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Abstract 

Transfer path analysis (TPA) is an established and valuable tool in the automotive industry, to 

determine the contributions of structure-borne sound sources to receiver responses at target po-

sitions. The classical TPA approach is based on contact forces at the interface between source 

and receiver to characterise the dynamic loads induced by the source and frequency response 

functions (FRFs) to quantify the transfer paths of the sound from the interface locations to the 

target positions. With knowledge of the determined contributions it is then possible to decide 

whether source loads or FRFs must be improved to optimise the target quantities. 

Recently a timesaving improvement to classical TPA has been proposed, where the loads are 

characterised using the in-situ blocked force method, so that dismantling of source and receiver 

is not necessary. This method is therefore called in-situ TPA. However, if the contributions of 

internal structure-borne sound sources to the overall vibro-acoustic behaviour of a product are 

desired it is of benefit if the target quantities are blocked forces. Thus it would be possible to 

virtually couple the product with the properties of an overall receiver. Therefore this thesis pre-

sents a TPA approach called “blocked force transmissibility transfer path analysis” (bfTPA). In 

this context, the proposed internal-source-path-receiver-model (ISPRM) poses the theoretical 

basis of bfTPA. The aim of the presented novel TPA is to determine the contribution of internal 

structure-borne sound sources to an overall target quantity of a product. The presented approach 

uses the vector of in-situ blocked forces measured externally at the contact interface of the 

overall product and a corresponding set of “blocked force transmissibility” (BFT) functions 

relating the external coupling degrees of freedom (DOFs) to the internal source DOFs in order 
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to propagate the external in-situ blocked forces back to multiple internal in-situ blocked forces. 

To prove the methodology of the presented approach three case studies, which increase in com-

plexity, were carried out experimentally. The case studies concern a beam and an electric power 

steering system with paraxial servo unit (EPSapa), respectively. 

EPSapa systems consist of multiple embedded vibrational components which are defined as 

“internal sources”. The electric motor, the ball nut assembly and the toothed belt are identified 

as the main internal sources of an EPSapa system. Hence they are characterised by means of 

experimentally determined blocked forces. For the determination, micro electro mechanical 

systems (MEMS) accelerometers are embedded at the so called “internal interfaces”. This poses 

a novel application of the in-situ method in combination with the dealing of continuous and 

revolving internal interfaces. 

Concluding a further application of the bfTPA methodology is presented. It allows the external 

in-situ blocked forces of EPS systems or other products to be predicted based on internal in-

situ blocked forces and the BFT functions within internal receivers such as housings, for in-

stance. Hence, the proposed approach is called “virtual component assembly”. It offers the ad-

vantage to synthesize a virtual EPS system based on the in-situ blocked forces of its components 

which are determined on test benches. 
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1.1 Background 

The noise, vibration and harshness (NVH) quality is amongst others a substantial sales argu-

ment for today’s vehicles [1]. In order to be more precise, a pleasant sound in the vehicle interior 

is of importance for potential customers. At low driving speeds the sound in the interior of 

vehicles which are driven by internal combustion engines (ICE) is mainly dominated by the 

ICE. This leads to a beneficial masking effect of sound which is generated by vehicle compo-

nents such as pumps, gears or electric power steering (EPS) systems, for instance [2]. However, 

the trend in today’s automotive industry is for many reasons strongly towards vehicles with 

electric engines or at least hybrid drives [3]. Consequently in the near future the benefit of the 

masking effect by the ICE will likely not be present anymore since the sound emission of elec-

tric engines into the vehicle interior is usually lower compared to sound emitted by the ICE. As 

a consequence, the effort to develop vehicle components of high NVH quality will become even 

more significant for manufacturers of such components [4]. 

In order to guarantee an intended high NVH performance, experimental transfer path analysis 

(TPA) is a broadly used tool in the automotive industry to efficiently troubleshoot potential 

issues of vehicles and its components [5]. Out of the various TPA methods especially classical 

TPA is well established. The aim of TPA is to investigate the contribution of sound sources such 

as vehicle components to the sound characteristic at receiver locations, with a vehicle interior 

being an example. Therefore a kinematic target quantity on the receiver side such as sound 

pressure is propagated back to dynamic loads characterising the source strength at the interface 

between source and receiver. However, the drawback of classical TPA is the dependence on the 

receiver’s structural behaviour since the dynamic loads which are generated by the source are 

characterised by contact forces [6]–[8]. As distinct from classical TPA in-situ TPA (iTPA) which 
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was recently proposed characterises the dynamic loads with in-situ blocked forces rather than 

contact forces [9],[10]. Hence the dynamic loads induced by the source into the receiver are 

characterised independently from the receiver. This fact yields significant advantages for the 

early development processes of vehicle components and any other product or machinery re-

garding the NVH performance [11], [12]. 

The limitation of both of the above mentioned TPA approaches is the fact that the source is 

treated as a black box without further interest of the embedded generation mechanisms of struc-

ture-borne sound within the source. However, it might be assumed that engineers want to gain 

insight into the source e.g. an EPS system for further improvement regarding a high NVH per-

formance. Therefore the generation as well as the transmission of the structure-borne sound 

within the source need to be characterised and analysed. In the following of this thesis the em-

bedded generation mechanisms of structure-borne sound within a source such as bearings or 

gears will be referred to as internal sources for simplicity reasons (compare section 1.3). Alt-

hough both classical TPA as well as iTPA can be experimentally employed to fulfil the afore-

mentioned task they only provide information about the contribution of the internal sources to 

a kinematic target quantity at the connection points between source and receiver. Unfortunately 

though, a kinematic target quantity cannot be used as input for further analysis on the receiver 

level if different receivers such as divergent vehicles should be considered. Hence it is obvious 

to define the target quantity of a TPA approach within a source as a dynamic force rather than 

a kinematic quantity. However, this implies that the transmission paths within the source need 

to be characterised by transmissibility functions [13]–[23] rather than frequency response func-

tions (FRFs). 



Chapter 1. Introduction 

4 

 

Robert Bosch Automotive Steering GmbH (RBAS) is a manufacturer of different vehicle com-

ponents such as steering columns or EPS systems, for instance. For the sake of fulfilling the 

quality requirements of different vehicle manufacturers RBAS has a strong interest to provide 

EPS systems of high NVH performance. For that reason excessive research effort is carried out 

to ensure the intended quality. The research that is presented in this thesis is part of this effort. 

With the aim to improve the NVH comfort of EPS systems and other technical products a novel 

TPA method is developed. The developed method aims to analyse the contribution of the dy-

namic forces characterising the internal sources to the dynamic forces acting at the interface 

between a source such as an EPS system and a receiver such as a vehicle, for instance. The use 

of the methodology results in a significant benefit for engineering and development processes 

of vehicle components or any other product or machinery where NVH comfort plays a key role. 

With the help of the developed methodology the NVH performance of a product can be pre-

dicted based on the known characteristics of the internal sources and the transmission of sound 

within the product. 

Before the aims and objectives of the thesis are introduced in section 1.5 at first the general 

approach of TPA will be outlined in section 1.2 since it forms the basis for the presented re-

search. In section 1.4 the internal-source-path-receiver model (ISPRM) which is crucial for the 

development of the novel TPA approach is introduced. Before the introduction of ISPRM sec-

tion 1.3 outlines an explanation of embedded structure-borne sound sources which are an im-

portant part of ISPRM since they build a black box model for the generation mechanisms of 

structure-borne sound within a source. 
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1.2 The general approach of transfer path analysis 

As already briefly mentioned in section 1.1 the general aim of TPA is to determine the contri-

bution of sound which is generated by a source such as an EPS system to a target quantity at a 

receiver location such as the interior of a vehicle. In order to fulfil the aim of TPA the transfer 

path problem (see Figure 1.1) which will be introduced in the following paragraph needs to be 

analysed. For this purpose different TPA approaches are available which are distinguished on 

the one hand on the characterisation of the generated sound and on the other hand on the de-

scription of the sound transfer to target locations on the receiver side. 

If a vibrational source (A) such as an EPS system is coupled to a receiver (B) structure-borne 

sound is induced from the source to the receiver at interface (c) between source and receiver. 

Subsequently the induced sound is transmitted via transfer paths to target locations on receiver 

side (b). This physical relationship which is schematically illustrated by Figure 1.1 is generally 

known as transfer path problem of an assembly (C). 

 

Figure 1.1: Transfer path problem of sound generated by a vibrational source (A) and subsequently 

induced at interface (c) to receiver (B) 

source (A) receiver (B)(c)
(b)

bycf

bcY

assembly (C)
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At the extreme the sound which is generated by source (A) can cause an unpleasant sound 

characteristic at specific target locations (b) on receiver (B) e.g. the interior of a vehicle. For 

troubleshooting of this problem TPA methods are applied with the general aim to propagate a 

vector of kinematic target quantities by  on receiver (B) back to a vector of dynamic loads cf  at 

degrees of freedom (DoFs) at interface (c) based on the following equation 

 b bc c=y Y f   (1.1) 

For this purpose the transfer paths from DoFs at interface (c) to DoFs at target locations (b) on 

receiver (B) are characterised by FRFs which are contained in the FRF matrix 
bcY  (see Fig-

ure 1.1). With knowledge of both the characteristics of the dynamic loads 
cf and the transfer 

path behaviour bcY  it is then possible to determine the contribution of the dynamic loads cf to 

the measured target quantities 
by  according to Eq. (1.1). Hence it is possible to modify either 

the source characterised by the dynamic loads cf  or the transfer paths bcY  of the induced sound 

to improve the NVH performance of source (A) or receiver (B), respectively. 

The presented thesis aims to develop a novel TPA methodology that can be applied for a source 

(A) such as an EPS system which consists of multiple internal sources such as electric motors 

and toothed belts. Furthermore the developed methodology which is introduced in chapter 5 

focuses on the possibility to yield an independent description of the source as well as the internal 

sources. Therefore the transfer problem and the general methodology of TPA which are briefly 

outlined in this section play an important role within this thesis.  
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1.3 Embedded internal sources 

In section 1.4 the internal-source-path-receiver-model (ISPRM) will be introduced which aims 

to gain insight into the black box that is used to characterise the strength of a source in terms of 

in-situ blocked forces. One important part of ISPRM is the description of the generation mech-

anisms of structure-borne sound within a source. Since these mechanisms are usually embedded 

within the source they are often not accessible with surface mounted measurement devices such 

as integrated electronic piezoelectric (IEPE) accelerometers. An example of such an internal 

sound generation mechanism is the tooth meshing of gears within any kind of housing. In the 

following of the thesis these sound generation mechanisms within a source will be referred to 

as internal sources (compare section 1.1).  

For a potential improvement of a source1 such as an EPS system it is necessary to understand 

and characterise the embedded internal sources. If this should be achieved through measure-

ments no or only minor modifications of the source are favourable. In this manner a realistic 

vibrational behaviour of the internal sources and as a consequence also of the whole source is 

ensured. This precondition can be accomplished by using micro-electro-mechanical-systems 

(MEMS) accelerometers since they are available of small size of only a few millimetres. A 

detailed review of MEMS accelerometers is presented in section 2.2. Commercially available 

examples of such accelerometers can be found in [24] and [25], for instance. 

The term “embedded” which in this thesis will often be omitted for simplicity should emphasize 

the fact that internal sources are usually surrounded by any sort of housing which is seen as part 

                                                 

1 Within this thesis the term “product” will often be used equally to the term “structure-borne sound 

source” whereas the term “component” will be used synonymous to the term “internal source”. 



Chapter 1. Introduction 

8 

 

of the source. Therefore the structure-borne sound emitted by the internal sources is transmitted 

via transfer paths within the housing to locations where the housing is connected to a receiver. 

These connections between the source and the receiver will be called “external interfaces”. 

However, in order to characterise the strength of the internal sources the interface between the 

internal source and the housing is of interest. If on the one hand the internal sources are treated 

as black boxes and on the other hand it is technically feasible to slightly modify the housing by 

adding grooves then it is consequently possible to have access to the relevant internal interfaces 

and therefore characterise the internal sources in-situ [26]–[29]. 

1.4 Internal-source-path-receiver-model 

Before the aims and objectives of the thesis are presented in section 1.5 it is crucial to introduce 

at first a modelling approach which will be called “internal-source-path-receiver-model” 

(ISPRM). ISPRM is the proposal to extend the source-path-receiver-model (SPRM) firstly pro-

vided by Bolt and Ingard [30] in 1956 which aims to describe the sound transfer from a source 

via transmission paths to a receiver. The model is therefore the basis for many problem-solving 

approaches regarding NVH. However, a complex machinery or product usually does not consist 

of only one isolated embedded internal source. Therefore the hereafter presented extension of 

the well-known and established SPRM is a necessary step to deal with multiple internal sources 

and internal transmission paths. Hence ISPRM forms the basis for the novel TPA approach 

which will be presented in chapter 5 of this thesis. 

In order to extend SPRM the black box which is used for a simplified characterisation of the 

source strength will be subdivided in n  multiple internal sources and one internal receiver 

structure. The extension of SPRM and the subdivision of the source is schematically depicted 
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in Figure 1.2. Furthermore ISPRM takes into account that the source strength of a product is 

dependent on the partial contribution of the n  internal source strengths in combination with 

their respective m  internal transmission paths. Within this thesis the internal source strengths 

and the strength of the whole source are characterised with in-situ blocked forces. Since the 

transmission paths which are the relation between the internal source strength and the strength 

of the whole source are characterised with transmissibility functions the proposed novel TPA 

methodology will be called blocked force transmissibility transfer path analysis (bfTPA). 

 

Figure 1.2: Internal-source-path-receiver-model (ISPRM) 

In terms of an EPS system, the black box for the source would be the steering system itself 

while the internal sources would be all the components that are crucial for the functional prin-

ciple and therefore generate vibration during the execution of a steering manoeuvre. These 

components respectively internal sources as well as the internal receiver and internal transmis-

sion paths will be introduced in chapter 3 for the case of one particular EPS system that is used 

within this thesis. A detailed discussion of the determined internal source strengths of an EPS 

in terms of in-situ blocked forces can be found in chapter 4. The TPA methodology to analyse 

source
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the partial contribution of multiple internal sources based on the here proposed ISPRM is intro-

duced in chapter 5. Furthermore the aforementioned chapter contains a more in-depth discus-

sion of ISPRM leading to the so called “advanced internal-source-path-receiver model”. 

At this point it is briefly mentioned that ISPRM poses two possibilities. On the one hand it 

forms like already mentioned the basis for the proposed novel TPA method that will be intro-

duced in chapter 5 and on the other hand the basis for the extension of the virtual acoustic 

prototyping (VAP) approach of an EPS system proposed by Bauer [31]. The methodology of 

the extended approach will be called virtual component assembly (VCA) and poses significant 

benefits for the development process regarding NVH quality. 

1.5 Thesis objectives 

The aim of the thesis concerns the proposal and the validation of a novel TPA methodology 

called bfTPA that can be carried out within a vibrational source such as an EPS system, for 

instance. In order to achieve the aim, two fundamental preliminary aims, which are outlined in 

the following, need to be fulfilled at first. Initially a general substructuring approach of a source 

such as an EPS system which consists of multiple internal sources and transmission paths needs 

to be developed and defined. This is a necessary step to identify meaningful interfaces for the 

characterisation of internal sources with in-situ blocked forces. The second preliminary aim 

involves the development of a relationship between in-situ blocked forces characterising the 

internal sources with the in-situ blocked forces of the whole source. This relationship poses the 

basis for bfTPA. In order to achieve the main aim of the thesis as well as the two preliminary 

aims several objectives need to be fulfilled. A list of all necessary objectives will be outlined in 

the following:  
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1. For the sake of fulfilling a worthwhile substructuring approach of an EPS system 

three questions have to be answered. The answering of the following three ques-

tions pose a fundamental objective of the presented thesis: 

• What are the prominent internal sources while a product is active  and what 

are the internal receivers?  

• What are the main transmission paths for structure-borne sound within a 

product like an EPSapa system? 

• What are the interfaces between the defined internal sources and internal 

receivers within a product like an EPSapa system and how can they be 

described and discretised if the interfaces are continuous? 

2. For the determination of the partial contribution of the internal sources to the over-

all source strength of an EPSapa system a bfTPA is conducted. The following 

three steps have to be achieved: 

• Conducting the bfTPA approach in a basic experiment using a steel beam 

to prove the general feasibility of the approach and therefore validate the 

methodology.  

• Characterisation of the prominent internal sources of an EPSapa system, 

namely the electric motor, the ball nut assembly and the toothed belt (com-

pare section 3.3) in terms of in-situ blocked forces.  

• Experimental determination of the transmissibility functions within the in-

ternal receiver structure of an EPSapa system (compare subsection 3.3.4) 

between all DoFs at the relevant interfaces.  
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3. The kinematic of the whole EPSapa system changes during a steering manoeuvre 

because of its design (compare subsection 3.2.2). Therefore the changes in the 

transmissibility functions need to be investigated using the frequency assurance 

criterion (FRAC). 

4. Verification of the feasibility of a measurement approach that offers the potential 

to determine highly accurate frequency response functions (FRFs) or transmissi-

bility functions between multiple locations on the source and the receiver even for 

complex technical structures like EPS systems. For that reason a novel application 

using embedded MEMS accelerometers at locations not accessible with standard 

piezoelectric accelerometers is investigated and validated. 
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Chapter 2 

Literature and theory 

2 Literature and theory 
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2.1 Introduction 

This chapter reviews the most common and relevant literature to date which is related to the 

aims and objectives of the thesis. The purpose of this chapter is therefore to identify and outline 

gaps in the reviewed literature which this thesis tries to fill in. Therefore the chapter provides 

an overview of the research to date that has been carried out in the fields of 

• MEMS accelerometers in structural dynamics in section 2.2, 

• characterisation methods of structure-borne sound sources in section 2.3 and 

• contribution of structure-borne sound sources in section 2.4. 

Special attention will be focussed on the theory of blocked forces [11], [32], [33] especially the 

in-situ method by Moorhouse and Elliott [26], [27], [29], [34], the free velocity method [35], 

the in-situ transfer path analysis approach by Elliott and Moorhouse [9] and the blocked force 

transfer path analysis [36]. 

2.2 Micro-electro-mechanical-systems accelerometers in 

structural dynamics 

Micro-electro-mechanical-systems (MEMS) accelerometers are based on a seismic mass sys-

tem. This is further explained in [37], for instance. In the field of measurement devices MEMS 

accelerometers are used for condition monitoring and applications where a precise frequency 

detection is not necessarily important. An example is the use of MEMS accelerometers in mod-

ern communication technology such as mobile phones, for example. Because of their low price 

researchers also tried to investigate the use of MEMS devices for vibrational measurement tasks 
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in structural dynamics with the aim to determine the exact nature of the vibrations to be ob-

served. This will be reviewed in the following of this section. 

2.2.1 Performance evaluation 

Accelerometers for the use in the field of structural dynamics are available in many different 

versions according to underlying measurement principle, frequency range, and sensitivity, for 

instance. In the following the use of MEMS accelerometers in structural dynamics will be re-

viewed. 

Albarbar evaluated in [38] the performance of MEMS accelerometers by comparing them with 

standardized IEPE accelerometers commonly used in structural dynamics. The potential use for 

structural dynamics was shown but it was also proven that MEMS accelerometers need to be 

calibrated in a certain way. Additionally he showed that MEMS accelerometers can be success-

fully used for condition monitoring [39]. The potential of the integration of low-cost MEMS 

accelerometers in machinery was shown by Vollmer and Neumann [40]. 

A calibration methodology for the response signals provided by MEMS accelerometers was 

proposed by Badri et al. in [41]. Furthermore they proposed an adaptive filter to improve the 

performance of MEMS accelerometers for the use in structural dynamics and condition moni-

toring in [42].  

Fisher investigated the use of MEMS accelerometers for inclination sensing in [43] and showed 

that MEMS accelerometers are susceptible for inclination and offset errors if used in the wrong 

way. 
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Recently research has been carried out by RBAS to investigate the use of MEMS accelerome-

ters in the automotive industry. It was shown by Wienen [44] and Fauser [45] that MEMS ac-

celerometers can be used for inverse force identification and the determination of in-situ 

blocked forces. In [44] Marschall investigated different possibilities for the embedding of 

MEMS accelerometers and calibration methods to improve the reliability of the investigated 

MEMS accelerometers. Schulz showed the potential of different MEMS accelerometers for the 

characterisation of steering systems [47]. 

The suitability of MEMS accelerometers for the measurement of vibration was shown by Bé-

liveau et al. [8] and Albarbar et al. [9], [10]. Both showed that it is possible to measure vibrations 

in an exact manner if some boundary conditions are concerned. 

2.2.2 Calibration methods and signal processing 

Since MEMS accelerometers are usually not designed for complex vibrational measurement 

tasks it is necessary to at first calibrate the accelerometers in a distinct way. To fulfil this tasks 

in the literature it is proposed to apply digital filters on the measured time signals of acceleration 

to artificially force the signals provided by the MEMS accelerometer to be as precise as the 

ones measured with an IEPE accelerometer. These filters are usually applied after the measure-

ment with MEMS accelerometers has been undertaken. 

Albarbar proposed a test setup to compare MEMS accelerometers against a reference accel-

erometer. The test setup consists of a cantilever beam that is equipped with a MEMS accel-

erometer on top and an integrated electronics piezoelectric (IEPE) accelerometer on bottom 

which is used as reference (see Figure 2.1). Excitation 
excitationf  is applied at one end of the beam 
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and the responses 
refv  and 

MEMSv  at the other end are measured to determine a FRF (acceler-

ance). The FRFs 
refY  and 

MEMSY  are then compared against each other. 

 

Figure 2.1: Test setup for the calibration of MEMS accelerometers  

Badri proposed a calibration approach where the ratio between MEMS and reference accel-

erometer is used as calibration factor [11]. The calibration filter Ω  is calculated as follows 
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If the measurement signal of the MEMS accelerometer is multiplied with the filter Ω 	it can be 

corrected. 
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2.3 Characterisation of structure-borne sound sources 

A sensible optimisation progress of a product or machinery regarding NVH specifications 

should start with determining the characteristics of the source phenomena. Therefore a source 

can be characterised by determining its source strength. However, since a structure-borne sound 

source is usually coupled to a receiver an optimisation can also be achieved by reducing the 

sound transmission from the source to the receiver. Unfortunately it is not always possible to 

modify the transmission paths between a source and a receiver because it would affect the func-

tional principle in a disadvantageous way. Therefore it would be of great benefit for engineers 

to be able to characterise the excitation of the receiver by the source in terms of a quantity that 

is independent from the receiver. Therefore, this section reviews receiver dependent and re-

ceiver independent source characterisation methods in the following. 

2.3.1 Frequency response functions 

A frequency response function (FRF) is used to describe the vibrational behaviour of linear, 

time invariant (LTI) systems. A FRF bcH  is expressed as the complex ratio of a kinematic re-

sponse by  to a kinetic excitation cf  according to the following equation 

 
( )

( )
( )

b
bc

c

ω
ω

ω
=

y
H

f
  (2.2) 

The subscripts b and c denote the location of the response and the excitation, respectively. This 

is shown in Figure 2.2. 
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Figure 2.2: Linear, time invariant system with excitation cf  at interface (c) and response by  at in-

terface (b) 

Therefore 
bcH  describes the structural behaviour of the system in the frequency domain accord-

ing to an excitation at c. In the following of the report the radian frequency ω  will be neglected 

for simplicity since all structure-borne sound phenomena has been analysed in the frequency 

domain within the scope of this thesis. 

To improve the description of an LTI system the response to an excitation by a moment should 

be considered. Therefore moment excitation and moment mobilities was investigated by Elliot 

et al. [48], Jianxin and Mak [49] and Sanderson and Fredö [34]. Elliott et al. showed that the 

characterisation of a source can be significantly improved if moments at the interfaces between 

a source and a receiver are not omitted. 

2.3.2 Contact force 

The strength of a source can be described in terms of forces at the contact interface between a 

source and a receiver. These so called contact forces cf  are in contrast to the blocked forces not 

cf

by

bcH

b

c



Chapter 2. Literature and theory 

20 

 

an intrinsic quantity of the source (A) since they depend on the characteristics of the receiver 

(B) (Figure 2.3). 

 

Figure 2.3: Schematic depiction of the inverse identification of forces cf  at the contact interface (c) 

between source (A) and receiver (B) 

The contact forces cf  can be determined as follows 

 
,c B bc b

+=f Y v   (2.3) 

Therefore it is at first necessary to decouple source (A) and receiver (B) at interface (c) to 

determine the mobility 
,B bcY . Afterwards the source (A) is coupled to receiver (B) to measure 

the velocities 
bv  on the receiver that are induced when source (A) is running. The reliability of 

the matrix inversion 
,B bc

+
Y of Eq. (2.3) can be improved by using regularisation techniques as-

suming the matrix can be inverted [51]–[57] and [58]. All results that are presented within the 

scope of the present thesis are achieved without applying any regularisation techniques. How-

ever it is possible to apply regularisation techniques as successfully shown in [53], [59], for 

instance.  

source (A)

receiver (B)

cf

bv

,B bcY

c

b
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2.3.3 Direct measurement of blocked force and free velocity 

A meaningful and especially receiver independent characterisation of a source can be achieved 

in terms of two quantities. One is free velocity [35], [60] and the other quantity is blocked force 

[61]. Both approaches will be described in the following. 

Free velocity 

The free velocity vector 
sf

v  is the velocity that can be determined if the boundary conditions 

of a source can be seen as free and therefore no vector of external forces 
sf  is present. In order 

to ensure that there are no external forces present the source needs to be freely suspended. This 

is symbolised by the blue dotted line in Figure 2.4. 

 

Figure 2.4: Source with free boundary conditions at the interface where the source is coupled to a 

receiver when operated in the actual assembly 

In a freely suspended case the velocity sv  at the free boundary of the source is equal to the so 

called free velocity 
sf

v  

 0ssf s == fv v   (2.4) 

Source

sv sf

source
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Since the source is freely suspended the free velocity is a quantity that characterises the source 

intrinsically and independent from a receiver. 

Blocked force 

Beside the free velocity the so called blocked force [62], [61], [63], [64] is a further quantity to 

characterise the strength of a source independently from an attached receiver structure. It can 

be measured using a receiver that ensures blocked conditions at the interface between source 

and receiver. Therefore the receiver should in theory be infinitively stiff and has an infinite 

mass. The blocked conditions at the interface are symbolised by the red dotted line shown in 

Figure 2.5. 

 

Figure 2.5: Source coupled to a receiver with blocked conditions at the interface where the source is 

coupled to a receiver when operated in the actual assembly 

The blocked force blf  is the force that is necessary to constrain the source and therefore set the 

velocity of the source sv  at the interface to zero as follows 

 0sbl s == − vf f   (2.5) 
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The blocked force blf  is related to the free velocity 
sf

v  as follows 

 sf

bl

s

=
v

f
Y

  (2.6) 

Since the mobility of the source 
sY  and the free velocity 

sf
v  are independent from the receiver 

the blocked force must be independent from the receiver as well and is therefore a useful quan-

tity for an intrinsic characterisation of a structure-borne sound source. 

2.3.4 In-situ blocked force 

In theory the blocked forces which characterise a source can be measured directly by using a 

force transducer between the source and an infinite stiff receiver with an infinite mass. How-

ever, in many cases such as a steering system it is not possible to measure the blocked forces 

directly. Therefore Moorhouse and Elliott [27], [29] provided a possibility to determine the 

blocked forces in-situ without the necessity to use force transducers. Furthermore the in-situ 

method has no need to dismount the source and the receiver which is a timesaving benefit. The 

methodology of the in-situ approach which is depicted in Figure 2.6 will be elucidated in the 

following. 
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Figure 2.6: Schematic depiction of the methodology to determine in-situ blocked forces ,bl cf  at in-

terface (c) between source (A) and receiver (B) 

To determine the in-situ blocked forces of a source a two-stage measurement has to be con-

ducted. The first stage aims to determine the necessary passive characteristics of the coupled 

system in terms of an FRF. The FRF that is necessary to describe the passive system is the 

mobility ,C cbY . To obtain this quantity the coupled system is excited with a force bf  at random 

points (b) on the receiver structure. Simultaneously the velocity cv  at the interface (c) between 

the source and the receiver is measured. The complex ratio between the velocity and the force 

yields the necessary mobility which is represented by the following equation 

 
,

c
C cb

b

=
v

Y
f

  (2.7) 

The second stage comprises the measurement of the operational properties of the coupled sys-

tem in terms of velocities 
,op bv  at random positions on the receiver. With these two quantities 

the in-situ blocked forces ,bl cf  at the interface (c) can be determined using the following equa-

tion 
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 ( ), , ,

T

bl c C cb op b

+
=f Y v   (2.8) 

The superscript +  indicates a Moore-Penrose pseudoinverse of the mobility matrix ( ),

T

C cbY . 

Recent research in the fields of in-situ blocked forces of electric power steering systems was 

done by RBAS. In the following the research is briefly reviewed. Wang investigated the use of 

the in-situ blocked forces method for a steering system [65]. He showed that the in-situ blocked 

forces can be used to characterise a complex engineered system in a precise manner. A time 

domain approach for the use of in-situ blocked forces was provided by Sturm [66], [32] and 

Hudelmaier [67]. The use for in-situ blocked forces as part of the virtual acoustic prototype 

approach was shown by Sturm et al. [11]. 

Further research about in-situ blocked forces was conducted by Lennström et al. [33] for the 

source characterisation of a pump used in the automotive industry and by Picard for the case of 

a windscreen wiper of a vehicle [68]. Elliott and Moorhouse showed the potential of the in-situ 

method for the characterisation of a wind turbine [10], [69] and isolators [34]. De Klerk used 

the blocked forces for the characterisation of gear noise [70]. 

2.3.5 On-board force validation 

After the determination of the in-situ blocked forces it is necessary to prove that the blocked 

forces are determined correctly to have confidence in the predicted forces. For that reason the 

determined in-situ blocked forces blf  will be multiplied with a mobility matrix ,C valY , which 

contains the FRFs of the assembly C, to yield a predicted kinematic quantity such as velocity 

,C valv  on a position on the receiver as follows 
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 , ,C val C val bl=v Y f   (2.9) 

If the source and receiver are not disassembled after the determining of the in-situ blocked 

forces the validation approach is the so called on-board validation (OBV) approach. The fact, 

that it is not necessary to remove the source, which would involve possible problems due to 

remounting, is the main advantage of the OBV approach. The approach is schematically shown 

in Figure 2.7. 

 

Figure 2.7: On-board approach for the validation of experimentally determined in-situ blocked forces 

blf  at the interface between source and receiver 

The predicted kinematic quantity according to the in-situ blocked forces can be compared to-

wards a measured quantity ,C measv  on the same position on the receiver surface to ensure that 

the forces were determined in a precise manner. 
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receiver (B)
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2.4 Contribution of structure-borne sound sources 

This section aims to review the engineering tool of transfer path analysis. This includes the 

classical TPA approach, the in-situ TPA (iTPA) approach and transmissibility based approaches. 

A recent review of TPA in general was provided by van der Seijs which can be found in [71] 

and [72]. Furthermore a review about experimental techniques to determine the contribution of 

commercial vehicles can be found in [5]. 

2.4.1 Classical transfer path analysis 

The classical approach was first provided by Verheij [8], [73] in 1980. The approach is based 

on contact forces at the interface between a source and a receiver which can be determined 

directly with force transducers, via the mount stiffness method or via inverse methods [8]. The 

determined forces describe the strength of the source (A) while coupled to receiver (B) (see 

Figure 2.3). The necessary FRFs bcH  are determined while the source and the receiver are de-

coupled. Based on the knowledge of the determined contact forces and the transmission in terms 

of FRF the contribution of the transfer paths to the response 
by  on receiver (B) can be analysed 

for troubleshooting. Examples of classical TPA can be found in [74], [6] and [7] ,for instance. 

2.4.2 In-situ transfer path analysis 

An improvement of the family of classical TPA approaches was provided by Elliott and Moor-

house [9]. The so called in-situ transfer path analysis (iTPA) has the advantage that source and 

receiver do not have to be dismounted to determine the forces since in-situ blocked forces are 

used as an input quantity rather than contact forces. This leads to a significant time saving while 
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conducting a TPA, compared to the classical approach. The idea of using in-situ blocked forces 

as the input quantity of a TPA will be used within this thesis for the methodology of a proposed 

novel bfTPA approach (section 5.3). Successful applications of iTPA can be found in [75], [11], 

[9] and [12], for instance. 

2.4.3 Transmissibility based transfer path analysis 

The general approach of transmissibility was introduced by Maia & Ribeiro in [15], [16] and 

[22]. They showed that rather than describing a structure in terms of FRFs transmissibilities, 

which is a relation between velocities, can be used. Further details will be outlined in subsec-

tion 5.3.2. 

A recent application of the concept of transmissibility in TPA can be found in [17] by Gajdatsy 

et al. In general the transmissibility based TPA avoids determining forces at the interface be-

tween a source and a receiver and uses transmissibilities instead to describe the transmission of 

structure-borne sound.  

Lage et al. investigated the relation between force and displacement transmissibility and 

showed that it is possible for an MDoF system to derive force transmissibility from displace-

ment transmissibility and vice versa [19]. This relation is of use for the novel TPA approach 

that will be proposed in section 5.3. 
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2.4.4 Virtual acoustic prototyping 

Moorhouse has shown that it is possible to generate a so called virtual acoustic prototype (VAP) 

which enables one to virtually listen to the generated sound of a source that not yet built [76]. 

This means that if a source could be characterised by blocked forces it is possible to predict the 

sound of the source when coupled to different receivers.  

For EPS systems, in particular the EPSapa system (compare section 3.2), Bauer first showed 

that a VAP can be successfully build [31]. Subsequent studies by Sturm and Alber expanded the 

concept of VAP and carried out experimental case studies yielding very accurate VAPs [11], 

[12], [77]. Additionally Hesselmaier provided a VAP approach for EPS systems [78]. 

The trend in today’s automotive industry is towards a so called virtual road release (VRR). This 

means that theoretically all the characteristics of a vehicle including the NVH performance can 

be simulated. As a consequence, potential problems can be detected at early development stages 

and therefore failure costs can be minimized. 

2.5 Summary and concluding remarks 

In the following of this section the literature and theoretical background, which is crucial for 

the understanding of this thesis, will be briefly summarised. 

It was reviewed that in-situ blocked forces are to be preferred for the characterisation of a struc-

ture-borne sound source. In the following the reasons for the choice of in-situ blocked forces 

are explained. First, the characterisation method of in-situ blocked forces provides realistic 

boundary conditions compared to the approaches of direct measurement of free velocity and 
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blocked force. Secondly, in contrast to contact forces the characterisation is independent of an 

attached receiver structure. This yields a significant advantage towards VAP approaches. Fur-

thermore in-situ blocked forces yield a useful input quantity for a transfer path analysis within 

a complex engineered product. A novelty of this thesis will be the characterisation of internal 

sources by determining their in-situ blocked forces. This will be shown in chapter 4. 

Furthermore, the use of low-cost MEMS accelerometers was investigated by several research-

ers and by RBAS. The main research is focused on the general performance evaluation. The 

research in this thesis is focussed on the usage of MEMS for inverse force identification and 

especially for the in-situ blocked force method. This poses a novel application of the in-situ 

method. 

The general approach of transmissibility and methodology of transmissibility based TPA is re-

viewed. The novelty of this work is using the already developed equations for a TPA approach. 

The equations will be applied to a beam to prove the general feasibility of the methodology and 

to an EPSapa system to prove the applicability to a complex product with multiple internal 

sources. The difference is based on the determination of transmissibility within the housing of 

an EPSapa system to relate internal and external in-situ blocked forces. 
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3.1 Introduction 

As already outlined in section 1.4 and 1.5 of the present thesis the substructuring of an overall 

vibrational structure-borne sound source, such as an electric power steering (EPS) system is 

initially crucial for a meaningful TPA approach within the overall source. Therefore, according 

to the already briefly introduced internal source-path-receiver model, the prominent internal 

sources, internal receivers and internal transmission paths within the overall source need to be 

defined. Moreover, the interfaces between the internal sources and the internal receivers, as 

well as the external interfaces between the overall source and an overall receiver, such as a 

vehicle need to be defined regarding their physical boundary conditions.  

Within this thesis the first mentioned interfaces will be specified as “internal” interfaces since 

they are in most cases embedded within the overall source. Thus they cannot easily be accessed 

with measurement devices. An exception will be presented and discussed in this chapter. The 

second mentioned interfaces will be classified as “external” since they form the outer connec-

tion between the overall source, such as an EPS system, and the overall receiver such as a ve-

hicle. In general, continuous interfaces and point connections between source and receiver are 

distinguished in the remainder of this thesis. This applies both for the internal and the external 

interfaces at which in-situ blocked forces are experimentally determined to conduct a bfTPA 

approach. Therefore a precise definition of all the necessary translational and rotational DoFs 

at the internal and external interfaces is an important step to successfully conduct a bfTPA ap-

proach. 

For validation of the proposed novel bfTPA methodology (compare section 5.3), three experi-

mental case studies are conducted within the scope of the present thesis. The aim of the first 
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case study is to generally validate the proposed methodology of bfTPA by using a freely sus-

pended steel beam as an overall source. In subsection 5.4.2 the results of the case study are 

presented and discussed in detail. The two further case studies, which are presented in sec-

tion 5.4, address the structure-borne sound transmission within an EPS system. More precisely, 

the chosen steering system is an EPSapa system where the electric motor (EM) is mounted in 

parallel with the front axle of a vehicle. In order to conduct a bfTPA within an EPSapa system, 

the whole system first needs to be sub-structured into its components and corresponding inter-

faces. Therefore a deep understanding of its functional principle is a necessary prerequisite. 

Only if the functional principle of the EPSapa system is fully understood, can all the necessary 

internal sources and internal receivers, the internal and the external interfaces and the transmis-

sion paths of structure-borne sound within an EPSapa system be identified and characterised. 

Therefore, in section 3.2, the functional principle and some elementary boundary conditions of 

an EPSapa system are outlined and introduced. Section 3.3 continues the substructuring of the 

particular steering system with the definition of its primary and secondary internal sources as 

well as the internal receiver. Subsequently the transmission paths of structure-borne sound 

within an EPSapa system between the identified DoFs at the internal and external interfaces are 

introduced in section 3.4. In addition to the proposed substructuring approach of an EPSapa sys-

tem this chapter elucidates in section 3.5 the possibility of employing the presented substruc-

turing approach to any other product or machinery. The prerequisite is that the machinery con-

sists of multiple internal sources, connected to an internal receiver according to the presented 

ISPRM.  

At this point it has to be remarked that the proposed substructuring of an EPSapa system differs 

from general dynamic substructuring such as described in [79], [80] and [81]. This means that 
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solely the interfaces which separate the sources and receivers are defined including all neces-

sary DoFs. However the term substructuring is used within the present thesis to elucidate the 

importance of defining internal sources, internal receivers, internal and external interfaces, 

transmission paths and the associated DoFs to be able to conduct a bfTPA approach. 

3.2 Electric power steering systems 

3.2.1 Introduction 

Electric power steering systems, which widely replaced hydraulic steering systems (HDS) are 

used in a large number of today’s passenger cars since they provide power only on demand. 

Therefore such steering systems are more energy efficient than HDS. This fact results in a lower 

fuel consumption in comparison with vehicles that use HDS rather than EPS systems [82], [83]. 

In addition to the energy benefits, assembly space can be saved in the engine bay since no 

hydraulic components such as pumps are needed.  

As already mentioned in chapter 1 of the thesis, the NVH comfort in the vehicle interior plays 

an important role for the commercial success of the vehicle. As a consequence the structure-

borne sound of EPS systems, transferred to the vehicle chassis, is considered since it is radiated 

from the surface of the vehicle chassis into the vehicle interior. This applies for other structure-

borne sound sources which are attached to the vehicle chassis. Therefore, in automotive indus-

try TPA methods, as outlined in section 2.4, are widely used to troubleshoot structure-borne 

sound issues which influence the NVH comfort in the vehicle interior in a negative way.  

One of the many potential root causes of NVH issues in the vehicle interior can therefore be 

traced back to EPS systems. For that reason, in chapter 5 of the thesis the methodology of a 
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novel transmissibility based TPA approach is presented. The approach is developed to investi-

gate the internal structure-borne sound generation mechanisms within an EPS system inde-

pendently from the internal receiver which can be a housing, for instance. Therefore an 

EPSapa system, which is a particular type of EPS system, is chosen as the basis of two case 

studies. The case studies are carried out with the aim to validate the presented novel TPA meth-

odology. 

For this reason, in the following of this section at first the functional principle of an EPSapa sys-

tem is fundamentally outlined. In general, besides the EPSapa system, two further categories of 

electric power steering systems are distinguished according to [82] and [83]. The abbreviations 

of these system are EPSdp [84] and EPSc [85]. The lower case letters “dp” stand for “dual 

pinion”. This type of EPS system has a second worm gear, used in combination with the electric 

motor, to provide a force which assists the driver to steer the vehicle. The EPSc system where 

the “c” stands for “column” generates the assisting force using an electric motor that is mounted 

at the steering column. Both EPS systems are used to steer compact or mid-size commercial 

vehicles while upper class and off-road vehicles are usually equipped with an EPSapa system.  

Although only the EPSapa system is investigated in this thesis, the proposed novel TPA meth-

odology can also be applied to EPSc and EPSdp systems. For this purpose the general rules 

which are summarised in section 3.5 are provided. After elucidating the functional principle of 

an EPSapa system in section 3.2.2 the boundary conditions of an EPSapa system are introduced 

and briefly discussed in section 3.2.3.  
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3.2.2 Functional principle 

Since only steering systems of the type EPSapa are used within the scope of this thesis in the 

following of this subsection only the functional principle of an EPSapa system is outlined. A 

detailed description of the underlying functional principles of EPSc and EPSdp systems can be 

found in [82] and [83], for instance. Therefore the two aforementioned types of EPS systems 

are not further described. However, the three types of electric power steering systems are based 

on the so called “rack and pinion” principle. That simple principle allows to construct steering 

systems light in weight and precise in combination with a high haptic feedback from the road. 

Especially the haptic feedback is an important security factor for the drivers of vehicles while 

performing a steering manoeuvre.  

When the driver of a vehicle turns the steering wheel with the intention to change the direction 

of driving the so called steering pinion (SP) which is part of a gear is set into rotation. On the 

drive side the SP is connected via the steering column (SC) with the steering wheel of the ve-

hicle. On the output side the SP meshes with the so called toothed rack (TR) which is a straight 

bar with teeth on its surface. By means of that simple principle the steering system transforms 

the rotation of the steering wheel into a lateral movement of the TR from the left to the right 

side of the vehicle and vice versa. As the TR is connected to the tie rods of the vehicle, which 

are furthermore assembled to the wheels of the vehicle, the driver can change the direction of 

driving by simply turning the steering wheel. Hence, EPSapa systems make the driving experi-

ence more comfortable and also more secure by assisting the driver. The underlying sequence 

which is performed based on the functional principle of an EPSapa system is depicted by the 

following flow chart in Figure 3.1.  
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Figure 3.1: Schematic of the functional principle of an electric power steering system 

In order to assist the driver with his endeavour to induce a steering manoeuvre the EM provides 

a servo torque according to the driving situation. Such a situation can be the parking processes 

at low vehicle speed or a lane change at high vehicle speeds, for instance. Therefore according 

to the specific situation, at first it has to be recognised by the electronic control unit (ECU) if 

the driver needs high power assistance or if there is only low power assistance necessary [82], 

[83]. In order to make that decision the actual driving situation which is characterised by the 

angular velocity of the steering wheel in combination with the driving speed of the vehicle is 

the decision criteria. Based on the aforementioned criteria the EM provides the servo torque 

that is needed to support the driver with his endeavour to steer the vehicle. Thereby the torque 

is calculated by the ECU. 

The generated servo output torque of the EM is transferred via the so called toothed belt (TB) 

to the toothed disc of the so called ball nut assembly (BNA). Through the principle of the BNA 

the torque is then transferred into a translational force. This force is superposed to the steering 

force of the TR 
TRf  [82], [32]. This relation is condensed in the following equation 

 TR ST SP EM EMf i M i M= +   (3.1) 
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where 
SPi  and EMi  are the ratios of the meshing between the steering pinion (SP) and the TR 

and the pinion (P) of the EM and the TB, respectively. The torque SPM  that is provided by the 

driver by turning the steering wheel is superposed to the assisting torque 
EMM  of the EM. 

Because of this general functional principle multiple transmission paths for the vibrational en-

ergy flux within an EPSapa system exist. Figure 3.2 shows the identified transmission paths of 

the vibrational energy flux which is depicted as a red line within an EPSapa system.  

 

Figure 3.2: Schematic model of the transmission paths of the vibrational energy flux within an 

EPSapa system 

Additionally in Figure 3.2 the coupling interfaces where the acoustic energy is transmitted from 

the EPSapa system to the vehicle are shown. These interfaces are the intersections between the 

boundary of the EPSapa system and the vehicle. They are depicted as red arrows in Figure 3.2. 

The following interfaces between an EPSapa system and a vehicle are generally defined: 
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• the steering column (SC),  

• the tie rods and  

• the housing (H) of the EPSapa system.  

Previous research at RBAS has shown that only the connections between the housing (H) of the 

EPSapa system and the vehicle are dominant. Therefore only these interfaces are considered as 

important for the structure-borne sound transmission from the EPSapa system to the vehicle. A 

detailed discussion of all the interfaces and transmission paths, which are considered within the 

scope of the present thesis can be found in section 3.4 of this chapter. 

3.2.3 Boundary conditions 

For a meaningful conduction of a TPA approach (see section 2.3) it is at first necessary to define 

the boundary conditions of the source-path-receiver construct which should be analysed. This 

subsection intends to define in the following the aforementioned boundary conditions for the 

underlying case of an active EPSapa system coupled to a receiver such as a test rig or a vehicle, 

for instance. Two general categories of boundary conditions are distinguished in the following. 

At first the operational boundary conditions while the performing of a steering manoeuvre are 

defined. Second the mounting conditions of the steering system and its components with the 

test rig and the housing of the EPSapa system are defined, respectively.  

Like already mentioned the sound in the vehicle interior while a parking manoeuvre at low 

vehicle speed is of interest for costumers in order to evaluate the NVH performance of the 

EPSapa system. The reason for this is that the internal combustion engine does not sufficiently 

mask the sound which is generated by the EPSapa system while the vehicle is been parked. This 

means that the structure-borne sound which is a result of the parking manoeuvre at low vehicle 
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speeds can be seen as a critical part of the “operational noise” of an EPSapa system. Therefore 

the definition of the operational boundary conditions for a bfTPA approach of an EPSapa sys-

tem is based on the parking process of a vehicle.  

At this point it is mentioned that in [32] Sturm described that also road induced noise while 

driving on uneven road surfaces such as rattle plays an important role for the NVH quality of 

an EPSapa system. However, within the present thesis only steering induced noise in the range 

between slow steering with an angular steering speed of 100°/sec and very fast steering with 

600°/sec with an increment of 100°/sec is investigated. This is mainly because the bfTPA ap-

proach which is presented in the scope of this thesis is conducted in the frequency domain 

whereas the analysis of road induced noise requires a time domain approach [32], [66]. Constant 

steering speeds are easier to analyse in the frequency domain. Within the scope of the present 

thesis the defined range of angular speed while turning the steering wheel is one of the set 

boundary conditions for the conduction of the bfTPA approach which is presented in subsec-

tion 5.4.4. Furthermore the rotational speed of the components of an EPSapa system which are 

the most important operational boundary conditions in order to determine the in-situ blocked 

forces which characterise their structure-borne sound can be derived from the steering speed 

based on the internal ratios.  

The second category of boundary conditions are the mounting conditions of the EPSapa system 

and its components and the definition of the external forces which act on the steering system. 

The mounting torque of the EPSapa system with the test rig should be the same as the mounting 

torque when the EPSapa system is assembled to a vehicle. The same applies to the mounting 

conditions of the components of an EPSapa system with the housing. This includes the mount-

ing torque of the electric motor, the tension of the toothed belt and the fit between the ball 
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bearing of the ball nut assembly and the housing of the EPSapa system. An explicit discussion 

of the boundary conditions for each internal source can be found at the beginning of the sub-

sections 4.5.2, 4.5.3 and 4.5.4 which contain case studies of the electric motor, the ball nut 

assembly and the toothed belt, respectively. 

If a steering manoeuvre is performed the friction between the tires and the road surface needs 

to be overcome. This cause-effect relationship results in external forces which act at the tie rods 

against the steering forces. If a bfTPA approach of an EPSapa system is conducted on a test rig 

this fact needs to be considered in order to simulate the tie rod forces to conduct a meaningful 

analysis. Within this thesis the tie rod forces are treated as nearly equal to zero to reduce the 

complexity of the case study of a bfTPA of an EPSapa system which is presented in subsec-

tion 5.4.4. Therefore the torque that is provided by the electric motor of the EPSapa system is 

significantly lower than in case of a real parking manoeuvre of a car. Nevertheless this simpli-

fication offers the possibility to easily reproduce all the boundary conditions of an EPSapa sys-

tem and its components on the corresponding test rigs. 

3.3 Internal sound sources and receiver 

3.3.1 Introduction 

Based on the functional principle of an EPSapa system which is described in the previous sec-

tion the main components regarding the NVH behaviour of an EPSapa system can be identified. 

These components will be called “internal sources” within the scope of the present thesis. They 
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generate the structure-borne sound that is transferred within an EPSapa system2 via the internal 

receiver to the external connection points between the EPSapa system and an overall receiver 

such as a vehicle or a test rig, for instance. 

In this section at first the primary and subsequently the secondary internal sources are outlined 

in subsection 3.3.2 and 3.3.3, respectively. The second mentioned internal sources are listed for 

the sake of completeness but are not included in the conducted bfTPA approach of an 

EPSapa system (compare case studies presented in subsection 5.4.3 and 5.4.4). However the 

aforementioned assumption is only valid for the structure-borne sound that is generated during 

a steering manoeuvre such as parking of a vehicle at low vehicle speed. If the sound in the 

vehicle interior of a vehicle is a consequence of excitation by an uneven surface of the road the 

secondary internal sources are important and need to be included within the bfTPA approach. 

The section is closed with an introduction of the internal receiver of an EPSapa system in sub-

section 3.3.4. 

3.3.2 Primary internal sources 

The EPS system which is used in the scope of this thesis is an EPSapa system. This means that 

the electric motor that provides the torque for the power assistance is mounted towards the 

housing of the EPS system in a parallel arrangement to the toothed rack. For the power assis-

tance of the steering manoeuvre a force is generated which is superposed to the lateral move-

ment of the TR. This is achieved because the so called pinion of the EM drives a toothed belt 

                                                 

2 or any other overall source that consist of multiple internal structure-borne sound generation mecha-

nisms 
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which in turn drives the toothed disc of the ball nut assembly. The BNA, which has a mechanical 

link to the TR via a ball chain, in turn transforms the torque provided by the EM into the lateral 

force which assists the driver with his endeavour to steer the vehicle. These fundamentals of 

the functional principle of an EPSapa system are already explained in more detail in subsec-

tion 3.2.2. An example of such an EPSapa system including the main components is depicted 

in Figure 3.3. All the referred components of an EPSapa system that are highlighted in Figure 

3.3 will be categorized as primary internal sources, secondary internal sources and internal re-

ceiver in the scope of the subsections 3.3.2, 3.3.3 and 3.3.4, respectively. 

 

Figure 3.3: EPSapa system with highlighted main components 

According to Pfeffer [86], research that has been carried out by RBAS and through closely 

analysing the functional principle of an EPSapa system three main prominent internal sources 

can be identified. The three identified internal sources of an EPSapa system generate structure-

borne sound because of their functional principle during a steering manoeuvre such as parking 

of a vehicle, for instance. The challenge is to optimise their design regarding an optimised NVH 

behaviour of the whole EPSapa system which the internal sources are a crucial part of. Before 
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the three main internal sources of an EPSapa system are listed in the following it has to be 

remarked that transient effects, such as rattle noises, which result from excitation by the road 

surface will not be investigated within the scope of this thesis. But an assumption is made that 

the bfTPA methodology which is developed and presented in chapter 5 of this thesis can also 

be used in combination with the time domain approach by Sturm [32], [66] to determine the 

associated in-situ blocked forces and analyse their contribution. 

The three dominant primary internal sources of an EPSapa system are identified as follows:  

1. the electric motor,  

2. the ball nut assembly and  

3. the toothed belt 

In section 4.5 all of the three identified primary internal sources of an EPSapa system are further 

investigated in the course of a case study. Hence further information about the characteristics 

of the three primary internal sources can be found in the subsections 4.5.2, 4.5.3 and 4.5.4. This 

subsection only intends to introduce the primary internal sources of an EPSapa system rather 

than discussing them in detail. The internal sources will be treated as a black box [87] within 

the further scope of this thesis. This means that no further substructuring of the three identified 

primary internal sources will be considered in the remainder of this thesis. 

3.3.3 Secondary internal sources 

Beside the three dominant internal sources which are listed in subsection 3.3.2 the steering pin-

ion can be considered as a secondary and therefore not dominant internal source. The SP indeed 

transfers the torque provided by the driver who turns the steering wheel into a lateral movement 
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of the toothed rack and can therefore be seen as an important functional component. However, 

internal research at RBAS has shown that the SP is not to be seen as a dominant and therefore 

critical internal source during the operation of a steering manoeuvre. For that reason the SP is 

only mentioned for the sake of completeness. The SP as well as the primary internal sources are 

depicted in Figure 3.3 where they are highlighted in blue. 

Although transient sound effects should not be considered within this thesis for the sake of 

completeness a further secondary source beside the SP is briefly introduced in the following. 

The yoke is a spring that is mounted between the housing of the EPSapa system and the toothed 

rack to preload the toothed rack. If the tolerances of the yoke are two wide a mechanical impact 

between the toothed rack and the yoke can result which can lead to rattle noises. However, 

during a parking manoeuvre the aforementioned secondary source is usually not to be seen as 

a key role for the NVH performance.  

3.3.4 Internal receiver 

Every complex product such as an EPSapa system consists besides the active vibrational com-

ponents, which are defined as the internal sources, of passive parts as well. These parts, which 

are often important for the functional principle of the product because they embed the internal 

sources, can be considered as the internal receivers of the assembly (compare section 1.4). Since 

these passive parts of an assembly only embed the internal sources they do not generate struc-

ture-borne sound on their own. Although no structure-borne sound is generated, however the 

generated structure-borne sound of the internal sources is transmitted to the external interfaces 

of the assembly via the transmission paths within the internal receiver (compare Figure 1.2). 
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Hence it is important to define the internal receiver which is part of an overall structure-borne 

sound source in order to conduct a meaningful bfTPA approach within the overall source. 

For the case of an EPSapa system the housing of the steering system is identified as the internal 

receiver. The reason for choosing the housing as the internal receiver is that the housing con-

stitutes the interfaces between the overall receiver such as a vehicle, for instance, as well as 

between the internal sources. Both aforementioned “external” and “internal” interfaces will be 

further introduced in section 3.4. Thus on the one hand the housing embeds the internal sources 

introduced in section 3.3 and on the other hand it also forms the connection with the front axle 

carrier of a vehicle. Therefore the housing transmits the structure-borne sound which is induced 

by the EM, the BNA and the TB to the interface between the EPSapa system and the vehicle.  

Figure 3.3 shows the housing of an EPSapa system, which embeds the EM, the BNA and the 

TB, depicted in orange. Just as the internal sources the internal receiver will be treated as black 

box. That way no further substructuring of the housing is needed. Therefore the only infor-

mation that is needed about the housing, to conduct a bfTPA approach, are the in-situ blocked 

forces at the defined DoFs at the internal and external interfaces. Furthermore transmissibility 

functions called “blocked force transmissibility” (BFT) which will be introduced in sec-

tion 5.2.3 are used to describe the transmission behaviour within the housing between the inter-

nal and external interfaces. Within the present thesis all the blocked force transmissibilities are 

calculated in the frequency domain. However in theory it is also possible to describe the trans-

missibility functions in the time domain. This yields the possibility to be able to investigate 

transient sound phenomena such as rattle noise, for instance. 
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3.4 Transmission paths and interfaces 

3.4.1 Introduction 

An important and major initial step, in conducting a bfTPA, is the definition of the interfaces as 

well as the transmission paths of structure-borne sound within an overall source. Since a bfTPA 

approach is based on transmissibility functions, it is important to include all necessary DoFs at 

the external and internal interfaces for a full description of the physical behaviour of the overall 

source. Otherwise important transmission paths within the overall source are omitted and the 

bfTPA would not be meaningful. A detailed discussion of this problem, which is typical for 

transmissibility based TPA, can be found in subsection 5.3.4 of this thesis. The identified trans-

mission paths can be found in subsection 3.4.4. 

It is proposed that the transmission paths are directly deduced from the DoFs at the external and 

internal interfaces which are defined according to the functional principle of the overall source 

such as an EPSapa system. Usually the overall source, to be analysed, is attached to an overall 

receiver such as a test rig or a vehicle. Therefore the connection between the overall source and 

the overall receiver are defined as the external interfaces. In general the internal interfaces are 

those between the defined internal sources and internal receiver structures. The difference be-

tween external and internal interfaces will be further explained in subsection 3.4.2 and subsec-

tion 3.4.3, respectively. In case of an EPSapa system the internal sources and the internal re-

ceiver are already defined in section 3.3. In the following, the interfaces between the 

aforementioned structures are introduced. 
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3.4.2 External interfaces 

Steering systems are connected with a vehicle at multiple stiff connections where they are 

mounted against the front axle carrier. The stiff connections between a front axle carrier and a 

steering system are necessary to ensure feedback from the road which is important for the driver 

experience. This applies of course to EPSapa systems as well.  

Unfortunately at these stiff connections structure-borne sound which is generated by the internal 

sources (compare section 3.3) of the EPSapa system is transferred from the housing of the 

EPSapa systems to the front axle carrier of the vehicle. Conveniently, these connections can be 

treated as point connections in most of the cases. Research that has been successfully conducted 

treating the connections of the EPS system with a vehicle or test rig as point connections can 

be found in [31], [32], [11], [12], for example.  

In case of the EPSapa system that is used in the scope of this thesis four connections between 

the steering system and the vehicle exist. The connections can be seen as feet with holes where 

the EPSapa system is mounted against the front axle carrier of the vehicle using bolts. Therefore 

the four connections between the EPSapa system and the vehicle can be seen as highly stiff. 

One of the four connection points between the EPSapa system and the vehicle is exemplarily 

shown circled in red in Figure 3.4. 
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Figure 3.4: Cross sectional view of an EPSapa system with highlighted external interfaces at one of 

the mounting feet with a vehicle 

The definition of the external interface is important since it is the target location for the bfTPA 

approach. Research that has been carried out by RBAS showed that it is for many cases suffi-

cient to describe the external interface with three translational DoFs. The rotational DoFs are 

omitted and still a sufficient characterisation of the structure-borne sound at the external inter-

face is achieved. For that reason within this thesis, rotational DoFs are omitted as well. Never-

theless in subsection 5.4.2 a bfTPA approach will be carried out using a steel beam where rota-

tional DoFs are included. That way the validity of the proposed bfTPA methodology is proven. 

In the case under consideration the external interface is characterised by determining three in-

situ blocked forces at each connection point. In [88] van der Seijs showed that the interface 

between an EPSapa system and the vehicle behaves more or less as one stiff point and can 

therefore be treated as one point. This approach which is called virtual point transformation is 

not applied within this thesis. In total the EPSapa system is characterised with 12 vectors of in-

situ blocked force at the connection points between the steering system and the vehicle. 
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3.4.3 Internal interfaces 

Between every internal source which is outlined in section 3.3 and the internal receiver exists 

an internal interface. The physical characteristics of these interface are crucial for the transmis-

sion of the structure-borne sound between an internal source and an internal receiver. The pre-

cise characterisation of these interfaces is therefore important for the determination of the in-

situ blocked forces. Thus it is also crucial for the conducting of the bfTPA approach. Therefore 

special attention needs to be focussed on defining the correct internal interfaces. This especially 

concerns the question if an interface is a continuous contact zone or if it can be treated as one 

or multiple point connections. If an interface can be treated as a point connection usually no 

further discretisation of the interface is needed. But in most cases, like an EPSapa system for 

example, the interfaces are continuous. This requires a spatial discretisation of the interface. A 

methodology to deal with these continuous interfaces will be outlined in section 4.3. The pre-

sent section only aims to introduce and characterise the interfaces of an EPSapa system. This 

applies for the internal as well as the external interfaces of an EPSapa system.  

Since three main internal sources of an EPSapa system were identified also three internal inter-

faces to be characterised exist. The locations of these three interfaces are schematically shown 

in Figure 3.5. The interface between the EM and the H, between the TB and the P and between 

the BNA and the H are highlighted with blue (1), purple (2) and yellow border (3) lines, respec-

tively. In theory there would be a fourth internal interface between the SP and the housing of 

the EPSapa system. However, this interface will not be outlined in the following since the steer-

ing pinion is only considered as a secondary source in the scope of this thesis. 
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Figure 3.5: Cross sectional view of an EPSapa system with highlighted internal interfaces  

The first interface to characterise with in-situ blocked forces is between the EM and the housing. 

Since it is a plain surface and can be seen as rotationally symmetric it is assumed to be the 

easiest to characterise. Additionally the stiffness of the interface can be assumed as being spa-

tially constant. The second interface is between the BNA and the housing. Precisely the inter-

face is chosen to be the surface of the outer ring of the ball bearing that embeds the BNA in the 

housing. The ball bearing therefore can be seen as part of the BNA. The last and probably most 

complicated interface, since it is revolving, is the interface between the TB and the pinion of 

the EM. The interfaces are all continuous admittedly, but differ in their shape and their dynamic 

behaviour. 

3.4.4 Transmission paths 

Besides the identification of the internal sources and internal receivers it is crucial, for conduct-

ing a bfTPA, to identify the main paths for the transmission of structure-borne sound within an 
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overall source. Naturally these paths follow if the necessary DoFs at the external and internal 

interfaces are defined since the transmission paths link the external and internal DoFs with each 

other. At this point it has to be mentioned that it is crucial to identify all relevant DoFs at the 

interface. Otherwise the structural behaviour and therefore also the correct transmission of 

structure-borne sound is not fully described. Nevertheless, in many cases some transmission 

paths within a product can be seen as dominant and some can be omitted because the path is 

blocked or fully damped. 

This section therefore introduces the two main identified transmission paths for structure-borne 

sound within an EPSapa system. Figure 3.6 shows these two identified internal transmission 

paths within an EPSapa system as a blue and yellow line, respectively. 

 

Figure 3.6: Cross sectional view of an EPSapa system with the two identified internal transmission 

paths highlighted as blue and yellow line 

During a steering manoeuvre the EM provides a torque and in the following both identified 

transmission paths have their root cause each at the internal sound generation mechanisms 
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within the EM. Nevertheless according to the functional principle two main paths for the struc-

ture-borne sound that is generated within the EM can be identified. In the following no further 

distinction between all the DoFs which are contained within one transmission path will be 

made. All DoFs are seen to be combined within one transmission path for the sake of simplicity.  

The first transmission path which is depicted in Figure 3.6 as a blue line runs via the plain 

interface between the EM (green) and the housing (red). The connection between the housing 

and the EM is therefore treated as three point connections. Within the housing the transmission 

path then proceeds to the external interfaces (compare subsection 3.4.2) between an 

EPSapa system and a vehicle. The second transmission path runs from the pinion of the EM, 

the toothed belt (TB) and then the ball nut assembly (BNA) to the housing of the EPSapa sys-

tem. From there the structure-borne sound is then transmitted within the housing to the external 

connection points with the vehicle. The second path can be divided into two parts. The first path 

can be seen as the connection between the meshing of the pinion with the TB and the meshing 

of the TB with the toothed disc of BNA. The second part of the transmission path is the con-

nection that follows after the meshing of TB and toothed disc until the connection between the 

EPSapa system and a vehicle. 

The bearing of the BNA is introduced as a “transceiver structure”, since on one hand it generates 

structure-borne sound and on the other hand receives structure-borne sound from the BNA. A 

further transceiver structure within an EPSapa system is the toothed belt. The term “transceiver” 

is chosen in comparison with radio technology where a transceiver is a technical device that 

simultaneously transmits and receives radio waves. If the transceiver structures are engineered 

with high quality their contribution is usually expected as very low in comparison to the IAs. 

For that reason the transceiver structures can often be seen as part of the IAs. This can be an 
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advantage if the interface between the transceiver and the IB is easier to access than the interface 

between the transceiver and the IA. 

Concluding, the internal transmission paths of the vibro-acoustic energy within an EPSapa sys-

tem will be defined as follows 

1. electric motor – housing 

2. electric motor – toothed belt – ball nut assembly – housing  

a. electric motor – toothed belt – ball nut assembly  

b. ball nut assembly – housing  

The experimental investigation of the aforementioned transmission paths of structure-borne 

sound within an EPSapa system can be found in section 5.4 of the present thesis. 

3.5 Summary and concluding remarks 

In the present chapter, at first electric power steering (EPS) systems in general and EPSapa sys-

tems in particular are introduced. Based on the functional principle, the EPSapa system is sub-

structured into its main components regarding the NVH characteristics of the steering system. 

This is an important objective of the thesis since the detailed substructuring of the EPSapa sys-

tem is the crucial basis for the success of the case studies that are presented in chapter 4 and 

chapter 5. The aforementioned case studies intend to prove the following two assumptions: 

• It is possible to determine accurate and meaningful in-situ blocked force vectors 

at the internal interfaces of an EPSapa system that are identified in section 3.4. 
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• The determined in-situ blocked force vectors pose the input quantity of the pro-

posed novel bfTPA approach since these forces characterise the strength of the 

internal sources which are defined in section 3.3. 

In section 3.2 the functional principle and the boundary conditions of an EPS system are de-

scribed. The EPSapa system is considered in detail, since it is part of the case studies that are 

carried out in the course of the present thesis. Based on that statement, all the relevant primary 

internal sources and the secondary internal sources of an EPSapa system are identified. When 

conducting a TPA, the definition of the interfaces plays a significant role in the preparation of 

the approach. The definition of the transmission paths within the internal receiver requires a 

profound knowledge of the physical behaviour at the internal and external interfaces. Hence, 

based on the defined internal and also the external interfaces the transmission paths within an 

EPSapa system are outlined in subsection 3.4.4. It was stated that the precise definition of the 

transmission paths is crucial for the success of bfTPA. This issue is later discussed in subsec-

tion 5.3.4. At this stage it is only mentioned that omitting relevant transmission paths within an 

overall source can reduce the meaning of the results of the bfTPA. 

The methodology to substructure an EPSapa system, which is presented in this chapter, can also 

be applied to other products that consist of multiple internal sources and internal receivers. For 

this purpose the following steps can be followed to substructure an overall structure-borne 

sound source: 

1. Identification of all parts of the product to be analysed that actively generate struc-

ture-borne sound according to the functional principle:  

These parts are defined as the internal sources and will be characterised by deter-

mining their source strength in terms of in-situ blocked forces. For simplicity, all 
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internal sources are treated as black boxes since the generation mechanism of 

structure-borne sound within the internal sources are often experimentally chal-

lenging. The limiting factor is the dimensions of the internal source. However, if 

it is possible to determine the internal generation mechanisms within an internal 

source a further substructuring is possible. 

2. Identification of the component or components of a product that only transmit 

structure-borne sound instead of generating it on their own: 

These parts are defined as the internal receivers. An example of an internal re-

ceiver is the housing of an EPS system. Since every technical product needs some 

sort of housing, bearing or similar parts, it is always possible to identify at least 

one part of an assembly that is treated as an internal receiver. 

3. Identification of the internal and external interfaces between the internal sources 

and the internal receivers, respectively: 

Not only the identification is of importance but also the description of the inter-

faces, particular if the interface is a point connection or a continuous area. If the 

interface is treated as a continuous area further assumptions about the discretisa-

tion need to be made. This will be discussed in subsection 4.3.2. 

4. Definition of the transmission paths within the product:  

A transmission path begins at the interface between an internal source and an in-

ternal receiver and ends at the interface between the overall source and the overall 

receiver. One needs to avoid omitting relevant transmission paths. This is crucial 

since the paths are characterised with transmissibility functions rather than FRFs. 
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The four steps which are presented within this subsection can be followed in order to sub-

structure an overall structure-borne sound source into its main internal sources, internal re-

ceivers and internal transmission paths within the internal receiver. Subsequently the meth-

odology of bfTPA can be applied. 
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Chapter 4 

Independent characterisation of internal 

structure-borne sound sources 

4 Independent characterisation of internal structure-borne sound sources 
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4.1 Introduction 

In chapter 5 of the present thesis a novel transmissibility based TPA methodology which is 

called “blocked force transmissibility transfer path analysis” (bfTPA) will be proposed. Within 

the scope of this thesis the validity of the proposed bfTPA methodology is proven by carrying 

out three experimental case studies. The results of the aforementioned experimental case studies 

are presented in subsection 5.4. As briefly mentioned in chapter 1 of this thesis, the conduction 

of the bfTPA initially requires the determination of external and internal in-situ blocked forces 

at the corresponding interfaces, respectively.  

Within the context of this thesis the internal in-situ blocked forces characterise the vibrational 

strength of the defined embedded internal structure-borne sound sources within an overall struc-

ture-borne sound source (compare section 3.3). The experimentally determined vectors of in-

ternal in-situ blocked forces subsequently provide the input quantities (external source 

strengths) for the proposed bfTPA approach. Hence, the precise determination of the internal 

in-situ blocked forces is a crucial objective. This means, that in accordance with any other al-

ready existing TPA method3, the proposed bfTPA method generally requires at first the precise 

definition of the conditions of the internal structure-borne sound sources.  

Therefore, one important step within the definition of the internal sources4 is the specification 

of the corresponding internal interfaces and DoFs between the internal sources and the internal 

                                                 

3 This applies for transmissibility based and FRF based TPA methods. 
4 Within this thesis the term “internal source” is used rather than “internal structure-borne sound 

source” for reasons of simplicity. 
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receiver (compare section 3.4). The definition of the internal structure-borne sound sources em-

bedded within the overall structure-borne sound source is conducted according to the developed 

internal-source-path-receiver-model (ISPRM). In section 1.4 of this thesis ISPRM was intro-

duced and briefly outlined. Although the definition of the internal sources seems to be a fairly 

uncomplicated step in the course of a bfTPA, it is important to fulfil the step with care. Other-

wise, wrong conclusions will be drawn for optimisation of the overall structure-borne sound 

source regarding NVH specifications. 

In chapter 3 an EPSapa system was introduced and sub-structured into its three main internal 

sources, the internal receiver and the corresponding interfaces. In this chapter the three internal 

sources of an EPSapa system, which are the electric motor, the ball nut assembly and the toothed 

belt, are further investigated. Three different case studies are carried out, which comprise the 

experimental determination of the in-situ blocked forces of the three aforementioned prominent 

internal sources at the internal interfaces of an EPSapa system. Section 4.5 contains the results 

and the discussion of the determined aforementioned in-situ blocked forces.  

A toothed belt of an EPSapa system can be seen as an internal source with a revolving interface 

rather than a system with a quasi-static interface. Therefore in section 4.4 a methodology to 

deal with an internal source is presented. Furthermore a second alternative way of determining 

the in-situ blocked forces of the toothed belt of an EPSapa system. In contrast to the internal 

interface between a toothed belt and the chosen internal receiver the interfaces between the 

electric motor and the ball nut assembly with an internal receiver, respectively, are continuous. 

For that reason in section 4.3 a methodology is proposed which aims to deal with the internal 

continuous interfaces within an overall structure-borne sound source such as an EPSapa system. 

It will be shown that a sufficient discretisation of the continuous internal interfaces of an electric 
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motor and a ball nut assembly with an internal receiver, respectively, is sufficient to yield mean-

ingful results for the determined vectors of internal in-situ blocked forces. 

In order to experimentally determine the in-situ blocked force vectors of the internal sources at 

first in section 4.2 a novel application of the in-situ method by Moorhouse and Elliott [27] is 

presented. The proposed novel application is based on the use of micro electro mechanical sys-

tem (MEMS) accelerometers. It will be demonstrated that a specific type of small and low-cost 

MEMS accelerometers is useful for inverse force identification [89], [90] and therefore also for 

the in-situ blocked force method. In order to prove this assumption MEMS accelerometers are 

used for the determination of the vectors of in-situ blocked forces in the scope of the three case 

studies which are presented in section 4.5. 

4.2 Application of embedded accelerometers for the deter-

mination of in-situ blocked forces 

4.2.1 Introduction 

In subsection 2.3.4 the underlying methodology for the determination of in-situ blocked forces, 

first presented by Moorhouse and Elliott in 2009, is outlined [27], [26]. Furthermore it was 

highlighted that for an accurate calculation of in-situ blocked forces, an accurate determination 

of FRFs is crucial (compare Eq. (2.8) and Eq. (2.7)). The aforementioned FRFs from multiple 

DoFs at the interface between a structure-borne sound source and a receiver to multiple arbitrary 
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locations5 on the receiver side (compare Figure 2.6) can be determined either experimentally or 

analytically. However, in the following, only experimentally determined FRFs are considered. 

The reason is that the results that will be shown in subsection 4.5.2 and subsection 4.5.3 are 

also achieved experimentally. 

The experimental determination of FRFs requires the measurement of acceleration at the inter-

face DoFs between an overall structure-borne sound source and an overall receiver or between 

an internal source and an internal receiver6, respectively (see Eq. (2.2)). For many products 

such as an EPSapa system, which is defined as an overall structure-borne sound source within 

this thesis, the determination of the necessary FRFs is in fact conveniently possible. The reason 

is, that the external interfaces can often be treated as point connections since the interface can 

be seen as stiff. Hence the choice of the DoFs at the interfaces is often obvious. Furthermore 

the external interfaces between the overall source and an overall receiver such as a vehicle or a 

test rig, for instance, are mostly accessible with surface mounted accelerometers. Hence, it is 

possible to determine the necessary FRFs (compare Figure 2.6) through measurement and sub-

sequently calculate the vectors of external in-situ blocked forces. For the case of an EPSapa sys-

tem this was already shown by research conducted at Robert Bosch Automotive Steering 

GmbH. Furthermore it was shown that the determined vectors of in-situ blocked forces yield a 

meaningful characterisation of the source strength of an EPSapa system if the external inter-

faces are each treated as point connections [11], [12]. A description of the external interfaces of 

an EPSapa system can be found in subsection 3.4.2 of the present thesis. 

                                                 

5 The term location indicates a point and a corresponding DoF. 
6 Because of the inconvenience reciprocal measurement is often avoided. 
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Unfortunately, in case of an EPSapa system the internal interfaces are often either not conven-

iently accessible or totally inaccessible with standard surface mounted integrated electronic pi-

ezoelectric (IEPE) accelerometers. This is especially due to the fact that the size of most stand-

ard IEPE accelerometers is too large to even position them sufficiently close to the internal 

interface. Furthermore, the positioning of accelerometers changes the characteristics of the sen-

sitive contact zone between an internal source and an internal receiver. Many products have 

inaccessible internal interfaces because of their complex and space-saving construction method. 

However, if the vectors of in-situ blocked forces of an internal source need to be determined, 

which is necessary for the conduction of a bfTPA approach, the problem of inaccessibility at 

the internal interfaces arises and needs to be solved.  

However, if accelerometers are embedded at the sensitive contact interface between an internal 

source and an internal receiver the in-situ blocked force method can still be conducted as pre-

sented by Moorhouse and Elliott [27], [26]. Since MEMS accelerometers are to date available 

of low cost, small size and good measurement accuracy, e.g. [91], [25], [24], it is possible to 

place these types of accelerometers directly at the interface between an internal source and an 

internal receiver. Thus, yielding the possibility to determine the in-situ blocked forces of inter-

nal structure-borne sound sources such as the electric motor or the ball nut assembly of an 

EPSapa system, for example.  

In the following the methodology for the determination of in-situ blocked forces through the 

application of MEMS accelerometers which are embedded at an internal interface will be in-

troduced in subsection 4.2.2. Furthermore, the differences between the in-situ method and the 
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proposed application of the method using MEMS accelerometers will be elucidated. Subse-

quently potential improvement and the general limits of the proposed methodology are pre-

sented and discussed in subsection 4.2.3. 

4.2.2 Methodology  

The methodology to determine in-situ blocked forces at internal interfaces is basically compa-

rable with the in-situ method proposed by Moorhouse and Elliott. Therefore, the aim of this 

subsection is to define the differences between both methodologies. Furthermore it will be 

stated how the proposed methodology expands the in-situ method in order to determine internal 

in-situ blocked forces.  

The in-situ blocked force method, reviewed and discussed in section 2.3.4, gives the in-situ 

blocked forces calculated according to Eq. (2.7). Hence the in-situ method is based on an in-

verse force identification approach such as generally described in [92] and [93], for example. 

This means that for the calculation of the in-situ blocked forces the precise generation of a 

mobility matrix ,C cbY  (see Eq. (2.7)) is a key factor for the success of the methodology. Hence 

the proposed methodology for the determination of internal in-situ blocked forces is focussed 

on the mobility matrix ,C cbY  since the measurement of the operational velocities 
op

v  does not 

differ from the in-situ method. 

Like already mentioned, in order to generate the mobility matrix ,C cbY  simultaneous measure-

ment of acceleration at the internal interfaces and excitation at the receiver side (b) is needed. 

Reciprocal measurement to determine the mobility matrix is often not possible, even for the 

determination of in-situ blocked forces at external interfaces. This issue is the same for the 
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determination of in-situ blocked forces at internal interfaces since the space around the internal 

interfaces is even reduced in comparison to the external interfaces of an EPSapa system. The 

measurement of acceleration at the internal interface and the derived velocity 
cv  is used to 

build the necessary mobility matrix ,C cbY  according to Eq. (2.7). In this point both methodolo-

gies share the same foundation since the coupled system is excited at the receiver side (b). 

However, the difference between both methods is the way how the acceleration at the interface 

(c) between an internal source and a receiver (see Figure 2.3) is determined.  

Therefore the proposed use of embedded MEMS accelerometers for the determination of inter-

nal in-situ blocked forces can be seen as an adaption of the in-situ blocked force method. How-

ever, there are some differences between an approach with surface mounted accelerometers and 

the proposed use of embedded MEMS accelerometers. 

In order to determine internal in-situ blocked forces it is proposed to slightly modify the sensi-

tive internal interfaces in such a way that small MEMS accelerometers can be embedded at the 

internal interfaces. Where possible, existing small grooves or holes at the interface are used. 

However, often it is necessary to add small grooves to the interface. Hence, in contrast to the 

in-situ method the interface needs to be modified. This usually means that the internal source 

which is an embedded component of a product that is defined as an overall source needs to be 

disassembled. This can be seen as a potential downside of the proposed methodology and will 

therefore be further discussed in subsection 4.4.3. 

If the proposed methodology is applied one has to pay attention that the boundary conditions 

between the internal source and the internal receiver stay the same in comparison to the unmod-

ified state. The small size of MEMS accelerometers introduces only minor modifications to the 

very sensitive contact interface. Consequently, FRFs measured with MEMS accelerometers, 
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directly embedded in the flux of forces, are assumed to contain more meaningful information 

than FRFs measured with surface mounted accelerometers close to the contact zone. Neverthe-

less, the following questions should therefore be considered in detail: 

1. Does the modification of the internal interface significantly change the con-

tact zone between the internal source and the internal receiver in a way that a 

continuous interface is forced to be multiple point connections instead? 

2. Does the modification prohibits the internal source from working in normal 

operational conditions? 

3. Is it possible to mount the internal source towards the internal receiver in the 

same way as before the modifications to the internal interface are introduced? 

Figure 4.1 shows an example of a modified internal interface between an internal source and an 

internal receiver. It shows the cylindrical contact surface of an electric motor (EM) with two 

additionally milled grooves7 next to threaded holes used for mounting the EM to the housing. 

At this point it can be remarked that, alternatively, it would also be possible to modify the 

receiver structure which in this case is the housing of an EPSapa system.  

                                                 

7 cross sectional area < 25 mm²: depth < 5 mm 
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Figure 4.1: Grooves machined into the housing of an electric motor to embed MEMS accelerometers 

in the vicinity of the actual contact interface (green) 

The embedded MEMS accelerometers record the velocity cv  at the internal interface which is 

necessary to determine the FRFs ,C cbY . In order to embed the MEMS accelerometers they have 

to be first placed carefully in the grooves. Additionally it is important to place them inside the 

grooves in such a way that the necessary DoFs for the determination of meaningful in-situ 

blocked forces can be measured. This means that no measurement direction of the MEMS ac-

celerometer is blocked or significantly reduced. After the MEMS accelerometers are placed the 

cavities are filled with a resin or any other adhesive that provides the necessary stiffness K  and 

a low damping factor D  [94]. This means that the MEMS accelerometers will therefore become 

part of either the receiver structure or the internal source structure. That is schematically shown 

in Figure 4.2. 

 

Figure 4.2: Mass-spring system of a MEMS accelerometer embedded in a cavity of a rigid structure 
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The results of the determined in-situ blocked forces will be outlined in subsection 4.5.2 and 

subsection 4.5.3. 

4.2.3 Limits of the methodology 

There are multiple boundary conditions which define the limits for the proposed methodology 

of embedded MEMS accelerometers at the interface between an internal source and an internal 

receiver in order to determine in-situ blocked forces. In the following of this subsection these 

limits will be elucidated and set in context with the already existing in-situ method. 

If the in-situ blocked force method can be applied to characterise an overall source at its external 

interfaces often surface mounted IEPE accelerometers can be used which are conveniently 

placed at or very close to the interface. That way no further disassembling step of the overall 

source and the overall receiver is necessary. This poses a significant advantage of the in-situ 

method. However, if the in-situ blocked forces of an internal source need to be determined 

according to the methodology which was presented in subsection 4.2.2 the internal source and 

the internal receiver potentially need to be disassembled. This can be a complicated procedure 

which avoided in consideration of time-saving.  

In addition it is also often required during the development process of the components of a 

product to determine the NVH properties during various prototype states. This presents the 

possibility to modify the component, which is seen as an internal source, before the components 

are assembled to an internal receiver such as a housing. Hence, the embedding of the MEMS 

accelerometers at the internal interface can be conveniently done during this stage. If this is 

considered at the beginning of the development cycle of a component the differences in time-

saving between the in-situ method and the proposed method are minor. 
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Another potential limit of the method is if the available space at the internal interface is not 

sufficient. This is usually a consequence of a lightweight construction principle in the automo-

tive industry towards saving of as much material as possible without reducing the stability of 

the product. However, since the interface forces are the same on the receiver side and the source 

side it is in theory possible to modify the receiver rather than the internal source [29], [79], [95]. 

MEMS accelerometers are often designed to measure vibration in a low frequency range. In 

general the frequency range of MEMS accelerometers is often rather narrow. However, during 

a steering manoeuvre a variety of vibration within a broad frequency range to an upper limit of 

3 - 5 kHz is induced. Therefore it is desirable to be able to measure all phenomena within the 

frequency range to be analysed. In case of an EPSapa system the frequency range of the used 

MEMS accelerometers of 5 kHz is sufficiently high. However, this might not be true for other 

technical products which generate noise phenomena in a high frequency range of a couple kHz. 

During the measurements that were conducted in the scope of this thesis it was observed that 

the signal-to-noise-ratio (SNR) of MEMS accelerometers is approximately 10 dB worse than 

the SNR of IEPE accelerometers. However, since the MEMS accelerometers are only used for 

the determination of FRFs this problem is manageable. In subsection 2.3.1 it was explained 

how FRFs are determined and that artificial excitation with an impact hammer or a shaker is 

used to construct the FRFs. Because of the principle of LTI systems theory the excitation can 

be adjusted so that the SNR is sufficiently high enough. This principle was used during the 

conduction of the case studies which are presented in section 4.5 and section 5.4. 
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4.3 Internal sources with continuous interfaces 

4.3.1 Introduction 

One can think of many cases where the external interface between the overall source and the 

overall receiver can be treated as a point connection at which the structure-borne sound is trans-

ferred from the overall source to the overall receiver. This assumption is especially true for a 

rigid coupling between the overall source such as an EPSapa system and the overall receiver 

such as a vehicle body or test rig, for instance. In automotive industry a rigid fixture is common 

for many couplings between vehicle components and the body of a vehicle because of stability 

reasons. In case of an EPSapa system the fixture between the steering system and the vehicle is 

rigid as well and is therefore treated as a single point connection. 

However in contrast to the external interfaces of an EPSapa system the internal interfaces within 

an EPSapa system, which are introduced and defined in subsection 3.4.3, cannot be treated as 

single point connections. On the contrary the internal interfaces of an EPSapa system are con-

tinuous. Hence, in the following of this section the term continuous interface is further eluci-

dated. This means that the transferred vibrational energy of the internal source is distributed 

over the whole connection surface between the internal source and the internal receiver. There-

fore the question arises if the internal interfaces of an EPSapa system can be theoretically 

treated as multiple point connections for a convenient determination of meaningful internal in-

situ blocked forces.  

For that reason, in the following, dealing with continuous interfaces for the determination of 

internal in-situ blocked forces will be discussed. Thus, at first in subsection 4.3.2 a potential 
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concept to deal with continuous interfaces will be proposed. The concept is based on the dis-

cretisation of the interface while a second concept which is based on Fourier series is men-

tioned. Subsequently in subsection 4.3.3 the two concepts are briefly related to each other. At 

this point it is already remarked that only the first concept of discretisation was used within the 

scope of this thesis to determine the internal in-situ blocked forces. However, the concept of 

Fourier series is discussed for the sake of completeness and because it can be theoretically 

additionally applied to the concept of discretising a continuous interface. 

4.3.2 Discretisation of continuous interfaces 

One potential way to deal with the structure-borne sound transmitted through a continuous in-

terface is to discretize the interface through multiple point connections. Therefore it is at first 

necessary to define the number of point connections needed to observe the physical behaviour 

of the internal interface sufficiently. This is summarized by the following equation, where 
contI  

is the continuous interface and kI  are the sub-interfaces which are used for the discretisation of 

the continuous interface as follows 

 
1

n

cont k

k

I I
=

=∑   (4.1) 

This means that all the vibrational energy transmitted through the interface during the operation 

of a source can be observed from the chosen amount of the n  point connections which each 

represent a sub-interface kI . In other words, the interface is divided into multiple sub-areas 

which are represented by the defined n  point connections and the corresponding DoFs. 
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One requirement for the success of the discretisation approach is the possibility to define the 

locations of the n  points on the continuous interface equally distributed all over the interface. 

This way meaningful vectors of in-situ blocked forces ,bl kf  in the n  sub-interfaces can be deter-

mined. If the continuous interface is symmetric such as a cylindrical or a square interface it is 

furthermore possible to subdivide the interface equally distributed. This is depicted by Figure 

4.3. 

 

Figure 4.3: Point connections (1…n) equally distributed over a symmetric and continuous interface  

Within the scope of this thesis all the defined internal interfaces of an EPSapa system are dis-

cretised through multiple point connections as depicted by Figure 4.3. This way the in-situ 

blocked force method can still be applied to determine the in-situ blocked forces at every dis-

cretisation point and the corresponding DoFs. Furthermore the methodology using embedded 

MEMS accelerometers which is proposed in section 4.2 can be applied in combination with the 

discretisation of a continuous interface. This means that the vector of in-situ blocked forces of 
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an internal source ,bl contf  is the sum of multiple in-situ blocked force vectors ,bl kf  with n  being 

the number of point connections used to discretise the continuous and internal interface. 

 
, ,

1

n

bl cont bl k

k=

=∑f f   (4.2) 

Subsection 4.5.2 will show that the interface can be sufficiently discretised by three points and 

three corresponding translational DoFs per point for the case of an electric motor. The reason 

for that is the fact that the EM is mounted via three screws to the housing which hence logically 

yield the points for the discretisation. In contrast to the interface of the EM the interface between 

the BNA and the housing of an EPSapa system is curved and continuous. Therefore it cannot 

be discretised in an obvious way. A solution to that issue is presented in subsection 4.5.3. 

4.3.3 Discussion 

A Further way to deal with continuous interfaces is provided by Bonhoff [96]–[103]. He suc-

cessfully showed that it is potentially possible to determine the mobility of a continuous inter-

face based on spatial Fourier series. This methodology could also be applied for the source 

characterisation at a continuous interface if a sufficient amount of in-situ blocked forces was 

determined. The in-situ blocked force at the interface, e.g. between the BNA and the housing 

of an EPSapa system, can be considered as continuous and periodic, therefore yielding the spa-

tial blocked interface force 
,bl contf  as follows 

 
2

, ,

1

1
j kN

N
bl cont bl k

k

e
N

π
−

=

= ∑f f   (4.3) 
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In the previous equation N  is the number of chosen discretisation points at the interface and 

,bl kf  the determined vectors of in-situ blocked forces at the N  points. The discretisation points 

can be chosen to be equidistant (compare Figure 4.3). 

However, for most cases it is assumed that the discretisation of a continuous interface can be 

conveniently achieved by treating the interface as multiple point connections. Hence all the 

vibrational energy is observed from the chosen amount of point connections. However, the 

question concerning the quantity of point connections which are necessary to characterise the 

interface arises. By conducting multiple case studies this question is answered for the internal 

interfaces of an EPSapa system in section 4.5. Nevertheless the following issues need to be kept 

in mind.  

In theory only one point with three Cartesian coordinate directions is sufficient to yield an in-

situ blocked force vector containing all necessary information about the source strength. This 

means that the dominant frequencies and the phase information can be analysed, for example. 

However, the magnitude of the vector yields only limited information since the information 

would be meaningless. This is a consequence that the vector of in-situ blocked forces was de-

termined under the assumption that the energy flux is solely through that one point connection. 

Therefore Hannes Bonhoff proposed a different approach which was briefly shown above. Nev-

ertheless it will be shown that the right choice of the location and the amount of the discretisa-

tion points yields meaningful results for the in-situ blocked forces of internal sources such as 

an EM or a BNA, for instance. 
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4.4 Internal sources with revolving interfaces 

4.4.1 Introduction 

The published literature which concern the characterisation of structure-borne sound sources 

by means of in-situ blocked forces usually defines static external interfaces between source and 

receiver. The research to date is listed as follows: 

• EPS systems by Sturm [11], [12], [32], [66], Alber [77], [104], Bauer [31] 

and van der Seijs [36], [105], [106], [107] 

• Beam by Moorhouse and Elliott [26], [108], [29], [69], [109], [110] 

• Wind turbines by Moorhouse and Elliott [10] 

• Pump by Lennström [111] and Elliott [28] 

Hence, in most cases it is possible to define an interface between a structure-borne sound source 

and a receiver which can be seen as static or at least quasi static. The aforementioned assump-

tion also applies for the continuous internal interfaces which are discussed in section 4.3. Be-

cause of the static or quasi static behaviour of the interface there is only relatively small move-

ment between source and receiver. This often offers the possibility to conveniently place 

accelerometers at or close to the interface. Thus the necessary FRFs for obtaining of the in-situ 

blocked force method (compare subsection 2.3.4) can be experimentally determined. This holds 

for both point connections as well as for a continuous contact zone between an overall source 

and an overall receiver.  

If the interface changes because the source which is a toothed belt, for instance, is revolving, a 

solution must be found to deal with the constant change of the interface. During a revolution of 
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the source the position at the revolving interface which is used for the determination of the 

necessary FRFs changes from position 1 to position 2, for instance. Hence the assumption is 

made that the FRFs 
1c b

Y  and 
2c b

Y  are different to some degree if the interface (c) is not homog-

enous. Such a revolving source with relative movement between position 1 and position 2 at 

the interface is schematically depicted by Figure 4.4.  

 

Figure 4.4: Point connections (1 and 2) at a revolving interface  

In subsection 4.4.2 the term “revolving interface” will be defined in more detail and the basic 

equations will be introduced. Subsequently a potential methodology to determine in-situ 

blocked forces at revolving interfaces will be proposed and outlined in subsection 4.4.3. The 

chapter will close with a discussion of the limits of the proposed methodology in subsec-

tion 4.4.4. A case study of a source with revolving interfaces, in which the aforementioned 

methodology was applied, is in subsection 4.5.4. 
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4.4.2 Definition of revolving interfaces 

If a structure-borne sound source is revolving, such as a toothed belt, it is assumed that the 

vector of in-situ blocked forces is dependent on the rotation. As a consequence, the interface 

behaviour between source and receiver changes constantly in relation to quantities such as ro-

tational angle. These quantities, which influence the FRFs and as a consequence also the in-situ 

blocked forces are summarized in the following as Ψ . Hence, the vector of in-situ blocked 

forces blf  which characterises the revolving source is expressed as a function of the aforemen-

tioned changing rotational quantities Ψ  according to the following equation 

 ( ) ( ) ( )bl op

+
Ψ = Ψ Ψf Y v   (4.4) 

Consequently, the question arises if the vector of in-situ blocked forces ( )bl Ψf  at a revolving 

interface can be characterised in the same manner as the vector of in-situ blocked forces at a 

static or quasi-static interface. In the following this question will be answered and it will be 

shown that the FRFs ( )ΨY  are not always dependent on the rotational quantities Ψ . It will be 

discussed that in case of the toothed belt of an EPSapa system the FRFs can be seen as constant 

or quasi constant if the toothed belt is produced without a defective tooth, for instance. This 

assumption is applied within the case study that is presented in subsection 4.5.4. 

In contrast to a static or a quasi-static interface, a revolving interface is characterised through a 

constant change at the contact zone between a vibrational source and a passive receiver. In the 

literature to date the receiver is mostly seen as a passive part such as a housing, a building or a 

fixture, for instance. However, at a revolving interface the receiver can often not be seen as 

static or quasi static as a result of a significant movement at the interface.  
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The contact zone between source and receiver is dependent on quantities such as the angular 

position. This is also the case for the internal interface between the TD of a BNA and a TB of 

an EPSapa system which is described in subsection 3.2.2. Hence it is important for the bfTPA 

of an EPSapa system, that a solution to this issue is found. The interface between the TB and 

the TD changes because the TD and the TB are both revolving in order to transfer the torque of 

the electric motor into a lateral movement of the toothed rack. At this point it needs to be men-

tioned that also other revolving sources such as gears can be characterised in the same manner. 

However, the movement of the source means that the teeth of the disc and the teeth of the belt 

which together form the revolving interface are changing within one revolution. If for instance 

one of the teeth at the interface (c) is defective the FRFs 
,

ˆ
C bcY  between the interface (c) and the 

receiver side would change in contrast to a non-defective tooth characterised by ,C bcY . This is 

illustrated by Figure 4.5. Hence the determined in-situ blocked forces would also change ac-

cording to Eq. (2.8). This limit of the methodology will be discussed in subsection 4.4.4. 

 

Figure 4.5: Influence of a defective tooth at the interface on experimentally determined FRFs  
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Nevertheless, since the gear ratio of the TD and the TB is constant an interface can be defined 

between the teeth of the TD and the TB. Although the internal interface changes during the 

cycle of a tooth mesh it is assumed that the equation of motion for the whole system does not 

change significantly. This means that the FRFs which are needed for the inverse calculation of 

the in-situ blocked forces are constant to a certain degree. The requirement for this assumption 

is a belt tension which is sufficiently high. However, in order to fulfil the functional task of the 

TB within an EPSapa system this requirement is fulfilled naturally.  

4.4.3 Methodology 

In the previous subsection the definition of a revolving internal interface is elucidated. How-

ever, in the following a methodology is introduced which aims to allow the determination of 

in-situ blocked forces at such interfaces. In order to determine the in-situ blocked forces ac-

cording to Eq. (2.8) the placement of accelerometers at the interface (c) is however only neces-

sary for the determination of the mobilities ,C bcY  when both the toothed belt and the toothed 

disk of the ball nut assembly are passive. Consequently the in-situ method can be applied if the 

accelerometers at the revolving interface are removed after the determination of the mobility 

matrix 
,C bcY . That way it is possible to use MEMS accelerometers at the interface since their 

weight is assumed to have only a minor influence on the coupled system8. Additionally, the 

stiffness of the coupled system is not changed because of the MEMS accelerometers at the 

                                                 

8 coupled system: source attached to receiver 
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interface. The approach to determine in-situ blocked forces at revolving interfaces is schemati-

cally shown in Figure 4.6. 

 

Figure 4.6: Methodology for the independent characterisation of a structure-borne sound source with 

in-situ blocked forces at a revolving interface (c) 

The operational velocity 
,op b

v  which is according to Eq. (2.8) necessary to calculate the in-situ 

blocked forces can be measured on the interface (b). This interface should be chosen as quasi 

static which in most cases is possible because the receiver can be defined in such a way. In case 

of an EPSapa system it is not necessary to solely define the revolving toothed disc as the re-

ceiver. In fact it is a big advantage if the housing of the EPSapa system is defined as receiver. 

Therefore the remote points are conveniently accessible with surface mounted IEPE accelerom-

eters. This is schematically shown in Figure 4.6 on the right hand side. Based on the presented 

methodology one could design a specialized test rig which allows this two-stage approach be-

cause all revolving interfaces (c) are easily accessible. This yields the possibility of determining 

the in-situ blocked forces for a source with a revolving interface as described in subsec-

tion 2.3.4. In the following a further approach is presented which allows the determination of 

the blocked forces in-situ and without the need of a special test rig. 
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In subsection 5.4.3 and subsection 5.4.4 it will be shown that the vectors of in-situ blocked 

forces of the internal sources of an EPSapa system can be related with a blocked force trans-

missibility (BFT) matrix to the vector of in-situ blocked forces of the whole EPSapa system at 

its internal interfaces. Based on the functional principle of a steering system the in-situ blocked 

force vector ,bl EPSf  of an EPSapa system can be expressed as follows 

 , , ,bl EPS EM bl EM BB bl BB= +f T f T f   (4.5) 

The right hand side of the equation contains the in-situ blocked force vectors of the electric 

motor (EM) 
,bl EMf  and the ball bearing (BB) of the ball nut assembly (BNA) ,bl BBf  and the 

associated BFT matrices EMT  and BBT , respectively9. The relation between the internal and the 

external in-situ blocked force vectors and the corresponding transmissibility functions is shown 

in Figure 4.7 for the case of an EPSapa system. At this point it is remarked that this concept is 

applicable to every other revolving source which is connected through a bearing with a static 

receiver. Hence, the following methodology is not limited to the determination of in-situ 

blocked forces of a toothed belt within an EPSapa system. 

                                                 

9 At this point it is only necessary to know that the BFT matrices yield the relation between blocked 

forces. However, in section 5.3 it will be explained in detail how these matrices are determined. 
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Figure 4.7: Methodology for the characterisation of a rotating toothed belt with in-situ blocked forces 

and transmissibility 

The in-situ blocked force .bl BBf  that are determined at the ball bearing are the sum of the blocked 

forces of the BNA ,bl BNAf  and the TB ,bl TBf  as follows 

 , , ,bl BB bl BNA bl TB= +f f f   (4.6) 

Using Eq. (4.6) one can rewrite Eq. (4.5) as follows 

 , , , ,( )bl EPS EM bl EM BB bl BNA bl TB= + +f T f T f f   (4.7) 

Eq. (4.7) can now be solved for the unknown in situ blocked forces of TB ,bl TBf  as follows 

 1

, , , ,( )bl TB BB bl EPS EM bl EM bl BNA

−= − −f T f T f f   (4.8) 

The in-situ blocked forces of the EPSapa system ,bl EPSf  can be determined for a particular oper-

ational state. This operational state is defined by a rotating speed of the EM and the BNA. 

Therefore the in-situ blocked forces of the EM ,bl EMf  and the BNA 
,bl BNAf  can be independently 
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determined from each other for the same operational state. This is possible because of the re-

ceiver independent nature of blocked forces. The transmissibility matrices BBT  and EMT  can be 

determined while the EPSapa system is coupled with a receiver. Therefore it is possible to cal-

culate the blocked forces of the toothed belt 
,bl TBf  according to Eq. (4.8). 

4.4.4 Limits of the methodology 

Although MEMS accelerometers which are of small size and low weight are used it is poten-

tially possible that the MEMS accelerometers significantly change the weight of the source. In 

the case of a toothed belt, this influence is assumed to be negligible. Since the MEMS accel-

erometers which are placed at the interface for the sake of determining the necessary FRFs have 

to be removed during the operational measurements the equation of motion can be different 

during the FRF measurements and the operational state. That way the FRF matrix which needs 

to be pseudo inverted according to Eq. (4.4) does not correlate with the coupled system consist-

ing of source and receiver during the operational state. One has to estimate the influence of this 

issue. Hence, a further investigation of a ratio between the weight of the source and the MEMS 

accelerometers is seen as useful.  

Additionally the in-situ blocked force method is especially valid for LTI systems. Therefore the 

question arises if the in-situ blocked forces are also valid for a source with a resilient behaviour 

at the interface such as a toothed belt, for instance. However, in subsection 4.5.4 it will be shown 

that for a toothed belt on a test rig this effect is negligible. Nevertheless this might not be true 

for other resilient source. Hence further investigation should be focussed on resilient sources. 

The third consideration is towards the revolving interface. In case of a toothed belt the interface 

is treated as only one meshing tooth on source and receiver side. However, one could think of 
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cases which do not allow such an assumption. Hence it would be necessary to prove that the 

FRFs do not significantly change as a consequence of the rotation of the source. 

4.5 Case studies: In-situ blocked forces of internal sources 

4.5.1 Introduction 

The objectives of the presented thesis are listed and introduced in section 1.5. One of the stated 

objectives is the independent characterisation of the structure-borne sound generated by each 

of the prominent internal sources of an EPSapa system which are identified and explained in 

subsection 3.3.2. The achievement of this objective is crucial for fulfilling the main aim of the 

thesis, which is the implementation of a bfTPA to an EPSapa system. By conducting the bfTPA 

approach that will be proposed and outlined in detail in chapter 5 the question is answered 

which internal source contributes the most to the structure-borne sound of the chosen 

EPSapa system. 

For the sake of the characterisation of an internal structure-borne sound source in section 2.3 it 

was already discussed and proposed that vectors of in-situ blocked forces are the preferred 

quantity. That way the characterisation of the three prominent internal sources of an 

EPSapa system is receiver independent. This means that the effect of the housing of the 

EPSapa system, which is defined as the internal receiver, can be neglected. Additionally, the 

determined vectors of in-situ blocked forces, which characterise the strength of the internal 

sources, serve as input quantity for the novel bfTPA method. However, in order to carry out the 

proposed bfTPA it is crucial to confirm that the vectors of in-situ blocked forces, characterising 



Chapter 4. Independent characterisation of internal structure-borne sound sources 

85 

 

the three main internal sources of an EPSapa system, can be experimentally determined accu-

rately. This includes the different interface characteristics of each internal source.  

For those reasons, three experimental case studies are carried out in order to prove that the 

necessary vectors of in-situ blocked forces can be experimentally determined using embedded 

MEMS accelerometers, as proposed in section 4.2. Furthermore the achieved results of the three 

case studies will prove that the discretisation of continuous interfaces according to the method-

ology proposed in section 4.3 yield meaningful results of in-situ blocked forces. Moreover the 

methodology, which is presented in section 4.4, is applied to deal with an internal source and 

its revolving interface. 

The procedures of the three case studies are basically the same. First the test setup for the de-

termination of the in-situ blocked forces and the test rig including the elementary boundary 

conditions are described. Secondly the characteristics of the internal interfaces are clarified. 

This involves especially the amount of discretisation points and the DoFs at the internal con-

tinuous interfaces. Then, the experimentally determined in-situ blocked forces at the internal 

interfaces are discussed. Since the in-situ blocked forces are determined through an inverse 

method, the determined forces are validated by means of on-board validation to prove the fea-

sibility of the proposed approach using embedded MEMS accelerometers.  

Subsection 4.5.2 and subsection 4.5.3 each outline the required test setup and the results of the 

determined in-situ blocked forces of an electric motor and a ball nut assembly, respectively. 

Both aforementioned case studies represent sources with continuous interfaces. The methodol-

ogy to determine the in-situ blocked forces of a toothed belt, which is a source with a revolving 
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interface, is applied in subsection 4.5.4. The case study whose results are presented in this sub-

section prove the general feasibility of the methodology for revolving interfaces which is pro-

posed in subsection 4.4.3 of this chapter. 

4.5.2 Case study I: Electric motor 

The electric motor was identified in section 3.3 as one of the three main internal structure-borne 

sound sources of an EPSapa system. Therefore, it is crucial for the success of a bfTPA, to de-

termine the source strength of the EM [112] in a sufficiently accurate manner, taken as meaning 

that the deviation of the on-board validation does not exceed 3 to 5 dB. This is an important 

requirement since the in-situ blocked forces are the input quantity for a of the EPSapa system. 

In the following, the results of the case study are presented.  

The used simple test setup, which consisted of two parts, is shown by Figure 4.8.  

  

Figure 4.8: Test setup used for the experimental determination of in-situ blocked forces of an electric 

motor (red coloured) 
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The EM10 under test (coloured red) was mounted against a thin steel plate (coloured blue). The 

steel plate functioned as a receiver and formed the second part of the test setup. It conveniently 

allows accelerometers to be placed at points remote from the interface, to apply the method 

proposed in section 4.2. The EM was attached to the plate with three bolts, which are symboli-

cally represented by the three dotted orange lines. In this way a realistic mounting condition is 

generated as occurs in the EPSapa system. Furthermore, the number of bolts forms the basis for 

the discretisation of the interface between the EM and the plate. The thin steel plate had a drilled 

hole to carry through the pinion of the EM, symbolised in Figure 4.8 with the dotted red line. 

Hence the presented test setup generates the same boundary conditions as if the EM is mounted 

on the housing of an EPSapa. However, within an EPSapa system the EM is centred by a fit 

between the housing and the EM. In this case study the EM is not centred. The effect of the 

missing centring will be discussed in the course of the presentation of the achieved results.  

However, the chosen test setup which is shown by Figure 4.8 allows the assumption that the 

interface between the EM and the receiver plate can be seen as continuous. Hence, no point 

connections between the EM and the plate which functions as receiver occur.  

Close to each of the three bolts, two MEMS accelerometers were embedded, respectively. For 

the embedding of the accelerometers a two component adhesive was used which provided the 

necessary stiffness. The MEMS accelerometers are required for the determination of the in-situ 

blocked forces, which was described in subsection 4.2.2, and measure acceleration in two per-

pendicular directions. Figure 4.9 shows a cross sectional view of the interface with six embed-

ded MEMS accelerometers in total. 

                                                 

10 including the electronic control unit at the back of the EM 
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Figure 4.9: Schematic depiction of the interface between an electric motor and a receiver plate pre-

pared with six MEMS accelerometers (2 accelerometers at each bolt) 

The interface between the EM and any attached receiver such as the plate is a plain circular area 

which will be discretised with three points and three DoFs per point. The DoFs are chosen 

according to a cylindrical coordinate system. It is assumed that the vibration of an EM can be 

best described using radial, tangential and axial directions. Since the two embedded MEMS 

accelerometers at one point yield the acceleration in four directions but just three DoFs are 

needed to describe the source characteristics one radial direction is omitted. The locations of 

the accelerometers are chosen as close as possible to the three bolts since the assumption is 

made that the structure-borne sound will be transferred from the EM to the plate mainly via the 

three bolts. It is assumed to be ideal if the points would be the same as the middle of the bolts. 

Unfortunately this is not possible because the MEMS accelerometers cannot be placed in the 

bolts. 
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Before embedding the MEMS accelerometers they need to be calibrated. An approach for the 

calibration was reviewed in section 2.2.2 and will be used in the following. The MEMS accel-

erometers, which are used for the conduction of all following case studies, are calibrated in this 

way. For the calibration a bi-axial MEMS accelerometer is placed on top of a beam and the uni-

axial IEPE accelerometer on the bottom at the same cross section. The perpendicular measure-

ment directions are labelled “x” and “y” in the following. The setup for the calibration is shown 

in Figure 4.10. 

  

Figure 4.10: Setup for the calibration of a MEMS accelerometer 

Figure 4.11 shows the comparison between FRFs of the beam, measured with a MEMS accel-

erometer and an integrated electronics piezoelectric (IEPE) accelerometer. It can be observed 

that in the frequency range below 1 kHz the agreement between the MEMS and the reference 

accelerometer is within 2 dB. However, above 1 kHz calibration of the MEMS accelerometer 

is needed since there is a drift in magnitude of the FRFs, which constantly increases with fre-

quency.  
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Figure 4.11: Comparison of FRFs of a cantilever beam mounted on a shaker measured with a MEMS 

accelerometer (red curve) and a reference accelerometer (black curve); upper diagram: magnitude; lower 

diagram: phase 

The filter for the calibration of the MEMS accelerometer, which is determined according to 

Eq. (2.1), is shown on the bottom in Figure 4.12 for one of the two perpendicular axes of the 

MEMS accelerometer (x-direction). On top the calibrated measurement signal of the MEMS 

accelerometer is shown. No adjustments were made to the phase spectrum since, from Figure 

4.11, this was considered unnecessary. In theory the phase can be calibrated as well if the cali-

bration filter is multiplied with the complex time signal of the measured acceleration.  
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Figure 4.12: Filter for MEMS accelerometer (bottom) and result of calibrated x-axis (top)  

It can be observed that by applying the filter the signal can be adjusted so as to agree with the 

IEPE accelerometers, especially above 1 kHz. This means that the deviation between the accel-

eration signals, measured with MEMS and IEPE accelerometer, is below 2 dB. 

The lateral sensitivity of MEMS accelerometers, used in this case study, is shown in Figure 

4.13. It shows the comparison between the spectra of the measured acceleration in the two 

perpendicular measurement directions of the MEMS accelerometer. In this case only the x-

direction of the accelerometer was excited with the shaker. 
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Figure 4.13: Spectra of measured acceleration with a MEMS accelerometer when only x-direction is 

excited 

It can be observed that excitation in x-direction of the MEMS accelerometer yields a dominant 

measurement signal in this direction. There is no observable cross talk onto the y-axis spectrum 

which appears to consist purely of noise, at least 70 dB below the x-axis signal.  For complete-

ness in Figure 4.14 the calibration of the second measurement axis (y-direction) of the MEMS 

accelerometer is presented and shows similar characteristics to that from the x-direction. 
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Figure 4.14: Filter for MEMS accelerometer (bottom) and result of calibrated y-axis (top)  

The measurement points, namely remote points (RP) on the plate are shown in Figure 4.15. The 

point which is chosen out of the 24 remote points for the validation is labelled RP20. 
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Figure 4.15: Measurement points for determination of in-situ blocked forces of an electric motor: 24 

remote points (RP), validation point (RP20) and 3 coupling points (CP1 – CP3) 

In the following preliminary measurement results for the determination of the in-situ blocked 

forces of an electric motor are shown. This includes the following analysis: 

• the signal-to-noise-ratio (SNR),  

• the force spectrum of the excitation at the remote points for the determination of 

the mobility functions,  

• the coherence and mobility functions between the validation location and the 

DoFs at the internal interface and  

• the condition number of the mobility matrix.  

In subsection 4.5.3 and 4.5.4 the same preliminary analysis, except for the force spectrum, are 

shown for the case studies of a ball nut assembly and a toothed belt, respectively. 
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In order to be able to inversely calculate the in-situ blocked forces a sufficient SNR of the 

measured acceleration at the remote points on the receiver is required. A SNR of at least 10 dB 

is defined as sufficient. The colour diagram on top of Figure 4.16 shows the SNR at all of the 

24 remote points. The worst SNR is at RP10. On the bottom the spectra of the acceleration 

signal and the noise at RP10 is shown. Frequencies with a SNR below 10 dB are marked red. 

Figure 4.16: Signal-to-noise-ratio (SNR); top: SNR at all 24 remote points (RP); bottom: Signal and 

noise at RP10; Grid: 10 dB 
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It can be observed from the top diagram that the SNR at the 24 RPs is generally above 10 dB. 

The bottom diagrams shows that especially at the peaks, which refer to the orders of the electric 

motor, the SNR is always above 10 dB. 

A drop of 10 dB in the spectrum of applied forces is taken as a guide to the highest frequency 

at which mobilities can be measured. As indicated in Figure 4.17 this upper bound is at 1800 

Hz for this case. Above 1800 Hz the excitation force at the remote points is considered as too 

low for the determination of mobility functions. 

Figure 4.17: Spectrum of the excitation at the remote points 

In Figure 4.18 the mobility functions between the validation point and the 9 DoFs at the internal 

interface between the EM and the plate are shown. 
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Figure 4.18: Mobility between validation point and degrees of freedom at internal interface at bolts 

The assembly of the electric motor and the plate shows dominant resonances in the frequency 

range up to 2.5 kHz. Especially the mobility functions between the axial DoFs and the valida-

tion location are dominant in the shown frequency range.  

The coherence is often chosen as a criterion to evaluate the quality of the FRFs. The coherence 

functions between the validation location on the plate and the 9 DoFs at the internal interface 

are shown in Figure 4.19. 
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Figure 4.19: Coherence functions between validation point and degrees of freedom at internal inter-

face 

It can be observed that the coherence is generally above 95% in the frequency range above 100 

Hz and below 200 Hz, except at the anti-resonances, which can be observed in Figure 4.18. 

This means that the test setup is a linear and time invariant system. 

The condition number of a matrix is often taken as an indicator of the sensitivity of the system 

to inversion errors. In this case it is a criterion for the inversion of the mobility matrix, which 

is necessary for the calculation of in-situ blocked forces. Figure 4.20 shows the spectrum of the 

condition number of the matrix, which is used for the calculation of the in-situ blocked forces 

of an electric motor.  
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Figure 4.20: Condition number of mobility matrix 

It can be observed that the condition number is significantly higher at frequencies which show 

a dominant resonance and anti-resonance behaviour of the assembly.  

The spectra of the determined in-situ blocked forces of the EM are shown in Figure 4.21, Figure 

4.22 and Figure 4.23 for a constant rotating speed of the EM with 2600 rpm. Such a so called 

“constant run” is chosen because most of the NVH requirements of an EPS system are specified 

for a constant steering speed which also means that the EM runs with a constant rotating speed. 

Every diagram shows the in-situ blocked forces in one direction at every of the three bolts in a 

frequency range from 10 Hz to 1250 Hz. Figure 4.21 shows the in-situ blocked forces in axial 

direction, Figure 4.22 in radial direction and Figure 4.23 in tangential direction (compare Figure 

4.9). The blue curves show the forces at the first bolt, the red dotted curves at the second bolt 

and the yellow dashed curves at the third bolt (compare Figure 4.9). 
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Figure 4.21: Spectra of in-situ blocked forces of an electric motor (EM); axial direction; grid ordi-

nate: 20 dB 

Figure 4.22: Spectra of in-situ blocked forces of an electric motor (EM); radial direction; grid ordi-

nate: 20 dB 
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Figure 4.23: Spectra of in-situ blocked forces of an electric motor (EM); tangential direction; grid 

ordinate: 20 dB11 

It can be observed from Figure 4.21, Figure 4.22 and Figure 4.23 that the magnitude of the in-

situ blocked forces are within 10 dB at the peaksfor one of the three cylindrical directions at 

every of the three chosen positions near the bolts on the interface. Although there are some 

exceptions at some peaks, this means that the distribution of the structure-borne sound over the 

interface can be seen as nearly constant. This behaviour is expected since the used tightening 

torque for all three bolts was the same and additionally the EM can be assumed as rotationally 

symmetric.  

Every peak of the blocked force in the spectra shown in Figure 4.23 represents one order O  of 

the EM according to the following equation,  

                                                 

11 In the following all graphs that are related to an EPSapa system and its components only show rela-

tive values. However, the grid of the ordinate is always specified in the caption. 
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 Onω =   (4.9) 

where ω  denotes the frequency and n  the rotating speed of the EM. Since the rotating speed 

n  is constant every peak of the blocked force at a certain frequency can be related easily with 

an order of the EM. Usually the spectrum induced by an EM are expected to show only a few 

dominant orders which are related to its functional principle. However, in the presented case 

the EM was modified12 which probably caused an imbalance of the shaft. This leads to a first 

order at a frequency of 43 Hz which can be observed in the spectra shown in Figure 4.23. The 

first order and its harmonics superpose over the orders which would be expected to be dominant 

for an EM which is not modified. For the bfTPA approach within an EPSapa system that will 

be presented in subsection 5.4.3 and subsection 5.4.4 an EM will be used which is not modified 

at all (except for the MEMS accelerometers) and is therefore expected to show a behaviour 

where only a few characteristic orders are dominant. 

Since the structure-borne sound can be assumed to be constant over the interface one can look 

in detail at the in-situ blocked forces at just one of the three bolts. The spectra of the in-situ 

blocked forces at bolt 1 which is shown in Figure 4.24 shows that the forces in axial direction 

are less dominant compared to the forces in tangential and radial direction. Furthermore it can 

be observed that the magnitude of the blocked forces in radial and tangential direction are within 

5 dB at the peaks.. This means that the structure-borne sound characteristics of the EM is mainly 

dominated by the forces in tangential and radial direction. 

                                                 

12 electric motor (EM) can also be used as a shaker 
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Figure 4.24: Spectrogram of in-situ blocked forces of an electric motor (EM) determined at one bolt 

which is used for the fixation; grid ordinate: 10dB 

In subsection 2.3.5 an on-board methodology approach was outlined to validate the determined 

in-situ blocked forces. Figure 4.25 shows the on-board validation of the determined in-situ 

blocked forces of an EM. The figure shows a comparison of the measured and calculated accel-

eration on a randomly chosen validation point on the plate based on the in-situ blocked forces 

and the corresponding FRFs. 
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Figure 4.25: On-board validation of the in-situ blocked forces of an electric motor (EM); grid ordi-

nate: 10 dB 

It can be seen that the acceleration can be precisely predicted based on the in-situ blocked forces 

which means that the 9 in-situ blocked forces were determined with a deviation of below 4 dB 

at the peaks. The peaks represent the orders of an EM which are marked with numbers from 1 

to 27. Except for the 12th and the 19th order the deviation is always below 3 dB. The deviation 

of the predicted and measured 27 orders is depicted as a bar graph in Figure 4.26. 
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Figure 4.26: Deviation of predicted and measured orders of an electric motor (EM) 

Consequently the in-situ blocked forces of an EM can be precisely identified using the in-situ 

blocked force method and embedded small MEMS accelerometers at the interface between the 

EM and the plate or any other receiver structure. 

4.5.3 Case study II: Ball nut assembly 

The second prominent internal source of an EPSapa system, of which the source strength needs 

to be characterised in terms of in-situ blocked forces, is the ball nut assembly. This part which 

is important for the functionality of an EPSapa system is usually considered as the least critical 

of the three internal sources, introduced in subsection 3.3. Furthermore the BNA can be seen as 

part of an important transmission path within the internal receiver of an EPSapa system accord-

ing to the explanations of section 3.4.  
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The test setup, used to determine the in-situ blocked forces of the BNA, is shown in Figure 

4.27. An already existing test bench was used which usually functions to detect damaged BNAs 

according to anomalies of their NVH behaviour.  

 

Figure 4.27: Test setup for the determination of in-situ blocked forces of a ball nut assembly (BNA) 

The test bench consists of an air-springed slider that functions as a seating for a toothed rack. 

The toothed rack is connected with the BNA that is embedded inside a bearing shell, coloured 

in red. The BNA is embedded with a ball bearing. Both the slider and the bearing shell are 

mounted on a stiff machine bed. Since the slider, which moves the toothed rack in a lateral way 

and therefore drives the BNA, is air-springed it can be assumed as being the only source present 

during a test. 

As mentioned in subsection 4.2.3 the definition of the interface is important for the determina-

tion of in-situ blocked forces. Therefore special care was taken to define the interface correctly. 

In Figure 4.28 the interface between the BNA and the bearing shell is symbolised as a yellow 
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dotted circle. The interface is chosen as the outer ring of the ball bearing of the BNA which is 

a cylindrical surface that was modified with a groove. This can be seen in Figure 4.28 as the 

blue coloured surface. 

 

Figure 4.28: Interface between a ball nut assembly (BNA) and a bearing shell of the test rig; accel-

erometers embedded in outer ring of the ball bearing of a BNA in an array at 60° intervals at the coupling 

points (CP) 1-6 

As mentioned in subsection 4.2.2, it is necessary to modify the interface to embed the MEMS 

accelerometers necessary to determine the in-situ blocked forces of the BNA. Therefore a 

groove was ground in the outer ring of the ball bearing, shown in Figure 4.28. The MEMS 

accelerometers, which allow measurement in two perpendicular directions, are placed in the 

groove to measure three radial, three axial and six tangential DoFs in total. Therefore an accel-

erometer is placed in the groove at every 60° angular intervals. The six positions of the MEMS 

accelerometers on the interface, which are called “coupling points”, can be seen in Figure 4.28. 
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The coordinate system for the definition of the DoFs is chosen to be cylindrical, because for a 

symmetrical source it has advantages over a Cartesian coordinate system. 

During a measurement, a problem occurred in that the electro-pneumatic device, necessary for 

the function of the air spring, generated an unwanted background noise which corrupted the 

measurement of the operational velocities. For that reason an artificial excitation was applied 

to simulate an operational state. A shaker was mounted on top of the slider on the toothed rack, 

to excite the BNA without the electro-pneumatic supply for the air spring. The operational state 

was chosen to be a sine signal with a frequency of 200 Hz. 

The measurement points, namely remote points (RP) on the bearing shell are shown in Figure 

4.29. The point which is chosen out of the 25 remote points for the on-board validation is la-

belled RP20. 

 

Figure 4.29: Measurement points: 25 remote points (RP) on bearing shell 
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The colour diagram on top of Figure 4.30 shows the SNR at all 25 remote points. On the bottom 

the spectra of the acceleration signal and the noise at RP20 is shown. The signal is chosen as a 

sine with a frequency of 200 Hz.  

 

Figure 4.30: Signal-to-noise-ratio (SNR); top: SNR at all 25 remote points (RP); bottom: SNR at RP 

20, Grid 10 dB 
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It can be observed from the top diagram that the SNR in the frequency range between 100 and 

700 Hz is generally below 10 dB, except for RP02, RP09 and RP23. However, especially at the 

relevant peaks of 200 Hz, 400 Hz and 600 Hz, the SNR is always above 10 dB. 

The upper bound for the determination of mobility functions is at 2200 Hz for this case. The 

same approach for the determination of the upper bound is used as shown in Figure 4.17. In 

Figure 4.31 the mobility functions between the validation point (RP20) and the 9 DoFs at the 

internal interface (CP 1-6) between the BNA and the bearing shell are shown. 

Figure 4.31: Mobility between validation point and degrees of freedom at internal interface  

It can be observed that the assembly is stiff and the mobilities in axial (a) direction are dominant 

in the shown frequency range. In radial (r) and tangential (t) direction the mobilities are com-

parable. The coherence functions between the validation location and the DoFs at the interface 

are shown in Figure 4.32. 
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Figure 4.32: Coherence functions between validation point and degrees of freedom at internal inter-

face  

It can be observed that the coherence in axial (a) direction is generally above 95% in the fre-

quency range above 1 kHz, except at the anti-resonances. In radial (r) and tangential (t) direction 

the coherence below 1 kHz is lower than the coherence in axial direction. Often the coherence 

does not reach values above 90% in radial and tangential direction.  

Figure 4.33 shows the spectrum of the condition number of the matrix, which is used for the 

calculation of the in-situ blocked forces of a ball nut assembly (BNA). 
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Figure 4.33: Condition number of mobility matrix 

Except for frequencies between 1 and 1.3 kHz the condition number is always below 150 in the 

shown frequency range. 

In theory it was possible to determine in total 12 blocked forces, but it was assumed that only 

9 forces were needed to characterise the source strength of the BNA. Therefore three forces in 

tangential direction were omitted. The spectra of the 9 in-situ blocked forces of the BNA for 

the artificial operational state are shown in Figure 4.34, Figure 4.35 and Figure 4.36. Every 

figure shows the in-situ blocked forces for one direction. Figure 4.34 shows the in-situ blocked 

forces in axial direction, Figure 4.35 in radial direction and Figure 4.36 in tangential direction.  
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Figure 4.34: Spectra of in-situ blocked forces of a ball nut assembly (BNA) at coupling points (CP); 

axial direction; grid ordinate: 10 dB  

Figure 4.35: Spectra of in-situ blocked forces of a ball nut assembly (BNA) at coupling points (CP); 

radial direction; grid ordinate: 10 dB  
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Figure 4.36: Spectra of in-situ blocked forces of a ball nut assembly (BNA) at coupling points (CP); 

tangential direction; grid ordinate: 10 dB  

The determined in-situ blocked forces show dominant peaks at 200 Hz in the depicted frequency 

range. This is expected since the operational state was chosen as a sine signal with a frequency 

of 200 Hz. Furthermore the spectra show that the magnitudes of the in-situ blocked forces at 

the dominant peak at 200 Hz are within 10 dB for one direction. This means that the structure-

borne sound transfer from the BNA to the receiver can be seen as nearly constantly distributed 

over the interface. This is expected behaviour for a fully rotationally symmetric component 

with a continuous interface. 

The result of the on-board validation of the blocked forces is shown in Figure 4.37. It shows 

the comparison between the acceleration in frequency domain that is measured at a validation 

point on the receiver structure (bearing shell) and the acceleration at the same point that is 

predicted using the 9 determined in-situ blocked forces and the corresponding FRFs. This on-

board validation approach was described in subsection 2.3.5. 
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Figure 4.37: On-board validation of the in-situ blocked forces of a ball nut assembly (BNA); grid 

ordinate: 10 dB 

It can be observed that the source characteristics of a BNA can be adequately described using 

9 in-situ blocked forces around the circumference of the ball bearing. The 9 in-situ blocked 

forces compose of each three forces in axial, radial and tangential direction. The magnitude at 

the main frequency of the swept sine is detected with an accuracy of below 3 dB. The first and 

the second harmonic are also detected correctly but in contrast to the main frequency the devi-

ation between the calculated and the measured magnitude of the velocity is around 7 dB higher 

at the first harmonic at 400 Hz. The velocity induced by the second harmonic at 600 Hz is 

predicted within 2 dB. 
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4.5.4 Case study III: Toothed belt 

In subsection 4.5.2 and subsection 4.5.3 it was demonstrated that it is possible to experimentally 

determine vectors of in-situ blocked forces which characterise the source strength of an EM and 

a BNA of an EPSapa system. In order to achieve the results in an accurate manner MEMS 

accelerometers were embedded at the internal contact interface between BNA and EM, respec-

tively. In this way two of the three prominent internal sources of an EPSapa system are charac-

terised in terms of experimentally determined vectors of in-situ blocked forces at the internal 

interface DoFs. Thus an important objective of the present thesis is achieved. Both of the afore-

mentioned internal sources (EM and BNA) of an EPSapa system can be characterised with in-

situ blocked forces at a rigid and quasi-static interface. However, the in-situ blocked forces of 

the third main internal source of an EPSapa system which is a toothed belt cannot be experi-

mentally determined in the same way.  

Hence, in the following the results of a toothed belt of an EPSapa system are presented. The 

results are achieved by applying the methodology to determine the in-situ blocked forces of 

sources with revolving interfaces, proposed in subsection 4.4.3. The assumption is made that 

the structure-borne sound is generated solely at the teeth which mesh with the toothed disc of 

the BNA and the pinion of the EM, respectively. This assumption, which is based on the func-

tional principle of a TB, reduces the amount of in-situ blocked forces to be determined. An on-

board validation was carried out to prove the aforementioned assumption. Furthermore, two 

interface cases are compared with each other. The two cases define the rotating interface be-

tween the TB and the attached receiver in a different way. 

The test rig which is used to determine the in-situ blocked force of the TB is depicted by Figure 

4.38. It is constructed of two fixtures which are connected via two bolts. The left fixture plate 
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of the test rig drives the TB by an electric motor while the right fixture is for the toothed disc 

which is connected to a magnetic brake. With the help of the brake the TB can be loaded. This 

way the same operational conditions as an EPSapa system can be set. Furthermore the test rig 

depicted by Figure 4.38 allows the tension σ  of the TB to be set according to the functional 

and NVH requirements of an EPSapa system. Although the depicted test rig was not specifically 

designed to determine (in-situ) blocked forces it yields the necessary boundary conditions. Fur-

thermore Figure 4.38 shows the position of the accelerometer for the validation of the deter-

mined in-situ blocked forces. 

 

Figure 4.38: Test rig for the determination of in-situ blocked forces of a toothed belt 

At the beginning of this subsection it was mentioned that two cases of defining the interface 

between TB and the receiver was to be compared. Hence the different cases of the revolving 

interface that are distinguished within this case study are listed in the following: 
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1. The interface is chosen as the incoming meshing teeth between the TB and the 

pinion of the EM and the toothed disc of the BNA and the TB, respectively. This 

results in a total of six internal in-situ blocked forces since three perpendicular 

forces in a Cartesian coordinate system (compare Figure 4.39) per tooth are de-

fined. 

2. The interface is chosen as the centre of the discs which are used to drive the 

toothed belt on the test rig (compare Figure 4.38). These discs represent the pinion 

(P) of the EM and the toothed disc (TD) of the BNA when the TB is assembled 

within an EPSapa system. This results in six internal in-situ blocked forces since 

three perpendicular forces in a Cartesian coordinate system (compare Figure 4.39) 

per disc are defined. 

The two cases are depicted in Figure 4.39 for a rotation of the TB in clockwise direction. 

The red lines show the location of the in-situ blocked forces for the second interface case at 

the centre while the black lines indicate the location for the first interface case at the incom-

ing teeth, respectively. 

 

Figure 4.39: Schematic depiction of revolving interface of a toothed belt which meshes with a toothed 

disc (right interface) and the pinion of an electric motor (left interface) 
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It will be shown, based on the experimentally determined results of the different interface cases, 

that the definition of the revolving interface between a TB and the pinion of an EM or a toothed 

disc of a BNA, respectively, is not obvious or trivial. However, for a bfTPA, the first interface 

case is to be preferred because of its transferability to the realistic mounting conditions of a TB 

within an EPSapa system. 

The measurement points, namely remote points (RP) on the two plates of the test rig are shown 

in Figure 4.40. The point which is chosen out of the 13 remote points for the on-board validation 

is labelled RP07. 

 

Figure 4.40: Measurement points: 13 remote points (RP) and validation point (RP07) on right plate 
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The colour diagram on top of Figure 4.41 shows the SNR at all remote points. On the bottom 

the spectra of the acceleration signal and the noise at the validation location (RP7) is shown. 

Figure 4.41: Signal-to-noise-ratio (SNR); top: SNR at all 13 remote points (RP); bottom: SNR at 

RP07 on the right fixation in y-direction; Grid: 10 dB 

It can be observed from the top diagram that the SNR is generally above 10 dB, except for 

RP05. 
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The upper bound for the determination of mobility functions is at 2100 Hz for this case. The 

same approach for the determination of the upper bound is used as shown in Figure 4.17. In 

Figure 4.42 the mobility functions between the validation point and the 6 DoFs at the internal 

interface between the toothed and the pinion and toothed disc, respectively, are shown. 

Figure 4.42: Mobility functions between validation point and degrees of freedom at internal interface 

on toothed belt 

It can be observed that especially the mobilities between the validation location (RP07) and the 

toothed disc are dominant. This is an expected behaviour since the toothed disc and the valida-

tion location are on the same plate of the test rig. One dominant resonance is at 1 kHz. 

The coherence between the validation location and the DoFs at the internal interface are shown 

in Figure 4.43. 
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Figure 4.43: Coherence functions between validation point and degrees of freedom at internal inter-

face 

It can be observed that the coherence is generally above 95%, except at the anti-resonances. For 

excitation at RP07 and measurement at the pinion in y direction the coherence is significantly 

worse than in the other directions. Furthermore the coherence functions for excitation at RP07 

and measurement at the pinion is generally worse than at the toothed disc. This is expected 

since the pinion is fixed on the other plate. Therefore the remote points are placed on both plates 

in all 3 directions (x, y and z). The test setup, which consists of the test rig and the toothed belt, 

can be seen as a linear time invariant system. 

In the literature condition numbers below 100 are assumed to indicate a very successful inver-

sion of the matrix. The condition number is shown in Figure 4.44. 
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Figure 4.44: Condition number of mobility matrix 

Except for one frequency at 1 kHz the condition number is always below 100 in the frequency 

range, which is important for the toothed belt. 

One possibility to validate the calculated in-situ blocked forces of the TB is to use the infor-

mation about the distinct order generated by the constant gear transmission ratio between the 

TB and the pinion of the EM. The order is related to frequency according to Eq. (5.3). Since 

the pinion of the EM has 41 teeth a 41st order, generated by the TB, can be observed. If the TB 

is driven with a constant rotational speed only one dominant frequency according to Eq. (4.9) 

should be observable. The spectra of the determined in-situ blocked force of the TB and the 

acceleration used for OBV, respectively, should therefore only show a dominant peak at this 

frequency. However because of the electric motor, which drives the toothed belt, a 35th order 

can also be observed in the spectra of the acceleration used for the OBV and the in-situ blocked 

forces, respectively. 
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In the following, the OBV approaches for the both interface cases will be shown separately. 

This procedure constitutes a deviation to the presentation of the case studies of the EM and the 

BNA in subsection 4.5.2 and subsection 4.5.3, respectively. However, both aforementioned 

case studies contained clearly defined interfaces and it was not necessary to compare two 

choices of interfaces. However, since within the present case study of a TB the choice of the 

interface should be evaluated at first the OBV approaches of the two different case studies are 

discussed. The operational state is chosen as a constant run of the TB in clockwise direction 

with 1268 rpm. By choosing this rotating speed the operational state of the TB correlates with 

the operational state of an EPSapa system with a constant steering speed of 300°/sec. In the 

following only the frequency range, which is important for a constant run of the toothed belt 

with 1268 rpm at the test rig, between 650 and 900 Hz is shown. 

At first the OBV approach for the choice of the interface at the incoming meshing teeth is shown 

by Figure 4.45. The figure shows the spectra of the measured and calculated accelerations (com-

pare subsection 2.3.5).  
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Figure 4.45: On-board validation of the in-situ blocked forces of a toothed belt (TB) determined at 

the incoming meshing teeth (case 1); grid ordinate: 5 dB 

It can be observed from Figure 4.45 that the OBV of the in-situ blocked forces which charac-

terise the source strength of the TB is generally successful. Especially the relevant peak at the 

main order of the TB at 866 Hz is determined with a deviation below 1 dB. A second peak at 

740 Hz can be observed in the spectra of the acceleration which is used for the OBV. This peak 

is related to the electric motor which drives the pinion and in turn drives the TB which meshes 

with the pinion. 

The OBV approach for the case where the interfaces are chosen as the centres of the discs which 

drive the toothed belt is shown in Figure 4.46. The same position for the measurement of the 

acceleration used for the validation is chosen as for the first interface case. 
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Figure 4.46: On-board validation of the in-situ blocked forces of a TB determined at the centre of the 

driving discs (case 2), grid ordinate: 5 dB 

Figure 4.46 clearly shows that the interface can also be chosen as the centre of the discs. Espe-

cially the orders of the electric motor and the toothed belt at 760 and 867 Hz are detected with 

high accuracy, with a deviation below 2 dB. A reason for the However, this is only a feasible 

approach if the in-situ blocked forces are determined on the shown test rig (compare Figure 

4.38). The order of the belt is observed in the spectrum of the predicted acceleration. Both 

interface cases show good results. 

If only the dominant frequency range is to be observed, a band pass filter can be applied. In this 

way the influence of the electric motor, which corrupts the measurement, can be neglected. 

However, the main order of the toothed belt was predicted with an accuracy of below 2 dB for 

both chosen interface cases. This proves that the in-situ blocked forces of a source with a rotat-

ing interface can be determined according to the methodology which is proposed in section 4.3. 

In the following the determined in-situ blocked forces for the first interface case at the incoming 

teeth are discussed. 
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Figure 4.47, Figure 4.48 and Figure 4.49, shows the in-situ blocked forces of the TB divided 

into the three directions of a Cartesian coordinate system. The directions of the coordinate sys-

tem in relation to the TB can be seen in Figure 4.39. 

 

Figure 4.47: Spectrogram of in-situ blocked forces of a toothed belt (TB) at the incoming meshing 

teeth according to coordinate direction; x-direction; grid ordinate: 5 dB 

 

Figure 4.48: Spectrogram of in-situ blocked forces of a toothed belt (TB) at the incoming meshing 

teeth according to coordinate direction; y-direction; grid ordinate: 5 dB 
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Figure 4.49: Spectrogram of in-situ blocked forces of a toothed belt (TB) at the incoming meshing 

teeth according to coordinate direction; z-direction; grid ordinate: 5 dB 

The force in the x-direction, which is the lateral force of the TB, is of the same magnitude at 

both interfaces. This means that both tooth mesh at the pinion and the toothed disc side, respec-

tively, generate the same force at the relevant frequency. Furthermore, the shear force in the y-

direction at the pinion side of the TB is significantly higher than at the toothed disc side. This 

is a consequence of the crimping at the toothed disc which guides the TB. However, at the 

pinion side the TB is not guided which results in a swerve movement. For that reason the in-

situ blocked forces are significantly higher at the pinion side, seen in the middle diagram. If the 

toothed belt is restricted from a shear movement the forces are expected to be lower. The move-

ment in the z-direction which is an up and down movement of the TB is relatively small at the 

toothed disc side and therefore the resulting in-situ blocked forces need to be small as well. 

This can also be observed in Figure 4.50 and Figure 4.51 which show the in-situ blocked forces 

at the pinion side and on the toothed disc side, respectively.  
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Figure 4.50: Spectra of the in-situ blocked forces of a toothed belt at the incoming teeth according to 

interface position; forces at pinion side; grid ordinate: 10 dB 

 

Figure 4.51: Spectra of the in-situ blocked forces of a toothed belt at the incoming teeth according to 

interface position; lower diagram: forces at toothed disc side; grid ordinate: 10 dB 
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At the dominant frequency of 867 Hz the determined blocked forces in the z-direction are sig-

nificantly lower than the forces in the x-direction at the toothed disc side. This is expected since 

the function of a toothed belt is to generate forces in an x-direction in order to transfer the torque 

of the electric motor to the ball nut assembly. Furthermore the shear force at the toothed disc in 

the y-direction is relatively small compared to the lateral forces in the x-direction. This means 

that the structure-borne sound which is induced by the toothed belt is mainly affected by the 

forces in the x-direction. At the pinion side the shear forces in the y-direction are dominant. 

However, if the swerve movement of the TB at the pinion could be restricted, the lateral forces 

in the x-direction would be dominant at 867 Hz. 

4.6 Summary and concluding remarks 

In section 4.2 a novel application of MEMS accelerometers was presented. It was generally 

shown that MEMS accelerometers can be embedded within a structure-borne sound source such 

as an electric motor or a ball nut assembly to determine blocked forces using the in-situ method.  

MEMS accelerometers can be embedded using any two component adhesive in small grooves 

or holes. It was proven that only minor modifications to the very sensitive contact interface 

between a source and a receiver are necessary to embed the MEMS accelerometers. Further-

more it was shown that the adopted calibration method allows measurement with high accuracy 

in a broad frequency range, sufficient for most structure-borne sound issues within 

EPS systems. Additionally the limitations of MEMS accelerometers for inverse force identifi-

cation in general were elucidated. Generally it can be stated that MEMS accelerometers usually 

have an unfavourable SNR. Nevertheless the measurement performance of the used MEMS 

accelerometers is sufficiently accurate for the use to experimentally determine FRFs. 
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Secondly in section 4.3 it was specified how a structure-borne sound source with a continuous 

interface between the source and a receiver can be characterised in terms of in-situ blocked 

forces. Two potential ways to describe the physical behaviour of the interface were discussed. 

The interface can be discretised through multiple point connections. A second possibility, using 

Fourier series, was briefly described. However, within this thesis Fourier series are not used to 

describe the interface. Solely the discretisation of the interface which is discussed in subsec-

tion 4.3.2 is used. 

Section 4.4 discusses a methodology to determine the in-situ blocked forces of revolving 

sources such as a TB or a toothed gear. In case of a revolving source the interface is not static 

but dynamic. However if one is able to determine an interface which is accessible with MEMS 

or IEPE accelerometers it is possible to determine meaningful in-situ blocked forces. This holds 

even for sources with interfaces that can be considered as elastic rather than stiff. 

The theoretical consideration of section 4.2 - 4.4 were applied to case studies presented in sec-

tion 4.5. The in-situ blocked forces of the three main internal sources of an EPSapa system were 

determined. It was shown for all three cases that it is possible to determine in-situ blocked 

forces. A validation approach which is outlined in subsection 2.3.5 was used to ensure that the 

blocked forces were determined with a maximum deviation at the relevant frequencies below 5 

dB.  
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5.1 Introduction 

The main aim of the presented thesis is to develop and subsequently validate a novel TPA meth-

odology. By conducting the proposed novel TPA the partial contribution of every internal source 

to the entire source strength of an EPSapa system is determined and analysed. In the previous 

chapter, it was shown that the vectors of in-situ blocked forces characterising the three main 

internal structure-borne sound sources of an EPSapa system can be determined using MEMS 

accelerometers embedded at the internal interfaces. This is an essential requirement of the pro-

posed novel TPA that will be introduced and explained in section 5.3. It can be remarked that 

the presented methodology can in theory be applied to any vibrational structure-borne sound 

source that can be substructured into its multiple prominent internal sources.  

In section 5.2 the advanced internal-source-path-receiver-model is introduced. This model is an 

extension of the internal-source-path-receiver-model (ISPRM) and is derived, based on the 

functional principle of an EPSapa system. The model includes all necessary internal sources, 

internal transmission paths and internal receivers and presents the relationship between all three 

parts. Based on the advanced ISPRM, the in-situ blocked forces of both the internal sources of 

an EPSapa system, presented in section 4.5, and the whole EPSapa system will be characterised 

in terms of in-situ blocked forces. In order to rank order the internal sources the determined 

vectors of in-situ blocked forces of the internal sources are correlated to the vectors of in-situ 

blocked forces of the whole EPSapa system. For that reason the so called blocked force trans-

missibility functions (BFT), which characterise the sound transmission within the housing of 

the EPSapa system, need to be determined as described in section 5.3. It will be shown that the 

BFT functions can be determined using MEMS accelerometers. The presented methodology is 

validated by carrying out three case studies which are outlined in section 5.4. 



Chapter 5. Contribution of multiple internal structure-borne sound sources 

134 

 

In section 5.5 a novel approach is presented, which is based on a matrix containing BFT func-

tions and vectors of in-situ blocked forces. This approach aims to virtually assembling a product 

regarding the NVH requirements of a vehicle manufacturer. The methodology and the benefits 

of the presented approach, which is called virtual component assembly (VCA), is outlined in 

section 5.5. 

Often it is not possible to characterise the passive behaviour of a source coupled to a receiver 

with only one set of measured FRFs since the kinematic behaviour of the source changes during 

operation. Therefore in section 5.6 this issue will be addressed. It will be shown by applying a 

frequency response assurance criterion (FRAC) analysis, that the internal FRFs of an 

EPSapa system change significantly during a steering manoeuvre. For that reason an approach 

will be presented to overcome this problem. 

5.2 Advanced internal-source-path-receiver-model 

5.2.1 Introduction 

In section 1.4 the fundamentals of the internal source-path-receiver-model (ISPRM) are intro-

duced. In this context it is also already generally elucidated that the classical source-path-re-

ceiver model (SPRM) is not sufficient to describe the structure-borne sound transfer within an 

overall vibrational source such as an EPSapa system. This is especially if the contribution of 

the internal source strength to the overall source strength is to be defined in terms of in-situ 

blocked forces in order to be receiver independent.  

In subsection 5.2.2 the ISPRM is developed and expanded, yielding the advanced ISPRM. By 

expanding the ISPRM it is easier to include structures such as bearings. In subsection 5.2.3 the 
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term blocked force transmissibility (BFT) is introduced, which is an important part of advanced 

ISPRM. 

5.2.2 Model as basis for blocked force transmissibility 

As briefly mentioned in section 3.2, a technical product that is engineered to fulfil a complex 

function such as an EPSapa system usually consists of multiple components which generate 

structure-borne sound. This means that the structure-borne sound of the whole product, which 

is transferred to an attached overall receiver, is affected by multiple internal source mechanisms. 

In order to deal with this issue all of the defined internal source mechanisms need to be charac-

terised independently from each other. In subsection 2.3.4 the main benefits of in-situ blocked 

forces as a possibility to characterise structure-borne sound sources independently from a re-

ceiver is outlined. Therefore within the concept of bfTPA, vectors of in-situ blocked forces are 

used to characterise the internal sources and then related to the overall source strength by a 

transmissibility function that characterises the passive part of the product such as the housing 

of an EPSapa.  

The advanced internal-source-path-receiver model is depicted in Figure 5.1. The model is de-

rived from the functional design of an EPSapa system but is also valid for other products which 

consist of multiple internal structure-borne sound sources and internal rigid receiver structures. 
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Figure 5.1: Advanced internal-source-path-receiver model 

Most complicated engineered products consist of rigid and passive components such as a hous-

ing which embeds and carries all the active internal sources (IA1 … IAn). This structure is there-

fore considered as the internal receiver (IB). Mostly the internal sources are embedded inside 

of the IB and are therefore not accessible with standardised accelerometers. A potential way to 

overcome that issue was described in section 4.2. Usually there is also some sort of a bearing 

between the internal sources and the IB to ensure the functional principle of the whole product, 

source (A). These components were introduced as “transceivers” in subsection 3.4.4.  

The overall structure-borne sound of the product (A) can be independently characterised in 

terms of in-situ blocked forces 
,bl cf  at interface (c) between the source (A) and the receiver 

structure (B). The determined in-situ blocked forces 
,bl cf  are the sum of all the vectors of in-situ 
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blocked forces 
, nbl if  of the internal sources (IAs) and the transmission paths in terms of a trans-

missibility matrix 
,C ciT  within the internal receiver (IB).  

Both the in-situ blocked forces 
,bl cf  of the source (A) at interface (c) and the internal blocked 

forces 
, nbl if  at the n internal interfaces ( )1 ni i…  are independent from an attached overall receiver 

structure (B) or internal receiver (IB) respectively. This means that the product, which is the 

overall source (A) can be disassembled and the in-situ blocked forces 
, nbl if  can be determined 

independently from each other using a specifically engineered test bench as receiver. Therefore 

a TPA can be carried out within the source (A) which is based on the in-situ blocked forces of 

the n  internal sources 
, nbl if  as input quantity, the transmissibility matrix 

,C ciT  within the IB to 

describe the transmission paths and the in-situ blocked forces 
,bl cf  of the source (A) as target 

quantity. In subsection 5.2.3 it is shown how the necessary transmissibility 
,C ciT  can be deter-

mined by measurements and in subsection 5.3.2 the bfTPA method is explained. The proposed 

model applies for all internal sources with continuous and also revolving internal interfaces, as 

explained in section 4.3 and section 4.4.  

5.2.3 Blocked force transmissibility 

The term blocked force transmissibility (BFT) is used to describe the transmissibility functions 

between a vector of in-situ blocked forces at the external and internal interfaces of an overall 

source according to advanced ISPRM. The BFT is different from the general approach of trans-

missibility functions. The experimental determination of the functions is presented in subsec-

tion 5.3.2. However, the underlying equations of BFT are first explained. 
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In contrast to classical and in-situ TPA the target quantity for the analysis of the structure-borne 

sound within a source (A) is chosen to be a vector of in-situ blocked forces 
,bl cf  acting at DoFs 

at interface (c) between source (A) and receiver (B). This is depicted by Figure 5.1. Furthermore 

the internal sources (IA1 … IAn) which induce the structure-borne sound of a source (A) are 

characterised by a vector of in-situ blocked forces 
,bl if  at the corresponding DoFs at the internal 

interfaces (i1…in) as well. Hence a vector of velocities cv  at interface (c) between source (A) 

and receiver (B) can be determined based on the knowledge of the in-situ blocked forces 
,bl if  

and 
,bl cf  and corresponding mobilities ciY  and ccY  as follows 

 
,c cc bl c=v Y f   (5.1) 

 
,c ci bl i=v Y f   (5.2) 

Based on Eq. (5.1) and Eq. (5.2) the following relation between the in-situ blocked forces 
,bl if  

at the internal interfaces ( )1 ni i⋯  and the in-situ blocked forces 
,bl cf  at the external interface 

(c) can be established 

 1

, , , ,bl c cc ci bl i C ci bl i

−= =f Y Y f T f   (5.3) 

The matrix 
,C ciT  which relates the two vectors of internal in-situ blocked forces ,bl if  and exter-

nal in-situ blocked forces ,bl cf  is equal to the transpose of the generalised transmissibility matrix, 

see Ribeiro et al. [15]. Maia et al. [16] proposed an approach to determine the transmissibility 

based on kinematic quantities only and Moorhouse et al. showed that the generalised transmis-

sibility is invariant to whether the excitation is applied at the interface DoFs or downstream of 

the interface [29].  
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The BFT matrix 
,C ciT  can be theoretically determined in two ways. The first yields the functions 

which are the generalised transmissibility functions YT  and are based on mobilities13 as follows 

(compare Figure 5.2) 

 ( )( ) ( ) ( )( ), , , ,

T
T T

Y C cc C ic C ic C cc

+ + = =
 

T Y Y Y Y   (5.4) 

where 
,C ccY  is the point mobility matrix of the coupled system (C) for an excitation and a re-

sponse at the interface (c) between the source (A) and the receiver (B). 
,C icY  denotes a transfer 

mobility matrix for an excitation at the interface (c) and a response at the internal interface (i) 

between the internal source (IA) and the internal receiver (IB). This is given by the generalised 

transmissibility approach by Ribeiro et al. [15]. However, in most cases it is not possible to 

determine the mobilities 
,C ccY  and 

,C icY  because neither interface (c) or interface (i) is accessi-

ble with an impact hammer, which is often used in structural dynamics for the excitation of a 

structure [113]. For that reason a second methodology to determine the transmissibility 
,C ciT  is 

presented which is based only on velocities that can be measured without the necessity to excite 

at interface (c) or (i). The second approach is detailed in subsection 5.3.2. This method will be 

used for the case studies, presented in section 4.5. 

  

                                                 

13 the subscript Y  should indicate that this transmissibility function is derived from mobility functions. 
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5.3 Blocked force transmissibility transfer path analysis 

5.3.1 Introduction 

In subsection 3.2.2 the functional principle of an EPSapa system was introduced. According to 

this functional principle an EPSapa system can be substructured into three main internal sources 

and one internal receiver: the housing of the steering system. Based on this substructuring ap-

proach the advanced internal-source-path-receiver model, introduced in section 5.2, is derived. 

Furthermore it was briefly outlined that the in-situ blocked forces of the whole EPSapa system 

and the in-situ blocked forces of the internal sources can be related via multiple transmissibility 

functions which are called BFT functions. The methodology to determine this BFT functions in 

order to relate vectors of in-situ blocked forces at the internal and external interfaces to each 

other will be outlined in the following of this section. In this context, the aISPRM serves as the 

foundation of the derived BFT functions. Furthermore a validation approach is presented to 

prove the feasibility and validity of the methodology to determine BFT functions. The section 

ends with a discussion of the benefits and drawbacks of BFT functions. 

5.3.2 Methodology to determine blocked force transmissibility 

In section 5.2 it was outlined with the help of the advanced internal-source-path-receiver model 

that the in-situ blocked forces 
,bl cf  of an EPSapa system or any other product are the sum of the 

internal source mechanisms in terms of in-situ blocked forces 
,bl if  according to Eq. (2.8). In the 

following of this subsection the methodology to determine the BFT matrix 
,C ciT  will now be 

described. 
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Generally, the transmissibility can be understood as the ratio between velocities measured at 

interface (c) and (i) for an excitation at interface (c). Moorhouse et al. [29] showed that the 

generalized transmissibility is independent from the location of the excitation. This means that 

the excitation can occur directly at the interface (c) or through a coupled structure at interface 

(b). Based on the findings of Maia et al. [16] and Tcherniak [114], which showed that the trans-

missibility can be calculated by using response measurements in terms of velocities, only the 

BFT matrix 
,C ciT  can be determined using the follow measurement routine (Figure 5.2). 

 

Figure 5.2: Methodology to determine blocked force transmissibility functions 

Using different excitations ( )
1 2 ob b bf f f⋯  at interface (b) corresponding responses 

,C cv  and 

,C iv  at interface (c) and interface (i) can be measured. Here o  is the number of different exci-

tation locations at interface (b). This yields the expression for the transmissibility 
,C ciT  as fol-

lows 

B

c

cblf ( )b

cv

A

i1

b

in

1,bl if

, nbl if
2

( )b

iv

1

( )b

iv

IAn

IA1

C

1bf

obf



Chapter 5. Contribution of multiple internal structure-borne sound sources 

142 

 

 ( )
( )

( ) ( )
1 1
, ,

( ) ( )
2 2
, ,

,

( ) ( )

, ,

( ) ( ) ( ) ( ) ( ) ( )
1 2 1 1 2 1
, , , , , ,

( ) ( )

, ,

( ) ( )

b b

C c C i

b b

C c C i

C ci

b b
o o

C c C i

T Tb b b b b b

C c C c C c C i C i C i

b b

C c C i

+

+

+

   
   
   

=    
   
   
   

=

=

v v

v v
T

v v

v v v v v v

V V

⋮ ⋮

⋯ ⋯   (5.5) 

The transmissibility matrix 
,C ciT  based on velocities will be called the BFT matrix in the fol-

lowing. Based on the BFT, the relation between the vector of internal blocked forces 
,bl if  and 

the vector of external blocked forces 
,bl cf  can be expressed as follows 

 ( ) ( )( ) ( )

, , , ,

b b

bl i C i C c bl c

+ =   
f V V f   (5.6) 

Therefore for the determination of the transmissibility matrix 
,C ciT  the source (A) which is 

coupled to receiver (B) is excited at multiple locations (b) to yield responses at the internal 

interfaces (i1…in) and the external interface (c), respectively. A fundamental requirement of this 

approach is that the number of excitation DoFs o is equal to or greater than the DoFs of dynamic 

loads at the internal interface (i1…in). The vectors of responses at the internal interfaces 

( )1 ( )( )

, .
obb

C i C iv v⋯  and the external interface ( o1 (b )(b )

C,c C,c…v v ) as a consequence of the o excitations are 

then organised in matrices ( )

,

b

C iV and ( )

,

b

C cV . 

For stabilisation of the solution to Eq. (5.6) the amount of excitation o can be greater than the 

number of DoFs at the internal interfaces. Hence the matrices ( )

,

b

C iV and ( )

,

b

C cV are not square and 
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pseudo inversion of ( )

,

b

C cV  is needed. The fundamental equation for bfTPA which forms the basis 

to analyse the transfer path problem of aISPRM is formulated as follows 

 
, , ,bl c C ci bl i=f T f   (5.7) 

Eq. (5.7) and Eq. (5.6) apply for generalized blocked forces, including blocked moments. 

5.3.3 Validation method for blocked force transmissibility transfer 

path analysis 

In the previous subsection a methodology is presented to experimentally determine BFT func-

tions and arrange them in a matrix. The matrix forms the link between a vector of external and 

internal in-situ blocked forces of a vibrational source. The matrix is determined using artificial 

excitation at random positions on the receiver. 

Since both the vector of internal blocked forces as well as the vector of external in-situ blocked 

forces are determined using an inverse approach both vectors are known to be error prone [55], 

[56]. For that reason in the following a validation approach of the developed bfTPA methodol-

ogy and the corresponding aISPRM is presented, which avoids that problem. 

The presented approach is based on the OBV approach which is used to confirm the correct 

determination of in-situ blocked forces [28]. The approach is to first validate the external in-

situ blocked forces 
,bl cf  at the external interface between the overall source (A) and the overall 

receiver (B). Afterwards the internal in-situ blocked forces 
,bl if  of every internal source are 

validated. Therefore at first the in-situ blocked forces of the internal sources are used with the 
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transmissibility functions 
,C ciT  to predict external in-situ blocked forces 

,bl cf  according to 

Eq. (5.7). The general approach of the validation is depicted by Figure 5.3. 

 

Figure 5.3: Approach to validate the determined internal in-situ blocked forces 
,bl if  of an overall 

source (A) 

The predicted external in-situ blocked forces 
,bl cf  and the corresponding FRFs valY  (compare 

also Figure 2.7 and subsection 2.3.5) are used to determine a kinematic quantity such as velocity 

valv  at a validation location on the overall receiver such as a test rig, for instance, as follows  

 ( ) ( )
,

,

( ) ( )

, , , ,

C ci

val val bl c

b b

val val bl c val C c C i bl i

+

=

= =

T

v Y f

v Y f Y V V f
�������

  (5.8) 

In this way two measurement techniques are compared. The first technique is the determination 

of blocked forces at the external interfaces 
,bl cf  using the in-situ method. In subsection 5.4.4 

B

c

,bl cf

A

1,bl if

, nbl ifIAn

IA1

1i

C

,C ciT

ni

?

val meas=v v
valY

,bl cf
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this will be labelled “in-situ”. The second method uses the BFT functions 
,C ciT  to derive pre-

dicted external in-situ blocked forces 
,bl cf  based on internal in-situ blocked forces.

,bl if . This 

will be labelled “predicted” in subsection 5.4.4. Both velocities valv  are compared with the 

measured velocity measv  at the validation location. In this way the external blocked forces and 

the internal blocked forces and the corresponding BFT functions are validated. The approach 

will be applied to validate the results of the case studies of an EPSapa system which are pre-

sented in subsection 5.4.3 and subsection 5.4.4. 

5.3.4 Drawback of blocked force transmissibility 

In the previous subsections the main benefits of the methodology of bfTPA are elucidated. The 

independence of the approach from the overall receiver and the fact that the approach can be 

carried out in-situ is highlighted. However, like other transmissibility based TPA approaches 

the bfTPA approach contains aspects which should be carefully taken into account. Therefore 

in the course of this subsection the drawbacks of the presented bfTPA approach are discussed. 

One of the benefits of bfTPA and also other transmissibility based approaches is the fact that no 

excessive FRF measurements are necessary [71], [115]. This means that in order to determine 

the matrix, which relates the internal and the external vectors of in-situ blocked forces opera-

tional measurements, can be used. This poses an advantage over FRF based TPA methods since 

the expenditure of time and the measurement expense is significantly reduced. However, the 

success of transmissibility based TPA approaches requires knowledge of all relevant transmis-

sion paths. Otherwise the contribution of one DoF to the overall source strength can be signifi-

cantly over predicted. This applies for the bfTPA method as well. 
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A further risk concerns the potential complexity of the overall source. In theory every DoF that 

should be investigated by carrying out a bfTPA approach requires a row in the BFT matrix. 

However, this means that for the generation of a new row an operational state is required, which 

is linearly independent from the other operational states. Although this is, in theory, possible to 

achieve through artificial excitation at different receiver locations, in reality the signals which 

are used for the artificial excitation are not always linearly independent. This is especially if the 

full frequency range that should be investigated is taken into account. Hence the BFT matrix 

does not always have full rank. If a sufficient over determination of the system is to be achieved, 

more artificial excitation signals than DoFs to be investigated are necessary. In subsection 5.4.4 

the effect of over determination is discussed. Furthermore a criterion is presented based on 

coherence to separate excitation signals which contribute to the quality of the BFT matrix by 

adding a new row to the BFT matrix. 

5.4 Case studies: Blocked force transmissibility transfer 

path analysis 

5.4.1 Introduction 

In section 5.3 a novel TPA approach called bfTPA is proposed and the underlying equations are 

derived and presented. The proposed methodology of bfTPA is based on BFT functions which 

are derived from basic equations of structure-borne sound and the in-situ blocked force method. 

The derivation of the general equations was shown in section 5.3. For the validation of the novel 

bfTPA methodology three different case studies are carried out which increase in complexity 

and are presented in the following subsections.  



Chapter 5. Contribution of multiple internal structure-borne sound sources 

147 

 

At first in subsection 5.4.2 the general underlying equations of the bfTPA approach are proven 

to be valid by using a freely suspended steel beam and artificial excitation to simulate the inter-

nal source mechanisms. A steel beam and artificial excitation is chosen because a beam is a 

technical structure that only allows movement in particular directions. Furthermore this case 

study contains the determination of in-situ blocked moments to prove the validity of the bfTPA 

methodology for rotational DoFs. In subsection 5.4.3 and subsection 5.4.4 an EPSapa system 

as introduced in section 3.2 is used for conducting the bfTPA. The results of this case study are 

presented and discussed in subsection 5.4.3. In the third case study which is presented in sub-

section 5.4.4 multiple constant steering manoeuvres are considered and hence a realistic appli-

cation is simulated. 

5.4.2 Case study I: Freely suspended steel beam 

This subsection introduces a case study which confirms the feasibility of the novel bfTPA ap-

proach (compare section 5.3) for translational and rotational DoFs. For this purpose a steel 

beam is used as an overall source according to aISPRM (compare section 5.2). Figure 5.4 shows 

the test setup which is used to carry out the case study. 

 

Figure 5.4: Test setup for the determination of the in-situ blocked forces at the external and internal 

interface and the corresponding BFT functions between interface (i) and (c) 
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The test setup consists of a steel beam freely suspended on both ends on foam. The free sus-

pension allows for the assumption that solely the internal in-situ blocked forces are taken into 

consideration and no external unintentional disturbance is present. In order to fulfil the principle 

of aISPRM the used steel beam is virtually subdivided into three parts. The green coloured part 

represents an internal source (IA) that is connected to a blue coloured internal receiver (IB) at 

the internal interface (i). Both parts (green and blue) together form the overall source (A) which 

is coupled to an orange coloured receiver (B). The overall source and the receiver are attached 

at the external interface (c). Both the internal and the external interface can be treated as con-

tinuous line. Hence discretisation of the interface is necessary as discussed in subsection 4.3.2. 

However, since the width of the beam is comparably small the interfaces (i) and (c) are each 

discretised by just one point connection. The considered DoFs at the internal and the external 

interface (i) and (c), respectively, will be discussed further in this subsection. 

The beam is artificially excited in out of plane direction at an arbitrary location on the internal 

source (IA). This kind of excitation represents an unknown internal source mechanism within 

(A) which can be characterised with in-situ blocked forces and moments at the internal interface 

(i). Furthermore the artificial excitation generates dynamic loads at the external interface (c) 

which are characterised by in-situ blocked forces and moments. The blocked forces and mo-

ments at interface (c) and interface (i) are determined according to the in-situ method. For the 

determination of the in-situ blocked moments the central difference approach by Elliott is used 

to yield the necessary moment mobilities [48]. 

The BFT matrix, according to Eq. (5.5), is compared with the ratio of the internal and external 

in-situ blocked forces and moments at interface (i) and (c), respectively. It can be observed from 
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the spectra of the in-situ blocked forces and moments, shown by Figure 5.5, that the character-

istic of the internal and external blocked forces and moments is different hence making them 

linearly independent. This fact is a necessary requirement for the validation of the presented 

methodology of the bfTPA. For a complex product such as a vehicle component it is expected 

that the internal and external in-situ blocked forces and moments at interface (i) and (c) are 

linearly independent as well. 

 

 

Figure 5.5: In-situ blocked forces (left) and moments (right) at interface (i) and (c)  
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The comparison of the transmissibility matrix determined by the ratio of the internal and exter-

nal in-situ blocked forces and moments and the transmissibility matrix determined by velocities 

according to Eq. (5.5) is shown by Figure 5.6. It can be observed that both the force and moment 

based transmissibilities are nearly equal to the corresponding velocity and angular velocity 

based transmissibilities determined according to Eq. (5.5). 

 

Figure 5.6: Comparison of transmissibility between external interface (c) and internal interface (i); 

upper diagram: blocked force transmissibility functions; lower diagram: blocked moment transmissibil-

ity functions 

Based on Eq. (5.7) the determined in-situ blocked forces and moments at the internal interface 

(i) can be used in combination with the velocity based transmissibility matrix to predict the in-

situ blocked forces and moments at the external interface (c). This shows a potential application 

of the presented methodology. The prediction is shown by Figure 5.7. 
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Figure 5.7: Predicted strength of source (A) at external interface (c) based on transmissibility and 

source strength of internal source (IA) at internal interface (i); upper diagram: in-situ blocked force; 

lower diagram: in-situ blocked moment 

It can be seen that the experimentally determined BFT matrix according to Eq. (5.5) is a solid 

basis to predict in-situ blocked forces and moments at the external interface (c) based on the 

knowledge of the in-situ blocked forces and moments at the internal interface (i) and vice versa. 
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Therefore the internal source mechanisms can be easily observed from the external in-situ 

blocked forces and moments if the BFT matrix can be experimentally determined using accel-

erometers. 

5.4.3 Case study II: Artificial excitation of electric power steering 

systems 

In the previous subsection it was shown that the developed aISPRM and the underlying equa-

tions of the bfTPA method are generally valid. In order to show the validity for both translational 

as well as rotational DoFs at internal and external interfaces, respectively, a freely suspended 

steel beam was used. However, at this point the question arises on if the underlying equations 

of the bfTPA method can be applied with the same or comparable accuracy to a more compli-

cated structure-borne sound source containing multiple internal structure-borne sound sources. 

For that reason an EPSapa system, which is a particular type of EPS systems, was used as the 

presented case study. In the following the results and the procedure of the case study are pre-

sented. 

As described in chapter 3, an EPSapa system consists of three main internal sources and one 

secondary source, the so called steering pinion. The steering pinion is mentioned for the sake 

of completeness but is not part of the conducted bfTPA approach since it is considered as a 

secondary source. The aforementioned dominant internal sources and the corresponding trans-

mission paths within the housing should be rank ordered in relation to their partial contribution 

to the overall source strength of the EPSapa system in terms of in-situ blocked forces. Theoret-

ically, a classical TPA or an iTPA, instead of a bfTPA, can be carried out to achieve a meaningful 

rank ordering of the internal source strengths. However, the idea of the proposed novel bfTPA 
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is to be fully based on quantities that are solely used for the independent characterisation of 

both the overall source as well as the embedded internal sources.  

The general principle of the bfTPA approach for the case of an EPSapa system is schematically 

shown in Figure 5.814.  

 

Figure 5.8: Principle of a bfTPA within an EPSapa system based on the external and internal in-situ 

blocked forces and the corresponding blocked force transmissibility functions 

In order to be able to determine the BFT matrix EPST  experimentally the methodology proposed 

in section 5.3 is used. The matrix contains the BFT functions which describe the transmission 

paths within the housing between the DoFs at the external and internal interfaces of an 

EPSapa system. As already mentioned, the methodology of bfTPA differs from classical TPA 

and iTPA in the way that the target quantity of the approach is a vector of in-situ blocked forces 

                                                 

14 The steering pinion is mentioned for completeness since it can be seen as an internal source, but in 

most cases the structure-borne sound of an EPSapa system is not influenced by the steering pinion. 
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,bl EPSf  characterising the whole source which is in this case the EPSapa system. The transmis-

sion paths within the internal receiver which in this case is the housing of the EPSapa system 

is characterised by the use of a BFT matrix EPST 15 rather than a FRF matrix. Hence, the input 

quantity of the bfTPA approach are vectors of in-situ blocked forces 
,bl if  characterising the 

vibrational behaviour of the internal sources (electric motor, toothed belt and ball nut assembly) 

which can be determined independently from each other on specified test rigs.  

Since every DoF of the vector of in-situ blocked forces characterising the internal sources 
,bl if  

is correlated with one transmission path characterised by a BFT function it is possible to deter-

mine the partial contribution of each internal source DoFs according to Eq. (5.7). This general 

principle of a bfTPA approach is the basis for the case study presented in the following and also 

for the case study presented in subsection 5.4.4. A further benefit of the bfTPA approach for 

EPSapa systems will be outlined in subsection 5.5.3. 

To conduct the bfTPA within an EPSapa system, the steering system is mounted on a test rig 

which is specifically designed to determine the external in-situ blocked forces of different steer-

ing systems. Hence the test rig is called “adaptive test rig” (ATR). The test rig was designed 

and validated by Lang and further improved by Huttenlauch [116]. Figure 5.9 shows the test rig 

including the mounted EPSapa system. The ATR consists of four base plates which allow the 

distances to be altered between the four towers, which are used to fix the steering system. Hence 

the towers form the external interface with the EPSapa system. In theory other test rigs or a 

                                                 

15 coupled mobility matrix 



Chapter 5. Contribution of multiple internal structure-borne sound sources 

155 

 

front axle carrier can be used, which allow a stiff mounting of the EPSapa system to carry out 

an EPSapa system. 

 

Figure 5.9: Adaptive test rig used for the determination of in-situ blocked forces of an EPSapa system 

The EPSapa system is characterised by 12 external in-situ blocked forces (compare subsec-

tion 3.4.2) at the external interfaces between the steering system and the test rig. At each of the 

external interface, namely “front left”, “front right”, “rear left” and “rear right” three perpen-

dicular blocked forces are determined. The naming for each external interface is chosen accord-

ing to the position of the external interface when the EPSapa system is mounted towards the 

front axle carrier of a vehicle. The success of characterising an EPSapa system with three trans-

lational DoFs at each external interface was shown by Sturm [11], [12], [32], [66], Alber [77], 

[104] and Bauer [31].  



Chapter 5. Contribution of multiple internal structure-borne sound sources 

156 

 

For the experimental determination of the external and internal in-situ blocked forces of the 

EPSapa system, 36 remote points are used which are positioned on the ATR. In this manner a 

three times over-determination of the system is used for the inverse calculation of the external 

in-situ blocked forces. The 36 remote points are defined in a near, mid and far field range ac-

cording to the position where the EPSapa system is mounted towards the test rig. Each range 

on the test rig contains 12 remote points. The near field range is close to the external interfaces 

between EPSapa system and the test rig. The midfield range is defined on the fixation towers. 

The far field range is defined as the remote points which are placed on the four base plates of 

the ATR. Furthermore each range contains four remote points per perpendicular direction of the 

vehicle coordinate system, respectively. 

The operational state was created using an artificial excitation. That way the complexity of the 

case study is reduced and the general applicability of a bfTPA approach within a complex prod-

uct such as an EPSapa system can be validated. To create the artificial excitation the steering 

system is not driven but excited at a position on the EM using an impact hammer. Since the TB 

and the BNA are downstream of the EM in direction to the external interfaces this approach is 

valid and the EM can be seen as the only active internal source of the EPSapa system. However 

the internal interface between the EM and the EPSapa system is further subdivided. The first 

interface is chosen between the housing of the EM and the housing of the EPSapa system. This 

is the same approach as used in section 4.5.2. Hence 9 DoFs are defined at this interface. The 

second interface is chosen between the pinion of the EM and the toothed belt. This interface is 

characterised with three DoFs according to the finding which are presented in section 4.5.4. 

Hence, in total 12 internal in-situ blocked forces are determined. This way a three times over-

determination for the inverse calculation of the defined internal in-situ blocked forces is 

achieved. 
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One specific validation point on the test rig is used for the OBV of the external and the internal 

in-situ blocked forces (Figure 5.9). The validation approach for the bfTPA is described in sub-

section 5.3.3. The same approach, based on Eq.(5.8), was used for the validation of the artifi-

cially excited EM. The results of the aforementioned validation approach for the bfTPA ap-

proach are shown in Figure 5.10.  

 

Figure 5.10: Validation of the external and internal in-situ blocked forces of an artificially excited 

EPSapa system mounted on a test rig; grid ordinate: 10 dB 

It can clearly be stated that the internal in-situ blocked forces are successfully determined since 

the acceleration at the validation point (purple curve) is predicted at the peaks with a deviation 

below 5 dB high accuracy based on the internal in-situ blocked forces and the corresponding 

BFT functions (red curve). The OBV approach of the external in-situ blocked forces according 

to Eq. (2.9) yields the blue curve. It can clearly be seen that the prediction of the acceleration 

is 5 dB worse compared to the prediction based on the internal in-situ blocked force. Hence the 

conclusion is drawn that it is favourable to determine the in-situ blocked forces as close as 
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possible to the location of the internal source generation mechanisms. Figure 5.10 includes the 

prediction of the acceleration at the validation point if the internal in-situ blocked forces at the 

interface between pinion and toothed belt and the corresponding BFT functions within the belt 

are excluded (yellow curve). It can be seen that if this is done the prediction of the acceleration 

based on Eq. (5.8) gets 5 dB worse. This allows the conclusion that the in-situ blocked forces 

at the interface between toothed belt and pinion and the corresponding transmission paths are 

important for the transmission of structure-borne sound within an EPSapa system. Therefore 

the structure-borne sound induced by the TB cannot be neglected. To take this transfer path into 

account MEMS accelerometers were placed on the pinion of the EM as depicted by Figure 5.11. 

This way the BFT functions which describe the sound transfer between the pinion and the ex-

ternal interfaces of an EPSapa system can be taken into account. If the pinion is driven the 

MEMS accelerometers need to be removed according to what is proposed in section 4.4. 

 

Figure 5.11: MEMS accelerometers placed at pinion of electric motor 

One aim of the thesis is to show that rank ordering of internal sources of an EPSapa system can 

be achieved based by applying the proposed bfTPA approach. For the theory of bfTPA the target 

quantity should be chosen as an in-situ blocked force at one defined external interface DoF. 

This would mean that the contribution of the 12 internal in-situ blocked forces to in total 12 in-
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situ blocked forces at the external interface needed to be determined within this case study. 

However, in order to avoid presenting 12 graphs in the following, a different approach to illus-

trate the contribution of the internal in-situ blocked forces is elucidated. The contribution of the 

electric motor and the pinion to the external source strength of the EPSapa system are summa-

rised in Figure 5.12. However it is of course theoretically possible by applying Eq. (5.7) to 

determine the contribution of every internal in-situ blocked force and the corresponding BFT 

functions to each of the 12 external in-situ blocked forces which characterise an EPSapa system.  

However, for the sake of simplicity the target quantity is chosen as a predicted kinematic quan-

tity yɶ  such as acceleration, on the overall receiver (B) which is the ATR. The quantity yɶ  is 

predicted based on the external in-situ blocked forces 
,bl EPSf  and the corresponding FRFs EPSH  

as follows 

 
, ,b b EPS bl EPS=y H fɶ   (5.9) 

Based on the established relationship between yɶ  and 
,bl EPSf  the contribution of the internal 

blocked forces of the EM 
,bl EMf  and the pinion 

,bl Pf  to the external blocked forces 
,bl EPSf  can be 

analysed based on the following equation 

 
, , , , , ,b b EPS bl EPS b EM EM bl EM b P P bl P= = +y H f H T f H T fɶ   (5.10) 

where EMT  and PT  are the BFT matrices containing the BFT functions between the electric 

motor and the EPSapa system and between the pinion and the EPSapa system, respectively. The 

FRF matrices 
,b EMH  and 

,b PH  relate the internal in-situ blocked forces with the predicted target 

location on the overall receiver (B). 
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This approach is consistent with the aim of the bfTPA approach within an EPSapa system to 

provide information about the contribution of the internal source strengths and be able to use 

this information in a subsequent VAP approach. If further improvement regarding NVH require-

ments at each external interface DOFs should be considered the presented bfTPA methodology 

can be used (compare Figure 5.8). As mentioned before this would yield 12 different analysis 

which each would show the contribution of each of the 12 internal in-situ blocked forces to one 

external in-situ blocked force DoF.  

Figure 5.12 shows the contribution of the vector of in-situ blocked forces of the electric motor 

and the pinion to the vector of external in-situ blocked forces of an EPSapa system.  

 

Figure 5.12: Contribution of in-situ blocked forces of electric motor and pinion to structure-borne 

sound of an artificially excited EPSapa system, grid ordinate: 10 dB 

For this particular case of an artificially excited EPSapa system, the in-situ blocked forces of 

the EM contribute in most frequency ranges more than the in-situ blocked forces at the pinion. 

This makes sense since the artificial excitation is applied through an impact on the surface of 
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the EM. Hence it is considered that most of the induced energy of the impact is damped. Fur-

thermore, this case studies proves that the external and the internal in-situ blocked forces of an 

EPSapa system can be determined with a deviation below 5 dB. Hence, the rank ordering of the 

internal sources can be achieved. This offers a useful tool for engineers to optimise the internal 

sources of an EPSapa system. A further discussion of this advantage of bfTPA can be found in 

section 5.5. 

5.4.4 Case study III: Realistic excitation of electric power steering 

systems 

In the course of this thesis it was already shown that it is generally possible to determine exter-

nal and internal in-situ blocked forces with a deviation below 5 dB for conducting a meaningful 

bfTPA of MDoF system (see section 5.4.2). Furthermore it was shown in the previous subsec-

tion that conducting a bfTPA within an EPSapa system is possible for an artificial case where 

the EPSapa system is excited with an impact hammer. In the following, a further case study is 

presented which shows that the description of structure-borne sound within an EPSapa system 

with realistic boundary conditions is also achievable. Hence, the case study can be seen as the 

most complex of the case studies.  

In order to conduct a meaningful bfTPA of an EPSapa system, both the in-situ blocked forces 

of every internal source, namely electric motor ,bl EMf  , ball nut assembly 
,bl BNAf , toothed belt 

,bl TBf  and the in-situ blocked forces of the whole EPSapa system 
,bl EPSf  at the external interfaces, 

need to be determined. This relationship between the internal and the external in-situ blocked 

forces of an EPSapa system, via the BFT matrix EPST , with realistic boundary conditions is 

shown by Figure 5.13.  
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Figure 5.13: bfTPA of an EPSapa system with realistic boundary conditions 

The equations for a bfTPA include rotational DoFs at the internal and external interfaces for 

completeness. However, blocked moments blτ  and the corresponding angular velocities α  and 

angular velocity matrices Λ , respectively, are excluded within the case study that is presented 

in this subsection.  

The external in-situ blocked forces and moments 
,bl EPSf  and 

,bl EPSτ  of an EPSapa system are 

related with the internal in-situ blocked forces and moments 
,bl if  and 

,bl iτ  as follows 
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  (5.11) 

with EPSξ  and Tξ  being the influences on the in-situ blocked forces and moments and the cor-

responding BFT functions, respectively. The influences EPSξ  and Tξ  contain the torque of the 

electric motor EMM , the rotating speed of the electric motor EMn , the tension of the toothed 
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belt TBσ , the rotating speed of the toothed belt TBn , the rotating speed of the ball nut assembly 

BNAn , the position of the toothed rack TRx , the so called tie rod forces Trodf  which act as external 

forces on the EPSapa system during a steering manoeuvre and the moments which are defined 

to mount the EPSapa and its components according to specified assembly conditions ACM  as 

follows 
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  (5.12) 

The BFT matrix EPST  contains four sub BFT matrices vvT , vαT , vαT  and aaT . Hence the right 

hand side of eq. (5.11) can be written as follows 
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The sub BFT matrices vvT , vαT , vαT  and aaT  in eq. (5.13) each contain the velocity matrices 

( )b

CV and angular velocity matrices ( )b

CΛ , respectively, which are necessary to construct each of 

the sub BFT vvT , vαT , vαT  and aaT  matrices as follows  
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Hence the sub BFT matrices vvT , vαT , vαT  and aaT  can be written as follows 
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Every entrance in the two matrices on the right hand side of Eq. (5.15) such as ( )1

1

( )

,

b

c EPSv ω , is 

dependent on frequency ω . However for the sake of simplicity the variable ω  is omitted in the 

following equations. 
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Within the presented approach only the sub matrix vvT  which contains solely translational ve-

locities at the internal and external interfaces is considered. Hence solely external and internal 

in-situ blocked forces are determined. The in-situ blocked moments at the external and internal 
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interfaces are neglected since previous research at RBAS has shown that moments at the exter-

nal interfaces can be neglected without reducing the meaning of the source characterisation. As 

presented in the previous subsection, MEMS accelerometers are embedded at the internal in-

terfaces to determine the internal in-situ blocked forces and the necessary BFT functions be-

tween the internal and the external interface DOFs of an EPSapa system. For the determination 

of the BFT functions the same approach as already elucidated in the previous subsection is used. 

However, in the following it will be shown how the MEMS accelerometers are placed at the 

internal interfaces of an EPSapa system.  

The MEMS accelerometers are placed on the TB through holes which are added into the hous-

ing of the EPSapa system. The placement of the MEMS accelerometers is exemplified for one 

interface of the TB by Figure 5.14. Two MEMS accelerometers are used in order to be able to 

determine the in-situ blocked forces in three perpendicular directions (compare subsection 4.5.4 

for all DoFs) 

 

Figure 5.14: MEMS accelerometers placed at toothed belt (TB) 

As with the successful embedding of MEMS accelerometers in the outer ring of the ball bearing 

of a BNA, the same approach was used. However, the housing of the EPSapa system needs to 
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be modified by adding holes as depicted by Figure 5.15 (left hand side) to place the accelerom-

eters at the outer ring. In contrast to the approach which is proposed in subsection 4.5.3 the two 

MEMS accelerometers can be placed close to each other as depicted by Figure 5.15 (right hand 

side) 

  

Figure 5.15: Grooves for MEMS accelerometers embedded at ball nut assembly (BNA) 

The electric motor is prepared as proposed in section 4.2.2 and section 4.5.2 with six MEMS 

accelerometers at its interface with the housing of the EPSapa system. Figure 5.16 shows two 

of the 6 MEMS accelerometers at the interface in order to determine axial, radial and tangential 

DoFs. 

 

Figure 5.16: MEMS accelerometers embedded at electric motor (EM) 
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For the operational state of the EPSapa system a constant steering speed and hence a constant 

speed of the EM is chosen. For this purpose the parking assistant is used, which allows constant 

speed of the EM and as a consequence a constant steering speed according to the functional 

principle of an EPSapa system, introduced in subsection 3.2.2. The benefit of a constant speed 

is the possibility to detect the orders which reflect an internal source in a rather convenient way 

according to Eq. (4.9). The same approach is used for the case study of the in-situ blocked 

forces of an EM and a TB, presented in subsection 4.5.2 and subsection 4.5.4, respectively. The 

main orders for the constant rotational steering speed of the EPSapa system are summarised by 

the following table. 

Table 5.1: Main orders of the internal sources of an EPSapa system  

Internal source EM BNA TB 

Order 

A; 

B; 

C; 

D; 

E; 

F; 

G; 

H I 

 

According to the validation approach for bfTPA, presented in subsection 5.3.3, also the quality 

of the presented case study is evaluated. In the following the external in-situ blocked forces of 

the whole EPSapa system are determined according to Eq. (5.6) based on the BFT functions 

and the corresponding vectors of internal in-situ blocked forces (compare also Figure 5.10). 
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The predicted external in-situ blocked forces are subsequently validated by using them to pre-

dict the acceleration at a validation point on the receiver within an OBV (compare subsec-

tion 2.3.5). The validation for the external and internal in-situ blocked forces is shown by Figure 

5.17. The red curve shows the measured validation acceleration, the blue curve shows the pre-

dicted acceleration based on the internal in-situ blocked forces and the corresponding BFT 

functions and the red curve shows the prediction if the external in-situ blocked forces are di-

rectly multiplied with the corresponding validation mobility matrix (compare also Eq. (5.8)). 

 

Figure 5.17: Validation predicted blocked forces of an EPSapa system; grid ordinate: 10 dB 

It can be observed from the comparison between the measured and the predicted acceleration 

shown by Figure 5.17 that the internal and external in-situ blocked forces are determined with 

a deviation below 5 dB at the peaks. . Especially the main orders of the EM (A-G) and the TB 

(I) can be predicted with a deviation below 3 dB. Furthermore the whole characteristic of the 

structure-borne sound generated by an EPSapa under realistic operational conditions can be 

reproduced in a broad frequency range up to 1.5 kHz. In average the deviation between the 
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prediction and the measurement is generally below 5dB with only a few exceptions at rather 

unimportant frequencies. These frequencies do not define the sound characteristic of the 

EPSapa system during a steering manoeuvre and are hence neglected because the generated 

structure-borne sound energy is too low to excite the receiver structure. In particular the pre-

diction based on the in-situ blocked force yields promising results. This means that the meth-

odology of bfTPA can improve the understanding of the transmission of structure-borne sound 

within an EPSapa system. Since both the external in-situ blocked forces which characterise the 

source strength of the whole EPSapa system and the internal in-situ blocked forces which char-

acterise the internal source strengths are validated according to Figure 5.17 the contribution of 

each of the internal sources can be determined. This is shown in Figure 5.18. The same approach 

as in the previous subsection is used (compare Eq. (5.10)). 

 

Figure 5.18: Contribution of the internal sources (components) of an EPSapa system to the structure-

borne sound generated by the whole EPSapa system; grid ordinate: 10 dB 
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Generally, the contribution of the EM and the contribution of the TB at the important frequen-

cies (compare Figure 5.17 and Table 5.1) are slightly higher than the contribution of the ball 

nut assembly. This is not surprising since the structure-borne sound of the ball nut assembly is 

usually expected to be lower in comparison to the sound generated by the EM and the TB. 

However since the bearing of the BNA was modified with a groove in its outer ring the contri-

bution at the frequency area around 900 Hz (compare also Figure 5.17) shows a higher contri-

bution of the BNA. Generally, the contribution of the internal sources to the overall source 

strength of an EPSapa system are nearly equal. This is the consequence of the fact that the 

internal in-situ blocked forces are determined while the sources are assembled to the 

EPSapa system. Hence cross coupling between the internal sources exists. If the in-situ blocked 

forces of the internal sources, namely EM, BNA and TB are determined on test rigs this cross 

coupling effect would not be present. However, the case study showed that it is possible to 

determine the contribution of the internal sources of an EPSapa system to its external blocked 

forces with good accuracy below 5 dB. 

5.4.5 Coherence criterion 

In order to choose the ideal amount of determined rows of the BFT matrix 
,C ciY  a simple crite-

rion is developed. The criterion is based on vectors of coherence functions γ  which are a quan-

tity to evaluate the linearity of a system. For the determination of the blocked force transmissi-

bility functions the overall receiver is excited at multiple randomly chosen positions and the 

resulting velocities at the internal and external interfaces are determined (compare subsec-

tion 5.3.2). According to the presented methodology of the bfTPA it is not necessary to deter-

mine FRFs in order to calculate the needed BFT functions. However, if the excitation is 
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achieved by using an impact hammer or a shaker it is possible to measure the excitation signal 

which is a force. Hence it is subsequently possible to determine a coherence functions γ  be-

tween the DoF at the excitation position and the n  DoFs at the internal and external interfaces, 

respectively. For the sake of simplicity the n  calculated coherence functions are summarized 

in a mean value  as follows 

 
1

n

j

j

mean
n

γ ==
∑ γ

  (5.19) 

This mean value is an assumption of the quality of the artificial excitation and is used in sub-

section 5.4.4 to remove the measurements (artificial excitation with an impact hammer) which 

do not contribute to the quality of the BFT matrix. Therefore a threshold is defined which sets 

the minimum of the accepted mean value of the coherence functions meanγ . If the mean value 

meanγ  is below the defined threshold it will be removed from the BFT matrix. Hence it will not 

yield a new row of the BFT matrix. The results of the mean values of the coherence meanγ  for 

each of the 96 artificial excitations which are used to determine the BFT matrix within an 

EPSapa system are represented in Figure 5.19. 
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Figure 5.19: Mean values of coherence functions for coherence criterion 

It can be observed that if the threshold for the mean value of the coherence is set to 50% out of 

the 96 measurements (artificial excitations) 8 measurements are deleted. Hence it is proposed 

to excite the overall receiver at as many positions as possible to yield a sufficient over-determi-

nation of the velocity matrices which are necessary to construct the BFT matrix (compare 

Eq. (5.5)). 

5.4.6 Concluding remarks 

In section 5.3 a novel transmissibility based TPA approach called bfTPA is presented which 

aims to analyse the transfer path problem for the introduced advanced internal-source-path-

receiver model. Therefore the in-situ blocked forces and moments of an overall source are prop-

agated back to the in-situ blocked forces and moments which characterise the internal source 

mechanisms at the internal interface with an internal receiver such as a housing, for example. 

0 10 20 30 40 50 60 70 80 90 100

number of measurement

0

10

20

30

40

50

60

70

80

90
coherence



Chapter 5. Contribution of multiple internal structure-borne sound sources 

173 

 

By carrying out a case study of a freely suspended steel beam the methodology of the introduced 

bfTPA is validated for a multiple degree of freedom system including rotational DoFs.  

It was shown that the blocked force transmissibility (BFT) functions can be determined by 

measuring only operational kinematic quantities such as velocity or angular velocity at the in-

ternal and external interfaces. Thereby the BFT functions can be conveniently determined while 

the source is passive. Artificial excitation at the overall receiver is applied, to determine the 

necessary BFT functions using an impact hammer. Furthermore an application of the bfTPA 

was outlined by predicting the in-situ blocked forces and moments of a source based on the 

knowledge of the in-situ blocked forces and moments of the internal source as for instance a 

bearing and corresponding BFT functions between the internal and external interface. Further-

more the presented methodology of the bfTPA allows the in-situ blocked forces and moments 

at internal interfaces to be determined based on the knowledge of the in-situ blocked forces and 

moments at the external interface and corresponding velocity based transmissibility functions. 

In order to prove the feasibility of the bfTPA methodology for a complex product, two further 

case studies were carried out. Both case studies concern an EPSapa system. It was shown that 

the bfTPA methodology can be applied to steering systems. Hence, it is possible to determine 

the contributions of the in-situ blocked forces of the internal sources namely electric motor, ball 

nut assembly and toothed belt to the overall source strength by means of external in-situ blocked 

forces. A coherence criterion is presented which is used to ensure to quality of the BFT matrix 

in order to increase the reliability of the bfTPA approach. 
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5.5 Virtual component assembly 

5.5.1 Motivation 

A perennially potential issue, in the engineering process of an EPSapa system, is the coordina-

tion between the domain of Robert Bosch Automotive Steering GmbH (RBAS) and the require-

ments of a customer regarding NVH quality. This holds not only true for RBAS, but also for 

the engineering processes of other suppliers of automotive components. However, in the fol-

lowing the motivation will only be elucidated for the products of RBAS and the corresponding 

engineering process. During the product development the supplier of automotive components 

has the responsibility of the source description while the customer, which is a car manufacturer, 

is concerned with the acoustic behaviour of the receiver. This means that the customer usually 

defines a limit for the sound pressure level (SPL) in the vehicle interior for a defined steering 

manoeuvre of the vehicle. Such a manoeuvre can be a parking process, for instance.  

However, this required limit depends on characteristics of the source, the EPSapa system, for 

instance, and the receiver including the transmission paths which in this case is the vehicle. 

This consideration is based on the classical source-path-receiver-model. The defined limit 

should not be exceeded to guarantee a high comfort of the vehicles according to the NVH re-

quirements of the vehicle manufacturer. The main problem although is the dependence of the 

SPL on both the characteristics of an EPSapa system which is the active vibrational source and 

the vehicle which is the passive receiver including the transmission paths for structure-borne 

sound. For that reason it would be of great benefit for both RBAS and the car manufacturer if 

it would be possible to clearly separate the responsibilities of both domains. Hence, it would be 

possible to engineer or to optimise both the active properties of the EPSapa system and the 
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passive characteristics of the vehicle independent from each other with the overall aim to reduce 

the SPL in the vehicle interior. 

Therefore the in-situ blocked forces of the EPSapa system can be used to characterise the source 

and hence describe the domain of RBAS. This is state of the art and has been used within on-

going projects between RBAS and different vehicle manufacturers. At this stage the question 

arises if the vector of in-situ blocked forces of an EPSapa system can be assembled from of the 

vectors of in-situ blocked forces of the internal sources. This question was generally answered 

as shown in section 5.3. 

5.5.2 Methodology 

In section 5.4 it was shown that it is in general possible to relate a vector of in-situ blocked 

forces and moments of an internal embedded source with a vector of in-situ blocked forces of 

a product which they are part of by using the BFT matrix. It was shown that it is possible to 

relate the internal sources with the source strength of the whole product in terms of in-situ 

blocked forces and BFT functions for a product or machinery with multiple inputs and multiple 

outputs such as an EPSapa system. 

This would yield the possibility to virtually assemble a product with due regard to NVH re-

quirements set by a customer. This approach will be called “virtual component assembly” 

(VCA) and is an extension of the virtual acoustic prototyping approach (VAP) [31], [76] which 

aims to predict the SPL based on a vector of in-situ blocked forces. Thus the VCA approach is 

a useful engineering tool, especially at early engineering stages. The general principle of the 

approach is schematically depicted in Figure 5.20. 
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Figure 5.20: Approach of virtual component assembly  

The aim of the approach is to determine the active properties of an EPSapa system based on the 

knowledge of the active properties of each of the internal sources and BFT functions. This can 

be done by using vectors of internal in-situ blocked forces to describe the active properties. The 

benefit of in-situ blocked forces is the independence from an attached receiver such as a vehicle. 

This statement was already outlined in subsection 2.3.4. This offers the possibility to generate 

a data base system based on in-situ blocked forces ,bl if  of the internal sources of the EPS system 

and the transmissibility of the housing EPST . With the help of the database system the blocked 

forces of the EPSapa system 
,bl EPSf  can be designed by combining different components of the 

EPSapa system. Furthermore, this offers the possibility to generate a frequency map [117] of 

the EPSapa system which highlights the potentially critical frequency ranges. 
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5.5.3 Benefits and risks for early development stages 

Currently the VCA approach is based on vectors of in-situ blocked forces that are determined 

experimentally. This means that a physically existing prototype of the internal sources or com-

ponents needs to be available in order to determine the in-situ blocked forces. However, in early 

development stages often no prototypes are available. 

Rapid prototyping which is a commonly used approach during early development stages is no 

solution for this issue since the material coefficients of the component are crucial for the sound 

generation and transmission. Unfortunately, rapid prototyping does not provide a prototype 

which is made of the actual material. However, this is a very important and crucial issue for the 

determination of transmissibility functions which are an essential part of a VCA approach. It is 

important to determine the transmissibility functions which are arranged in a transmissibility 

matrix as precise as possible. Therefore it would be of great benefit if the transmissibility func-

tions could be determined through simulation. Dependent on the complexity of the component 

to be modelled numerical simulations or finite element methods can be applied. The use of 

simulation would allow for an early prediction of the structure-borne sound generated by an 

overall source based on the knowledge of the source strengths of its internal sources (compare 

Eq. (5.7)). 

At this point it needs to be mentioned that the use of transmissibility functions requires a full 

understanding of the functional principle. Hence all possible transfer paths within a structure-

borne sound need to be included. If DoFs are omitted it is possible to predict the in-situ blocked 

forces of the overall source incorrectly.  
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5.6 Kinematic influences 

5.6.1 Introduction 

Most technical products such as EPSapa systems consist of multiple lateral moving or rotating 

components which ensure the functionality of the product. This means, however, that the kine-

matics within the product can change while the product is operated. Especially if in conse-

quence of the functional principle lever arms or angles between two components change sig-

nificantly. This implies that the FRFs or transmissibilities which characterise the transmission 

paths of structure-borne sound within a product can significantly change while the FRFs, de-

scribing the transmission of structure-borne sound from the external interface to a target loca-

tion on a receiver, mostly stay the same. 

In case of an EPSapa system the toothed rack which is connected via the tie rods to the wheels 

of a vehicle moves within the housing from the left to the right end lock and therefore enables 

the driver to change direction according to the functional principle which was explained in 

subsection 3.2.2. The change of the position is schematically shown by Figure 5.21. The grey 

coloured part depicts the BNA which does not change its position relative to the fixed housing 

of an EPSapa system. The green and blue striped areas show the toothed rack which is moved 

out of middle position which is depicted by the grey striped part towards the left and right end 

lock, respectively. 
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Figure 5.21: Change of the position of a toothed rack within the housing of an electric power steering 

system 

The change of position of the toothed rack relative to the fixed position of the ball nut assembly 

changes the internal lever arms and therefore also the FRFs which describe the internal behav-

iour of the EPSapa system change as well. In the following of this section this assumption is 

further investigated. 

5.6.2 Case study: Electric power steering system 

When conducting a bfTPA, within an overall source such as an EPSapa system, the external as 

well as the internal in-situ blocked forces need to be precisely determined. Hence it is important 

to measure accurate FRFs between defined DoFs at the interfaces and locations on a receiver. 

This means that on the one hand the external FRFs and on the other hand the internal FRFs 

need to be experimentally determined in a correct manner. For the case of an EPSapa system 

the assumption is made that because of the translational movement of the toothed rack the in-
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ternal FRFs change while the external FRFs only change in a minor way. For the sake of vali-

dating the assumption two cases with different positions of the toothed rack are compared by 

applying the frequency assurance criterion (FRAC). The aforementioned criterion yields a value 

between 0 and 1 which is an estimator of frequency changes between two states. The value of 

1 means that there are no changes observable in the analysed frequency range. In theory addi-

tionally the phase assurance criterion can also be applied, which is omitted within this thesis. 

Further information about FRAC can be found in [118].  

During the first case the toothed rack is in middle position and the whole assembly consisting 

of the EPSapa system and the test rig which is the fixture for the EPSapa system is excited at a 

defined position on the test rig (compare Figure 5.9). In this state the steering angle is 0° and 

the internal and the external FRFs are measured. The external FRFs are determined between 

DoFs at the interface between the EPSapa system and the test rig and the defined location on 

the test rig. In total 12 external FRFs are determined since the EPSapa system is mounted at 

four points with the test rig and every point is described by three translational DoFs. The inter-

nal FRFs are determined according to the presented case study of the ball nut assembly in sub-

section 4.5.3. In total 9 FRFs are determined between the interfaces DoFs between the ball nut 

assembly and the housing of the EPSapa system and the defined position on the test rig.  

In the second case the toothed rack is moved towards the left end lock of the EPSapa system 

which corresponds to a rotation of the steering wheel of 600°. It can be clearly observed from 

Figure 5.22 which depicts the FRAC matrix of the two different cases that the assumption which 

was made is true. The upper four rows of the FRAC matrix represent the external FRFS at the 

DoFs at the connection points between the EPSapa system and the test rig. It is clearly observ-

able that the FRFs between the connection points of the EPSapa with the test rig and an arbitrary 
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excitation position on the test rig are not significantly changed. However the internal FRFs 

between the BNA which are the lower three rows undergo significant changes. 

 

Figure 5.22: Frequency response assurance criterion (FRAC) comparing 600° (end lock) and 0° (mid-

dle position) steering angle; row 1-4 frequency response function (FRFs) between the external interface 

DoFs of an EPSapa system and the defined test position on the test rig; row 5-7 FRFs between the 

internal interface DoFs of the ball nut assembly (BNA) and the defined test position on the test rig 

5.6.3 Improvement of in-situ blocked forces 

At this point the question arises how many steps of measuring FRFs are relevant to fully include 

all kinematic conditions during a steering manoeuvre. In this thesis work, the FRFs were meas-

ured at 5° intervals. However, this is not practicable since it would increase the amount of 

measurements by 120. If the results of a bfTPA should be increased it is worth putting the effort 

into the FRF measurements.  
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One could for example think of a case where one measures the mobility for the middle position 

of the toothed rack middleY  and for the left and the right end lock 
leftY  and 

rightY , respectively. 

Based on the position of the toothed rack while a steering manoeuvre one could also determine 

the operational velocities 
,op leftv , 

,op middlev  and 
,op rightv . According to Eq. (3.5) one can then cal-

culate three sets of blocked forces 
,bl leftf , 

,bl middlef  and 
,bl rightf  which characterise the total steering 

manoeuvre in terms of blocked forces 
,bl totf  as follows 

 

1

, ,

1

, , ,

1

, ,

bl left left op left

bl tot bl middle middle op middle

bl right right op right
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−

−
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= =   
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f Y v

f f Y v

f Y v

  (5.20) 

With this consideration the different parts of a steering manoeuvre are characterised in a more 

precise manner rather than just using one blocked force vector for the whole steering manoeu-

vre. Especially if the structural properties in terms of the mobility during a steering manoeuvre 

change significantly, because of a variable gear ratio for example, this methodology will im-

prove the characterisation of the source. This methodology is not limited to three positions or 

to steering systems. It can be used for other products and in theory for as many positions as 

reasonable. 

5.7 Summary and concluding remarks 

In section 5.2 the internal source-path-receiver-model (ISPRM), introduced in section 1.4, was 

extended yielding the aISPRM. This model forms the basis for the development of the under-

lying equations of the blocked force transmissibility transfer path analysis (bfTPA), proposed 

in section 5.3. The extension of ISPRM to the aISPRM is a necessary step in order to be able 
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to include such parts within an overall source which on the one hand solely transmit structure-

borne sound and on the other hand also generate structure-borne sound. If the aforementioned 

parts of an overall source are defect, as a consequence of misuse, for instance or manufactured 

incorrectly, the structure-borne sound becomes especially relevant. An example of such a part 

is a ball bearing which can be found within most technical products. Within an EPSapa system 

an important ball bearing is used within the ball nut assembly. Hence ball bearings were taken 

into consideration. 

In section 5.3 the methodology of bfTPA is introduced and explained in detail. It was shown 

that the necessary BFT matrix can be conveniently determined using artificial excitation at ran-

dom locations on the overall receiver such as a test rig or vehicle. In order to apply the artificial 

excitation an impact hammer or a shaker can be used. Furthermore it is elucidated that embed-

ded MEMS accelerometers are successfully used in the determination of the BFT matrix. Since 

the process of embedding the MEMS accelerometers at the internal interfaces is necessary for 

the determination of internal in-situ blocked forces anyway, no additional steps are required. In 

subsection 5.3.3 a validation based on the OBV approach, is developed and presented [28]. The 

aim of the approach is to show that an experimentally determined vector of internal in-situ 

blocked forces can be derived from a vector of external in-situ blocked forces by using the 

linear relationship with the BFT matrix. 

Besides the advantages of the bfTPA, the potential drawbacks of the proposed TPA within an 

overall structure-borne sound source are discussed. It was outlined in subsection 5.3.4 that a 

significant amount of impacts is necessary to yield a BFT matrix with linearly independent rows 

or columns, respectively. This means that a significant amount of linearly independent excita-

tion signals are required, which is a severe challenge. Furthermore, the functional principle of 
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the overall structure-borne sound source to be analysed needs to be fully understood in order to 

include all necessary internal sources and corresponding transmission paths.  

Three experimental case studies were carried out to prove the validity and the applicability of 

the bfTPA within different kinds of structure-borne sound source. The procedure and the results 

were presented in section 5.4. The first case study was of a steel beam and demonstrated the 

possibility to include rotational DoFs. Generally, all three case studies independently prove the 

methodology of the bfTPA and the underlying equations as valid. Furthermore it was possible 

to show, in the third case study, that is possible to predict in-situ blocked forces of an 

EPSapa system based on the knowledge of the in-situ blocked forces characterising the internal 

sources. Since it was possible to prove the feasibility of the aforementioned approach the virtual 

component assembly (VCA) approach which is presented in section 5.5 was possible to imple-

ment.  

Since the internal kinematics of an EPSapa system change during a steering manoeuvre, as a 

result of the movement of the toothed rack, the internal transmission paths within an 

EPSapa system were investigated. It was shown by means of a FRAC analysis that in contrast 

to the internal transmission paths between BNA and a reference position the external transmis-

sion paths between the external interfaces and the same reference position are mostly un-

changed. In order to prove this the FRFs were determined in the middle position of the toothed 

rack and while the toothed rack was moved towards the end lock of the EPSapa system. Based 

on the results an improvement for the in-situ blocked forces of an EPSapa system was proposed 

by sub dividing a steering manoeuvre into multiple parts and determine the corresponding mo-

bility matrices 
,C bcY  for the determination of in-situ blocked forces. 
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6.1 Concluding remarks 

The outcomes of the present thesis work, which were briefly summarized at the ends of chap-

ters 3 to 5, will be outlined in more detail. This chapter also aims to define a more global range 

and relate all concluding remarks to each other. 

At the beginning of this thesis in section 1.1 and section 1.2 it was stated that in automotive 

industry TPA methods are widely used to analyse the NVH characteristics of structure-borne 

sound sources. As a specific example of structure-borne sound sources EPS systems which are 

further outlined in chapter 3 were introduced. In this context, it was emphasised that the contri-

bution of the source strength of an EPS system to the sound pressure level at well-defined target 

positions in the vehicle interior is of interest for NVH engineers at Robert Bosch Automotive 

Steering GmbH (RBAS). Commonly used forces to characterise structure-borne sound sources 

such as EPS systems, for instance, were identified as contact forces or blocked forces16. Both 

experimentally determined forces were discussed in section 2.3. However, in this thesis, only 

in-situ blocked forces were used for the purpose of source characterisation (compare subsec-

tion 2.3.4). Six experimental case studies were carried out in which structure-borne sound 

sources such as an EPSapa system and its components were characterised by means of in-situ 

blocked forces. That way the characterisation of the source strengths were independent of the 

receiver’s dynamic behaviour. Hence a crucial objective of the thesis project, stated in subsec-

tion 1.5, was fulfilled.  

                                                 

16 directly measured blocked forces or in-situ blocked forces 
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A novel transmissibility based TPA method that was developed to analyse the structure-borne 

sound transmission within a complex engineered product such as an EPSapa system. The terms 

“overall source” and “internal source” (IA), respectively, were proposed to describe 

EPSapa systems and other products that consist of multiple internal source mechanisms. It was 

shown that the proposed novel transmissibility based TPA method provides the possibility to 

determine the necessary transmissibility functions within the internal receiver (IB) through ar-

tificial excitation on the overall receiver side with an impact hammer. 

The novel transmissibility based TPA approach was the “blocked force transmissibility transfer 

path analysis” (bfTPA). This included a validation approach.  With the help of aISPRM the 

terms “internal source, internal receiver, overall source and overall receiver” were introduced 

and set into relation with an EPSapa system.  

The proposed bfTPA method was validated in three experimental case studies which increased 

in complexity. The results of the three case studies which prove the general feasibility of bfTPA 

for MIMO and LTI systems were presented in section 5.4. Especially the first case study (com-

pare subsection 5.4.2) highlights the applicability of the developed bfTPA method for systems 

with rotational and translational DoFs at the internal and external interfaces, respectively.  

Moreover, in section 5.5 a further aspect of bfTPA was elucidated. It was shown that the meth-

odology of bfTPA allows to construct a so called “virtual acoustic prototype” (VAP) based on 

the derived vectors of external in-situ blocked forces. Hence the methodology of bfTPA was 

introduced as an extension to a VAP approach since it delivers the input quantity for a VAP 

based on the determined strengths of the IAs such as an electric motor (EM), a ball nut assembly 

(BNA) or a toothed belt (TB). 
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In subsection 5.3.3 a force validation approach for bfTPA which is based on the so called on-

board validation (OBV) is presented (compare subsection 2.3.5). The validation approach is 

based on the prediction of vectors of external in-situ blocked forces from vectors of internal in-

situ blocked forces and the corresponding transmissibility functions. Subsequently the predicted 

vectors of in-situ blocked forces at the external interface DoFs are further used within an OBV 

approach as reviewed in subsection 2.3.5. The proposed validation approach was successfully 

applied within all the three presented bfTPA case studies. Thus it was generally shown that the 

developed methodology of bfTPA is valid for even complex products such as EPSapa systems 

and its components EM, BNA and TB. 

Within the first bfTPA case study (compare subsection 5.4.2) a freely suspended steel beam was 

virtually subdivided into three parts according to the proposed aISPRM. The first two parts of 

the beam represent an IA and an internal receiver, respectively, which together build an overall 

structure-borne sound source. The overall source is then again attached to the third part of the 

beam which represents the overall receiver such as a vehicle, for example. Furthermore, it was 

shown that also rotational DoFs can be included within bfTPA since in-situ blocked moments 

were successfully included.  

The second bfTPA case study comprises an EPSapa system mounted on a special developed 

adaptive test rig (ATR) which functions as an overall receiver. The purpose of this case study 

was to employ the methodology of bfTPA to a complex technical product such as an EPSapa 

system. In order to at first reduce the complexity of the case study the tie rod forces were set to 

zero and the system was excited artificially with an impact hammer at the housing of the electric 

motor. This way only one IA in the form of the EM is active. The results of the case study 

proved that bfTPA can be applied to even complex products with multiple internal transmission 
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paths with high accuracy. Furthermore it was shown that the internal transmission path through 

the TB within an EPSapa system cannot be neglected. 

The third case study increased the complexity of the second case study since the parking assis-

tant of the steering system is used to generate the operational state. In this manner it is theoret-

ically possible to reproduce the same operational conditions of the IAs on test rigs. This is 

important to be able to compare the internal in-situ blocked forces which are determined in the 

assembled EPSapa system with forces which are determined on special component test rigs. 

Generally the results of the case study showed that by applying bfTPA the internal transmission 

of structure-borne sound within an EPSapa system can be analysed and the contribution of the 

IAs can be rank ordered. Within all three bfTPA case studies MEMS accelerometers were suc-

cessfully used to determine the in-situ blocked forces which characterise the IAs EM, BNA and 

TB. Hence the presented methodologies to determine in-situ blocked forces at continuous and 

revolving internal interfaces which are proposed in section 4.3 and section 4.4, respectively, 

were validated. 

In theory the methodologies of both classical TPA and in-situ TPA (compare section 2.4.1 and 

2.4.2, respectively) can be used to analyse the structure-borne sound transmission within a prod-

uct such as an EPSapa system, for instance. However, both methodologies only determine the 

contribution of the internal source strengths to a kinematic target quantity at the external inter-

face DOFs with an overall receiver. Unfortunately, the analysed kinematic target quantity can-

not be further processed in a subsequent VAP approach. This main drawback of classical TPA 

as well as in-situ TPA regarding a further use of their results for a VAP approach was discussed 

in the course of this thesis in section 5.5. Furthermore, at this point it was elucidated that the 

input quantity of a VAP approach needs to be the source strength in terms of (in-situ) blocked 
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forces rather than a kinematic input such as velocity or acceleration, for instance. Hence, it was 

stated that both classical TPA and in-situ TPA cannot be used within an EPSapa system as basis 

for a subsequent VAP approach in a vehicle. 

By proposing the novel bfTPA method a solution of the aforementioned issue of VAP is devel-

oped and validated through the conduction of three case studies whose results were presented 

and discussed in section 5.4. However, before presenting the results of the case studies, in sec-

tion 5.3 the main advantage of bfTPA was highlighted. Besides the fact that the proposed meth-

odology of bfTPA can be applied to analyse structure-borne sound transmission within a tech-

nical product such as an EPSapa system, for instance, it also yields a receiver independent 

description of the internal and external source strengths. Vectors of in-situ blocked forces serve 

as the characterisation and the target quantity of the TPA at the internal and external interface 

DoFs, respectively. That way the overall source strength as well as the strength of the IAs which 

are embedded within the overall source are characterised solely without the influence (damping 

and stiffness) of the internal and overall receiver, respectively. Since both the input quantities 

and the target quantity of the proposed bfTPA method are of the same kinetic quantity (compare 

section 5.2) only transmissibility functions rather than frequency response functions (FRFs) can 

be used to describe the internal transmission paths. Therefore special transmissibility functions 

which describe the transmission of the generated structure-borne sound within the internal re-

ceiver were developed and introduced in subsection 5.2.3. These transmissibility functions are 

called “blocked force transmissibility” or in abbreviated form BFT. In general it can be stated 

that in chapter 5 it was shown that the concept of BFT functions is reasonable and can be applied 

to even complex products, such as EPSapa systems. 
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In order to determine transmissibility functions usually the overall source is operated and vi-

brations at the relevant DoFs at the defined interfaces and target positions are observed. How-

ever, within this thesis a different approach to determine transmissibility functions is presented. 

The approach is based solely on artificial excitation on the overall receiver. This way the afore-

mentioned approach which is presented in chapter 5 and used to determine the BFT functions 

differs from the commonly used approaches since the transmissibility functions are determined 

while the internal source mechanisms within the overall source are passive. However, like for 

all transmissibility approaches it is crucial to identify all relevant transmission paths and the 

corresponding DoFs at the interfaces. Otherwise the energy flux within the observed vibrational 

system is likely to be misinterpreted.  

Besides the fact that a bfTPA approach can be used on the one hand to analyse the structure-

borne sound transmission within a source based on in-situ blocked forces and transmissibility 

functions the benefit of the bfTPA is on the other hand to predict the in-situ blocked forces of 

the overall source. This approach is introduced as “virtual component assembly” (VCA). A 

VCA approach which is introduced in section 5.5 is proposed as an extension to a VAP. By 

applying the methodology of VCA the in-situ blocked forces of an overall source can be de-

signed based on the knowledge of the internal in-situ blocked forces. This way it is possible to 

establish a database system of internal sources which can be used to design an optimised overall 

source regarding NVH requirements. 

In order to conclude the conceptual development of the bfTPA method the drawbacks of the 

proposed approach were elucidated and discussed in subsection 5.3.4. It was discussed that the 

necessity of linearly independent rows of the BFT matrix is crucial for the success of the pre-

sented bfTPA approach. In subsection 5.4.4 the necessary factor of over determination of the 



Chapter 6. Concluding remarks and future work 

192 

 

BFT matrix in order to achieve meaningful results is presented. However, it was furthermore 

discussed that a factor of over determination between 2 and 4 improves the reliability of bfTPA 

significantly. Other factors above 4 can deduce the reliability of the BFT matrix which is a key 

factor for the conduction of a bfTPA approach. A coherence criterion was presented to choose 

the right transmissibility functions for the BFT matrix. This criterion was successfully applied 

within the case study of an EPSapa system which was presented in subsection 5.4.4. 

The kinematic properties of an EPSapa system change during a steering manoeuvre because of 

its functional principle and the resulting movement of the toothed rack (compare subsec-

tion 3.2.2). Consequently the different positions of the toothed rack in relation to the housing 

of the EPSapa system affect the FRFs which are necessary to determine the internal in-situ 

blocked forces. The influences of the position of the toothed rack were considered in sec-

tion 5.6. It was shown by a frequency assurance criterion (FRAC) analysis that in contrast to 

the external FRFs the internal FRFs of an EPSapa system change significantly. Thus an ap-

proach was proposed in order to further improve the determination of internal in-situ blocked 

forces by taking the change of the position of the toothed rack into account. 

However, before it is possible to conduct a bfTPA approach within an overall source such as an 

EPSapa system at first the overall source needs to be substructured. For that reason a substruc-

turing approach of an EPSapa system is introduced in chapter 3. The approach is based on the 

so called internal-source-path-receiver-model (ISPRM) which is a proposed extension of the 

classical source-path-receiver-model by Bolt and Ingaard. ISPRM is briefly introduced in sec-

tion 1.4 of this thesis and further extended to the advanced ISPRM (aISPRM) for complex 

structures such as an EPSapa system in section 5.2. The aISPRM is especially developed to 

include structures such as bearings which on the one hand generate structure-borne sound and 
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on the other hand only transmit sound generated by other IAs. Furthermore based on the intro-

duced substructuring approach of an EPSapa system a general methodology for the substruc-

turing of other technical products or machinery is presented and elucidated in section 3.5. Four 

steps were presented which can be followed to substructure a product for the conduction of 

bfTPA.  

Often it is not possible to access the embedded internal interfaces within an overall source with 

standard IEPE accelerometers. Furthermore the aforementioned measurement devices cannot 

be mounted on the surface of an IA. Hence in chapter 4 of this thesis an application of the in-

situ blocked force method is introduced to avoid this issue. The methodology is based on the 

use of micro-electro-mechanical-systems (MEMS) accelerometers which can be embedded at 

the sensitive contact interfaces. In subsection 2.2 it was reviewed that the benefit of these types 

of accelerometers is their low cost and small size. Hence MEMS accelerometers were success-

fully used within the scope of this thesis to fulfil the measurement tasks in order to determine 

internal in-situ blocked forces and the corresponding BFT functions. However the drawback of 

MEMS accelerometers is the fact that often they need to be calibrated in a rather complex way 

to ensure the measurement quality. A potential way to do the calibration was therefore presented 

in section 4.2.  

Furthermore in chapter 4 all relevant primary IAs of an EPSapa system were characterised with 

in-situ blocked forces at the defined internal interfaces. By using an OBV approach it was 

shown that the general idea to discretise the continuous interfaces of an EM and a BNA, re-

spectively, with a housing by three point connection provides sufficient accuracy. The deviation 

between the velocity based on the determined in-situ blocked forces of an EM and a BNA, 

respectively, compared to a measured velocity does not excide 5 dB in the relevant frequency 
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range. Furthermore the results of the determined in-situ blocked forces of a TB were presented 

and validated using the OBV approach, which is reviewed in subsection 2.3.5. Because of the 

high accuracy of the OBV it can be stated that it is also possible to use the in-situ blocked force 

method for IAs of an EPSapa system. Furthermore it was proven that the in-situ blocked force 

method is feasible for IAs with continuous and revolving interfaces, respectively. 

6.2 Future work 

According to the findings and conclusions of the present thesis the following future work can 

be defined.  

Currently all the IAs of an EPSapa system are characterised with vectors of in-situ blocked 

forces only. However, in theory also blocked moments are present at the DoFs at the internal 

interfaces between an EM and the housing of the EPSapa system. Although the OBV for the 

determined in-situ blocked forces of an EM already showed good accuracy it is assumed that 

by including blocked moments the validation can be improved. The central difference method 

by Elliott can be used to further investigate this.  

Additionally the development of a criterion to evaluate the necessity to include rotational DoFs 

at the internal and external interfaces is proposed as future research. The round trip identity can 

be used to develop this criterion. Furthermore the assumption is made that the prediction of the 

external in-situ blocked forces of an EPSapa system can be further improved by including ro-

tational DoFs. This means that the BFT matrix should include, besides translational velocities 

also angular velocities.  
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A methodology to deal with continuous interfaces based on Fourier series was briefly discussed 

but within the scope of the thesis all continuous interfaces of an EPSapa system are discretised 

through multiple point connections. The question arises how many point connections are nec-

essary to characterise the source strength of the IAs of an EPSapa system. Future research can 

be conducted to answer this question for a BNA and an EM of an EPSapa system. 

Since MEMS accelerometers were used to determine in-situ blocked forces and BFT functions, 

further research should be focused on MEMS accelerometers. Thereby two questions arise. Can 

MEMS accelerometers be embedded within a rigid structure and be calibrated after the embed-

ding? Can MEMS accelerometers be embedded on the receiver side of the interface to deter-

mine meaningful in-situ blocked forces? This could lead to the design of special test rigs for the 

determination of the source strength of IAs by means of in-situ blocked forces. 

Furthermore the question arises on if the sound generation mechanisms within an EM can be 

characterised by in-situ blocked forces. A promising approach by Wienen is available [44]. If 

the root cause of the structure-borne sound of an EM is seen as the current or voltage then it 

should be possible to introduce a novel frequency response function (FRF). The FRF should 

describe the “vibro-electrical” behaviour of any sort of product that has an electrical root cause. 

The resulting vibro-electrical FRF relates the dynamic forces of an electric component such as 

an EM at the interface with a receiver to the current or voltage of the electrical component. If it 

can be proven that these FRFs are linearly scalable by changing the current or voltage in that 

sense the in-situ blocked forces of an electrical component can be predicted if the vibro-electri-

cal FRFs are known. 

Additionally it is also desirable to further develop the methodology of bfTPA regarding the 

stability of the BFT matrix. This includes especially the experimental determination of the BFT 
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matrix through artificial excitation. Within the scope of this thesis it was shown that the concept 

of transmissibility is generally prone to errors if an inversion of a big BFT matrix is required. 

Especially if MEMS sensors are used to determine the transmissibility functions between an 

external and an internal interface, great care should be taken on measurement accuracy. There-

fore further work should be focussed on the reliability of the BFT matrix. Although sufficient 

over determination through a significant amount of excitation locations on the receiver side was 

shown to be beneficial, it is necessary to determine the minimum amount of over determination 

needed. 

Further research could also be focused on the proposed VCA approach. It would be also inter-

esting to investigate if the BFT functions can also be determined by simulation. Furthermore 

research should be focused on the transferability between different internal receivers such as 

housing of EPSapa systems. 
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