurement data.

• Between 200Hz and 300Hz, the multi-reference TPA has the over-
shoot, especially when including PC1 and PC2 under all paths
selection scheme.
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Multi Reference TPA – Indicator reference

Figure 4.9 shows four PCs calculated by PCA using four indicators
as the physical references. It is observed that the first two PCs are
sufficient to capture all the variations on these indicators.

Figure 4.9: Principle component auto-power spectrum on the four in-
dicators

Using four sets of virtual spectra as the operational data cases into MI
TPA, the result is shown in Figure 4.10.
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Figure 4.10: Indicator reference TPA acceleration result on 3 structural
targets

• The estimations from both two multi-reference approaches are
quite close to each other and to the experimental data.

• Multi-paths TPA reaches less error than the all paths TPA method,
especially in the frequency between 200Hz and 300Hz.

4.2.3 Discussion

Both single reference TPA and multi-reference TPA method gives de-
cent estimation on the target nodes. However, in general, the multi-
reference TPA always gives better performance, which means that even
on a small vehicle panel, the wind noise can still generate more than
one sources.

As for the path selections, the result from multi-paths scheme is bet-
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ter than the all paths scheme, especially when the frequency becomes
higher than 200Hz. The reason is because of the condition number of
FRF matrix. Theoretically, if more paths are included, it is possible to
capture more contribution from the load sources. If too many paths are
selected, the numerical error during FRF matrix inversion will lead to
the poor performance in the target estimation.

Besides, the target reference TPA and the indicator reference TPA give
similar results on the single panel problem, which means that the two
approaches are giving validation to each other. The target reference
TPA is not over-violating the estimation to the PCA physical refer-
ences, while the energy lost in the indicator reference TPA for a single
panel problem is also negligible.

4.3 Combined Panels TPA

4.3.1 Methodology

In the analysis of combined panels TPA, the front windshield, the rear
windshield and the car roof are grouped together and considered as
one combined component, also referred as the upperbody. The geom-
etry of the upperbody is shown in Figure 4.11.
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Figure 4.11: Combined panel geometry

In this project, eight Nodes, or the four microphones inside the vehicle
cavity were chosen as the targets, the details of which are listed in the
Table 4.4 below.
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Data preprocessing

As for the analysis on the single panel, the data should be transferred
from time-domain into frequency-domain. The parameters for time
data processing is the same as the setup in the single panel TPA, shown
in Table 4.2. Figure 4.12 shows one of the spectra on the combined
panels. The results are shown between 30Hz and 300Hz due to the
FRFs’ frequency interval.

Figure 4.12: One of the microphone pressure spectra on the combined
panel

Path Selection Schemes

Unlike the path selection for the single panel, there are only two schemes
used in the upperbody stage, which are the pragmatic paths and all
candidate paths selection. It is not necessary to implement single path
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TPA or multi-path TPA on the combined panels, because the response
at the target is obviously not induced by a single load acting on a spe-
cific node, or several loads on a few nodes. Instead, due to the fact that
the area of the combined panels is much larger than for a single panel,
it is possible that the response on the front windshield is not only in-
duced by the loads on the same panel, but also the loads on other pan-
els (i.e. the loads on the car roof or on the rear windshield are also
possibly contributing to the front windshield). Therefore, pragmatic
paths selection and all candidate paths selection become the most two
reasonable schemes. Figure 4.13 shows the details of the two schemes.

Figure 4.13: Path selections on the combined panels
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Single-Reference MI TPA

In the single reference MI TPA, all the acceleration on the combined
panels have to be induced by a single source. In this case, it means that
all the structural and acoustic phenomena on the combined panels, or
at the microphones, are induced by a same source.

However, since the results on the front windshield (one single panel)
shows that, the multi reference approaches perform better than the
single reference TPA. It is not necessary to implement it in this stage.
In this project, the TPA methods on combined panels, as well as on
the whole body, are implemented with only multi-reference and the
energetic TPA approaches.

Multi-reference MI TPA

The bullet points shown below are the physical reference setup for the
multi-reference TPA method for the combined panels.

• Using the target nodes as the physical reference:
Using eight target nodes as the physical references, all the struc-
tural phenomena at the target are decomposed into eight uncor-
related principle components. Therefore, it is possible to use
RMS of these eight principle components to estimate the final
results.

• Using the target as the physical reference:
Using four target microphones as the physical references, all the
acoustic phenomena at the microphones are decomposed into
four uncorrelated principle components. By checking the auto-
power of the principle components, it is possible to analyze how
the upperbody is influencing the pressure response.

• Using the indicator as the physical reference:
The physical reference is no longer the TPA targets, but 16 nodes
which spread on the combined panels. Other setup remains same.

Summary of the TPA setup for the combined panels

Table 4.5 summarizes the setup for the upperbody part.



CHAPTER 4. METHODOLOGY, RESULTS AND DISCUSSION 43

4.3.2 Results

Condition Number

Figure 4.14 shows the condition number of the FRF matrix towards
the two path selection schemes used in combined panels. It is found
that the pragmatic paths scheme has a much lower condition number
compared with the all candidate paths.

Figure 4.14: FRF condition number in different path selections
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Multi Reference TPA – Target node reference

Figure 4.15 shows the auto-power spectra of eight PCs calculated by
PCA using target nodes as the physical references. It is observed that
the first two PCs are sufficient to capture all the variations on the tar-
gets.

Figure 4.15: Principle component auto-power spectrum on the eight
target nodes

Using first two sets of virtual spectra as the operational data cases as
input to MI TPA, the result is shown in Figure 4.16. Note that, the
measurement data, as well as the results from using pragmatic paths
scheme are has its scale to the left in the graph, while the all candidate
paths scheme is plotted with the scaling to the right. The reason of that
is because the all paths scheme has an obvious overestimation on the
targets. Therefore, both left axis and right axis are used to make the
figure easier to read.
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Figure 4.16: Target node reference TPA acceleration result on three
structural targets for the combined panels

• When all possible transfer paths are included into the estimation,
the results are largely overestimated, especially at several critical
frequencies.

• The pragmatic paths scheme gives much better estimation on the
targets. Although there are still some errors, the tendency fol-
lows to the measurement data.

Multi Reference TPA – Microphone reference

Figure 4.17 shows the four PCs calculated by PCA using four micro-
phones as the physical references. It is observed that the first two PCs
are sufficient to capture all the variations on the microphones.
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Figure 4.17: Principle component auto-power spectrum on the four
microphones

Using the first two sets of virtual spectra as the operational data cases
into MI TPA, the result is shown in Figure 4.18.
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Figure 4.18: Microphone reference TPA pressure result on four acous-
tic targets for the combined panels

• Same as the result when estimating the vibrational targets, the
all path scheme gives poor performance on all the four micro-
phones.

• The result of pragmatic paths scheme follows the tendency of the
microphone targets. However, since the response at the micro-
phones are not only induced by the upperbody, the estimation
results have relative big errors.

Multi Reference TPA – Indicator reference

Figure 4.19 shows the 16 PCs calculated by PCA using indicator nodes
as the physical references. First four PCs are sufficient to capture all
the variations on these indicators.
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Figure 4.19: Principle component auto-power spectrum on the 16 in-
dicator nodes

Since the all paths scheme gives poor performance on estimating both
the vibrational and the acoustic targets, in the indicator reference TPA,
only the pragmatic paths scheme is applied. Therefore, using the first
four sets of virtual spectra as the operational data cases into MI TPA,
the result is shown in Figure 4.20. The multi-reference TPA results
reaches similar performance to the target reference TPA.
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Figure 4.20: Indicator node reference TPA acceleration result on three
structural targets for the combined panels

• Compared with the estimation when using the targets as the ref-
erence, the indicator reference TPA gives a very similar perfor-
mance.

• In the estimation of Node.190, it is found that the indicator ref-
erence TPA has an obvious drop in performance between 140Hz
and 200Hz, which means that part of the target energy is not able
to be captured by using such specific indicators as the physical
reference to PCA.

4.3.3 Discussion

The upperbody TPA analysis shows that, when the panel size becomes
larger, the all paths selection is not able to accurately estimate the re-
sponse at the targets. However, the pragmatic paths selection remains
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decent in performances for both vibrational and acoustic targets esti-
mation. Therefore, in the analysis for the whole vehicle body, only the
pragmatic paths selection will be applied. The error can be related to
the very large condition number.

Similar to the results for the single panel, the target reference TPA and
the indicator reference TPA are showing similar performance on es-
timating the vibrational nodes responses, which gives further confi-
dence and validation on the target reference TPA methods.

In the multi-reference TPA, it is also a critical part to choose a proper
number of PCs as the operational cases. Although the targets can be
expressed as a very small number of PCs (eg. the first two PCs are
dominating the phenomena on the 8 physical reference in target refer-
ence TPA), it does not prove that this number is also sufficient to give
the best performance in TPA estimation. PCA procedure is only able to
remove the coherence between the physical references, but not all the
coherence between the transfer paths. Therefore, in order to achieve
the best performance when using the multi-reference TPA method, it
is necessary to check the summation of different number of PCs in-
stead of just using the dominant PCs.

As for the pressure contribution from the upperbody, it is found that
this part is indeed contributing to the vehicle interior cavity noise, es-
pecially in the high frequency range. However, due to the gap be-
tween the estimation and the measurement data, it is found that the
upperbody is not the only part having the pressure contribution in the
microphone positions. The contribution from other vehicle parts will
be analyzed in Section 4.4.

4.4 Whole Body TPA

4.4.1 Methodology

In the analysis of whole body TPA, 410 nodes spread on the 17 com-
ponents are chosen as candidates which possibly have contribution to
the sound field at the microphones. The names of the targets, paths
and the indicators of the multi-reference TPA and the energetic TPA
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are shown in Appendix A. The geometry of the whole body is shown
in Figure 4.21.

Figure 4.21: Car geometry (schematic due to the confidentiality reason)

In this project, four microphones inside the vehicle cavity, as well as 17
common nodes on the vehicle surface were chosen as the targets, the
details of which are listed in the Table 4.6 below.
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Data preprocessing

The data of five runs are transferred from time-domain into frequency-
domain. The parameters for time data processing are the same as in
the setups for the single panel and the combined panel cases, shown
in Table 4.2.

Figure 4.22 shows the spectra of the front left microphone in the five
runs. The frequency has been limited into 30Hz and 300Hz because of
the FRFs’ frequency interval.
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Figure 4.22: Front left microphone spectra in 5 test runs

• The amplitude and phase spectra among the five test runs are
similar to each other, which means that the test environment is
always the same.

• There is a booming noise between 70Hz and 100Hz on the micro-
phones, which will be analyzed in details by the multi-reference
TPA and the energetic TPA.

Path Selection Schemes

In this project, there is only one path selection scheme used for the
whole vehicle body analysis: the pragmatic paths selection. According
to the pervious analysis on the single panel and the combined panels,
the pragmatic path selection scheme achieves the best estimation at
the targets.
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Theoretically, it is always good to include more paths into calculation
because of the transfer path sensitivity in MI TPA. However, if too
many paths are considered, the condition number of the FRF matrix
will be extremely large, which may also lead to unacceptable numeri-
cal errors. In this project, the pragmatic paths are alternatively selected
for the whole body TPA analysis. The visualization of chosen paths is
shown in Figure 4.23, where the white lines indicate the chosen trans-
fer paths, and the black areas are assumed as the "dead zone" with 0
load sources.

Figure 4.23: Transfer path distribution

Frequency Division

In order to achieve a better visualization, the frequency ranges which
are the most interesting in this project are hereby divided into three
sub-ranges. The details are showing in Table 4.7.

Multi-reference MI TPA

In the whole body TPA analysis, there are two multi-reference TPA
approaches. First, the four microphones mounted in the vehicle in-
terior cavity are chosen as the physical references to the PCA proce-
dure. Then, the 17 common nodes are chosen as the physical refer-
ences. Since the final aim in this project is to estimate the microphone
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response, the first approach is referred to as target reference TPA and
the second approach is referred to as the indicator reference TPA.

• Using the target as the physical reference:
Using four microphone targets as the references, all the acous-
tic phenomena are decomposed into four uncorrelated principle
components. Therefore, it is possible to use RMS of these four
principle components to estimate the microphone response.

• Using the indicator as the physical reference:
The physical reference is no longer the TPA targets, but the 17
common nodes that are used in all five measurement runs. The
reason to choose only the common nodes as the reference is to
make all the nodes, as well as the microphones, having same
phase reference. Theoretically, choosing more physical references
can capture better the phenomena on the panels and microphones,
but it is not suitable for this project.

Energetic MI TPA

Under different assumptions of the source location, the energetic MI
TPA approach for the whole vehicle body can estimate the target mi-
crophone sound pressure. In this project, two assumptions are as-
sumed:

• Two Sources:
One source near the upperbody; the other source near the under-
body.

• Four Sources:
One source near the upperbody; one near the underbody; one
near the left doors; the last one near the right door.

Summary of the TPA setup for the whole body

Table 4.8 summarizes the setup for the whole car body analysis
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4.4.2 Results

Condition Number

Figure 4.24 shows the condition number comparison of the FRF matrix
to the pragmatic paths selection and all paths selection schemes.

Figure 4.24: The condition number of FRF matrices

It is found that if all the possible paths are considered as the trans-
fer paths, the condition number will become extremely high, which
causes unacceptable numerical errors. However, if the pragmatic paths
selection is applied for the whole body analysis, the average condition
number will be reduced by the factor five. The lower condition num-
ber brings the convenience and accuracy to the further steps.
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Multi Reference TPA – Target reference

The principle component auto-power spectrum is shown in Figure
4.17. The first two PCs are dominating the response at the four tar-
get microphones. Figure 4.25 shows the singular value ratios between
the first PC and other PCs. It is found that, in general, the ratio is
smaller when the frequency is larger, which indicates that the phenom-
ena caused by the wind noise problem are becoming more complicated
in high frequency range.

Figure 4.25: The comparison of singular value ratio between PCs

Figure 4.26 is showing the visualization of averaged acceleration dis-
tribution (the virtual spectra of 4 PCs) in the low, medium and high
frequency range according to Table 4.7. In the figure, X indicates a
specific value of the acceleration amplitude in dB. It is hidden in the
report due to the confidentiality reason at Siemens PLM.
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Figure 4.26: The visualization of averaged indicator acceleration dis-
tribution
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• The acceleration distribution between PCs are similar.

• In the low frequency range, the underbody acceleration is larger
than the upperbody. However, when the frequency is higher
than 200Hz, the acceleration on the upperbody also becomes large.

With the matrix inversion method, the loads acting on the transfer
paths are estimated. Figure 4.27 is therefore showing the visualiza-
tion of the load distribution in low, medium and high frequency. In
the figure, Y indicates a specific value of the load amplitude in dB.
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Figure 4.27: The visualization of averaged transfer load distribution
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• It is noticed that the front part of the underbody has the largest
load distribution.

• In general, the loads in the low frequency range is higher than
the medium and high frequency ranges.

After estimating the load distribution, it is possible to further calculate
the target response. Using the four sets of virtual loads spectra for the
target estimation, the result is shown in 4.28. The pressure contribu-
tion from each PC is shown in Appendix B.1.

Figure 4.28: Target reference TPA result on 4 acoustic targets

• The summation of four PCs gives the best estimation on the mi-
crophone targets.

• The target reference TPA performs better on the rear microphones.
Besides, the performance is better when the frequency is below
170Hz. For higher frequency range, the results are underesti-
mated.
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• The target reference TPA method is also able to capture the boom-
ing noise between 70Hz and 100Hz.

It is also possible to visulize the partial pressure contribution from
each transfer path, which is shown in Figure 4.29. The value Z in the
figure indicates the color-bar started from a specific value in dB(A).
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Figure 4.29: The visualization of averaged pressure contribution on
the transfer paths
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The partial pressure contribution from each vehicle part is shown in
Appendix C.1. The observations from the visualization of the partial
pressure contribution are shown below:

• It is found that the underbody, especially the front part of the
underbody has the most dominant pressure contribution in all
frequency ranges.

• In the low frequency range, not only the underbody, but also
some areas on the side doors, are contributing to the microphones.

• In the medium frequency range, the windshields have become
another dominant contributor. The front windshield has large
contributions to the pressure at the front microphones, while the
rear windshield has large pressure contribution to the rear mi-
crophones.

• In the high frequency range, the upperbody, including the car
roof and the windshields, has also become a dominant contribu-
tor, the amplitude of which is as large as the contribution on the
underbody.

Multi Reference TPA – Indicator reference

Figure 4.30 shows the Auto-powers of the first 11 PCs calculated by
PCA using 17 common indicator nodes as the physical references. It is
observed that the first three to four PCs are sufficient to capture all the
variations among these indicator references.
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Figure 4.30: The first 11 principle component auto-power spectrum on
the 17 indicator nodes

As for the single value comparison between different PCs, it is found
that the moderate choice for choosing the operational cases to MI TPA
is seven PCs. If more PCs are considered as the operational cases,
the condition number will exceed 1000 in the low frequency range,
which may lead to large random errors into the calculation. Although
a smaller number of PCs would reduce this problem, this is also a risky
strategy because the variation among these indicators might not be
well captured. Therefore, seven PCs is a proper choice in this project.
Figure 4.31 shows the single value comparison between different PCs.
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Figure 4.31: The comparison of singular value ratio between PCs

Figure 4.32 is showing the visualization of averaged acceleration dis-
tribution of first two PCs when using indicators as the reference, as
well as the first two acceleration distribution in target reference TPA.
X indicates the same value of the acceleration amplitude as in the Fig-
ure 4.26.
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Figure 4.32: The visualization of averaged indicator acceleration dis-
tribution of first 2 PCs



68 CHAPTER 4. METHODOLOGY, RESULTS AND DISCUSSION

It is found that the virtual acceleration distribution of the first two PCs
are similar to the first two PCs in target reference TPA. Similar accel-
eration distribution in each PC means that during the PCA procedure,
the first two vectors in the two rotation matrices (target reference and
indicator reference) are close to each other.

The averaged acceleration visualization of each four PCs is shown in
Appendix D.

Similarly to the previous approach, the next step is to estimate the
loads on the transfer paths. The result is shown in Figure 4.33.
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Figure 4.33: The visualization of averaged transfer load distribution of
first two PCs
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Since the acceleration distribution are similar to the results obtained
from target reference TPA, the load distribution is also similar. Fur-
thermore, with the seven sets of the virtual loads, it is possible to es-
timate the target response, shown in Figure 4.34. The pressure contri-
bution from each PC is shown in Appendix B.2.

Figure 4.34: Indicator reference TPA result on 4 acoustic targets

• It is found that the summation of first seven PCs shows better
performance than the summation of first four PCs. The estima-
tion result is also quite close to the target reference TPA.

• In general, the result of indicator reference TPA is lower than the
target reference TPA, because less acoustic energy is captured in
the physical reference.

The visualization of partial pressure contribution to the four micro-
phones using the indicator reference TPA approach is shown in Figure
4.35
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Figure 4.35: The visualization of averaged pressure contribution on
the transfer paths
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The partial pressure contribution in the indicator reference TPA gives
similar observations to the target reference TPA.

Energetic MI TPA – two Sources

In the energetic TPA method, the target response is estimated with
fewer paths and indicators. The paths reduction number is shown in
Table 4.9.

Figure 4.36 shows the estimated results on four microphones with the
two-source assumption, also compared with the target reference TPA
result.
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Figure 4.36: The 2 sources assumption energetic TPA result on the 4
acoustic targets

• Compared with the target reference TPA result, the energetic TPA
gives better estimation in the high frequency range. However, in
the low frequency range, the energetic TPA method is overesti-
mating the response, especially for front microphones.

• In the low and medium frequency range, the contribution from
the underbody is much larger than the upperbody. The upper-
body becomes a dominant contributor over 200Hz.

• With only two sources near the the upperbody and the under-
body, it is not possible to detect the booming noise at 70Hz.

Energetic MI TPA – four Sources

When including the sources near the side doors, the number of transfer
paths becomes larger, shown in Table 4.10.
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Figure 4.37 shows the estimated results on four microphones with the
four-source assumption.

Figure 4.37: The four sources assumption energetic TPA result on the
four acoustic targets

• Compared with the two sources assumption, the four sources en-
ergetic TPA method gives better performance.

• The booming noise at 70Hz to 100Hz are contributed by the side
doors.



CHAPTER 4. METHODOLOGY, RESULTS AND DISCUSSION 75

4.4.3 Discussion

Multi-reference TPA

The observations from the target/indicator reference TPA method are
shown below:

• The indicator reference TPA validates the result of target refer-
ence TPA.

• The multi-reference TPA method gives good performance from
30Hz to 170Hz. In the higher frequency range, there are always
underestimations on the targets. One possible explanation is
that in the higher frequency range, the system has more modes.
Therefore, the phenomena at the targets cannot be well captured
or de-correlated by only using 17 vibrational nodes, or four mi-
crophones as the physical references.

• From 30Hz to 300 Hz, the underbody part always has large con-
tribution to the noise at the microphones, especially the front
area of the underbody.

• From 70Hz to 100Hz, there is a booming noise measured by the
rear microphones. The multi-reference TPA method is able to
detect the peak and give a good estimation result.

• From 100Hz to 200Hz, the front windshield and the rear wind-
shield have large contribution to the targets. The front wind-
shield is contributing to the front microphones while the rear
windshield contributes to the rear microphones.

• From 200Hz to 300Hz, the whole upperbody part, including front
and rear windshields, and the car roof has large contribution to
the microphones. In the frequency range 250Hz to 300Hz, the
upperbody exceeds the underbody and becomes the largest con-
tributor.

Energetic TPA

The observations obtained from the two and four sources energetic
TPA method are shown below:
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• Compared with the multi-reference TPA result, the energetic TPA
reaches better performance in high frequency range.

• The two sources energetic TPA underestimate the respons at the
targets, especially between 70to 100Hz, while the four sources
energetic TPA shows better agreement with experimental data,
which means that the left and right side are contributing to the
microphones in this frequency range.

• The energetic TPA shows that the underbody is the most dom-
inant contributor to the microphones in low and medium fre-
quency range. The upperbody becomes dominant when the fre-
quency is over 200Hz.
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Conclusion

The project conclusions are separated into three sections. Each section
includes the conclusions obtained from either the performance of TPA
methods, or the observations for the wind noise problem.

5.1 Multi-reference TPA method

• In this project, the multi-reference TPA is proved to be a powerful
tool to analyze and troubleshoot the wind noise problem.

• The multi reference TPA is robust. Even when the estimation is
somewhat noisy, it still follows the measurement tendency.

• One of the drawbacks of multi-reference TPA is the computa-
tional cost. The singular value decomposition, and the matrix
inversion take a relative long time to implement.

• The way to define the transfer paths is a barrier of improving the
performance for multi-reference TPA.

5.2 Energetic TPA method

• The energetic TPA needs less measurement effort and less com-
putationally costly, because it reaches as good results as the multi-
reference TPA with including fewer paths and indicators.
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• Without the phase information, the energetic TPA method reaches
better performance especially in the high frequency range, in this
project, above 200Hz.

• Since each source is assumed to have influence on a local panel,
the energetic TPA is also easier to interpret physically.

5.3 The wind noise problem

• Between 30Hz to 300Hz, the source near the vehicle underbody
part, is the most dominant sound pressure contributor to the pas-
senger compartment.

• The booming noise at the rear microphones between 70Hz to
100Hz is mainly generated by the sources located near the side
doors.

• Between 100Hz to 200Hz, the contribution from the sources near
the windshields becomes more important. The source near the
front windshield largely contributes to the front compartment
and the source near the rear windshield largely contributes to
the rear compartment.

• Between 200Hz to 300Hz, the source near the upperbody, has
become a large sound pressure contributor. The contribution
reaches to a same level with the underbody over 270Hz.
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Future Work

• Time domain TPA methods can be further applied to analyze or
troubleshoot the wind noise problem.

• Since the project gives the conclusion that with the energetic TPA
method is possible to reduce the measurement effort and the
computation cost, compared with the multi-reference TPA. Fur-
ther measurements and tests on other vehicle models should be
carried out to validate this conclusion.

• Future work should also focus on the error analysis of the differ-
ent TPA methods. By an the error analysis, it is possible to get
better understanding on the advantages and limitations of each
TPA method.
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Appendix A

TPA Setup

A.1 Multi-reference TPA

A.1.1 Targets

Figure A.1: Target list in multi-reference TPA
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Figure A.2: Path list in multi-reference TPA
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Figure A.3: Indicator list in multi-reference TPA
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A.2 Energetic TPA

A.2.1 2 sources assumption

Figure A.4: Path list in 2-source energetic TPA



86 APPENDIX A. TPA SETUP

A.2.2 4 sources assumption

Figure A.5: Path list in 4-source energetic TPA



Appendix B

Pressure contribution from each
PC

B.1 Target reference TPA

B.1.1 PC1

Figure B.1: Pressure contribution from PC1
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B.1.2 PC2

Figure B.2: Pressure contribution from PC2

B.1.3 PC3

Figure B.3: Pressure contribution from PC3
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B.1.4 PC4

Figure B.4: Pressure contribution from PC4

B.2 Indicator reference TPA

B.2.1 PC1

Figure B.5: Pressure contribution from PC1
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B.2.2 PC3

Figure B.6: Pressure contribution from PC3

B.2.3 PC5

Figure B.7: Pressure contribution from PC5
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B.2.4 PC7

Figure B.8: Pressure contribution from PC7



Appendix C

Partial pressure contribution from
each vehicle part

C.1 Target reference TPA

C.1.1 Underbody

Figure C.1: Pressure contribution from underbody part
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C.1.2 Upperbody

Figure C.2: Pressure contribution from upperbdoy part

C.1.3 Left side

Figure C.3: Pressure contribution from left side
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EACH VEHICLE PART

C.1.4 Right side

Figure C.4: Pressure contribution from right side



Appendix D

Acceleration visualization on 16
PCs in indicator reference TPA
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96 APPENDIX D. ACCELERATION VISUALIZATION ON 16 PCS IN
INDICATOR REFERENCE TPA

D.1 PC1 - PC4

Figure D.1: Acceleration distribution from PC1 to PC4
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D.2 PC5 - PC8

Figure D.2: Acceleration distribution from PC5 to PC8
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D.3 PC9 - PC12

Figure D.3: Acceleration distribution from PC9 to PC12
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D.4 PC13 - PC16

Figure D.4: Acceleration distribution from PC13 to PC16


