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Summary 

Noise of machinery and mechanical assemblies can be synthesised by computer using  

a particular jigsaw-puzzle sub-structuring approach. This approach is aimed at low noise design of 

industrial products where noise is generated by individual sources built in a noise-free housing. All 

the major noise mechanisms are dealt with in a step-by-step procedure, which can be potentially 

used even by less advanced industries. The novelty of this approach is that it predicts trends in the 

overall noise by combining data from real noise sources with a simplified modelling of the main 

frame (housing). The connectivity between the source(s) and the frame is ensured by well known 

impedance coupling rules. The simplified frame model has the advantage of being robust and easy 

to implement. The critical components are the noise sources which have to be characterised by 

measurements. The characterisation techniques can be quite demanding, but reveal a lot of useful 

information to the designer apart from providing the input data to the synthesis algorithm. The 

paper outlines the basics of the approach and shows some examples of its use.  
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1. INTRODUCTION 

Low-noise industrial products are in demand and 

will likely stay so in future. Although the majority of 

industries cannot justify any laborious noise 

reduction effort, most of these nevertheless need to 

reduce the noise in an orderly, systematic way.  

The state-of-the-art software for noise prediction 

cannot adequately respond to the complexity of 

noise physics. The noise software is therefore 

usually given a secondary role of accompanying 

expensive prototype tests. The software is difficult 

to use autonomously by industry and is limited to 

specific phenomena only. It does not cover the most 

important factor in the noise generation chain: the 

noise sources. 

The usual objective of the manufacturer of an 

industrial product is to make sure the noise level will 

stay below the limit prescribed by norms or 

legislation. The noise level is either the global sound 

power level or a sound pressure level at defined 

position(s). In recent years an additional attention 

has been increasingly paid to the subjective noise 

evaluation. It thus becomes useful not only to 

develop means of predicting the noise level but also 

to create tools for reproducing the (future) noise of  

a product under development.  

The long-term industrial objective is to reduce 

considerably the physical prototyping in exchange 

for a virtual one. The ultimate goal is to achieve an 

integral virtual prototyping, implying that all of the 

technical features, noise comprised, have to be dealt 

with numerically. All of these factors push towards 

the development of tools which can reproduce the 

future noise by synthesising it on a computer. 

2. VIRTUAL NOISE SYNTHESIS 

 

A complex product, such as a power machinery, 

is made of many sub-assemblies originating from 

various suppliers. Suppliers usually do not feel 

concerned with the noise of assembled product while 

the assemblers sometimes put too unjustified 

demands on noise. Traditionally, suppliers and 

assemblers lack coordination on noise control. There 

is a profound shortage of information on noise of 

components. Regulations concern finalised products 

only, not components. Noise generation often 

involves multiple phenomena, yet no design data 

exist on the link between vibration, pulsation and 

air-borne noise. 

 

2.1. The complexity of noise generation 

Noise of most of assembled products is governed 

by the operation of some key components, such as 

motors, pumps etc, integrated within an otherwise 

passive frame. In many circumstances the noise of 

the assembled structure is even amplified. Typical 

examples of products which generate noise in this 

way are household appliances, HVAC installations, 

workshop machines, outdoor machinery, vehicles, 

etc. In these and similar products noise is transmitted 

to the surroundings as direct air-borne noise, 

structure-borne noise (via feet, supports, cables etc) 

and frequently fluid-borne noise (via ducts, pipes 

etc). Although often being more detrimental than the 

first one, the latter two noise mechanisms are rarely 

dealt with in industrial conditions to a sufficient 

extent. As a consequence, the noise reduction 

measures become inappropriate and thus inefficient. 

 

2.2. Virtual noise prototyping 

Noise prototyping done in usual circumstances is 

aimed at improving and fine-tuning the noise 

performance of the future product through a series of 
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steps. A virtual prototype should enable carrying out 

the majority of these steps, not by physical means 

but using a computer. It is however clear that such  

a prototype cannot be a prediction tool entirely 

computer-based. It has to include both fundamental 

aspects of acoustics: physical and subjective 

(psychological). The limits of the present day state 

of the art in noise prediction, while not far from 

satisfying the first criterion make the audible sound 

reproduction still many years off. The reproduction 

requires a high-level numerical prediction of the 

sound waveform arriving at the reception position, 

which cannot be presently achieved by entirely 

relying on the computation techniques.  

A new product is usually an improvement over 

an existing line of products. The basic mechanical 

characteristics of the product affecting noise evolve 

gradually such that a complete redesign is rarely 

needed. Many of the components in the improved 

design will already physically exist, either in a final 

form or close to it, and their noise properties can be 

thus assessed by measurement. This brings the 

virtual noise prototyping within the reach of the 

current measurement and computation technology. 

A virtual noise prototype offers a potential 

advantage over the classical prototyping: an 

improved physical insight which results from 

breaking down the analysed product into its 

components in a systematic way ("building bricks" 

approach). Not only the final results, i.e. the overall 

noise, can be assessed, but also it can be split into 

different contributions the importance of which can 

be judged in a far more straightforward way than if 

this has been attempted on a real prototype. 

It is clear that a realistic "virtual noise prototype" 

cannot be purely virtual, i.e. exclusively 

computergenerated.  

A considerable experimental work has to be done 

in order to make it work. This is the price to pay if 

the noise reproduction of a future product is to be 

achieved with sufficient realism. Even so, the virtual 

approach offers a considerable advantage over the 

classical one in terms of cost and time.  

 

2.3 Noise synthesis by sub-structuring

The sub-structuring is done by modelling an 

object as a series-parallel network of different parts. 

The sub-structuring principle is well known and 

used in various forms. It becomes useful when an 

entire structure becomes too large to be handled by 

numerical analysis or when an efficient handling of 

local structure modifications is needed.  

The theoretical grounds to the numerical 

substructuring techniques in dynamics were laid 

down a few decades ago [1]-[4]. Within the present 

context, the sub-structuring is not employed as  

a means of reducing the computation effort, but as  

a basic procedure of getting the results. While the 

steps of sub-structure modelling can be achieved by 

either computation or measurements, the final 

synthesis has to be done by computation. Thus the 

present approach offers a major hybrid flexibility: 

based on a dual methodology, i.e. measurement and 

computation, it benefits from the realism of the 

former coupled to the prediction facility of the latter. 

Current noise prediction approaches do not possess 

such a balanced duality. This however calls for skills 

in the areas of both computation and measurement. 

If a noise prototype can be realised in  

a satisfactory way by virtual synthesis, an improved 

physical insight can be obtained into the noise 

generation process concerned. Such an insight 

results from breaking down the analysed product 

into its “building bricks”. This gives the virtual 

prototype a clear advantage over the classical one. 

Not only the final results, i.e. the overall noise, can 

be assessed, but also it can be split into different 

contributions. Using a virtual prototype the impact 

of different noise contributions to overall noise can 

be assessed in a straightforward way which usually 

cannot be achieved on a classical prototype. 

The noise synthesis by sub-structuring is done in 

frequency domain. To meet the sub-structuring 

objectives, the sources and the frame need to be 

modelled in different ways. While each source 

should be treated in a deterministic way - taken just 

as it is, the frame would usually be too 

detailsensitive to allow for any reliable deterministic 

handling. The present approach does a compromise 

by treating the frame in terms of its stable acoustic 

features, driven by its basic design characteristics, 

which are insensitive either to structural details or to 

production and installation uncertainties. It has been 

shown that in the majority such a simplified 

approach produces acceptable synthesis results. 

2.4. Sub-Structure connectivity 

Unless the source impedance is substantially 

higher than the frame impedance, the frame 

excitation has to be computed using 

impedance/mobility matching rules applied to the 

interfaces source - frame. This will produce 

excitation acting on the frame which can be radically 

different than that of the source taken in isolation. 

A major processing step in describing the frame 

consists in evaluating its baseline characteristic. This 

is done by fitting the raw data onto a prescribed type 

of a simple frequency function. The data are the 

transfer functions of the type response / excitation. 

In a lot of cases these data will be obtained by 

measurements. Here one can use the reciprocity 

principle in order to simplify the measurement and 

improve its accuracy. This principle, widely used in 

acoustics, has been summarised by Ten Wolde, [5], 

and Fahy, [6]. 

 

3. SOURCE MODELLING 

 

The source is taken into account in  

a deterministic way, by establishing its detailed 

characteristics e.g. via measurements. Sub-

structuring measurements are not standardised and 

have to be adjusted to the requirements of 

impedance connectivity. This implies that source has 
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to be characterised a way which is fully independent 

of its frame. This may not be an easy task. Here one 

has to find ways of simplifying the characterisation 

procedure, still keeping it independent from the 

reception structure. 

Sources like fans are particularly difficult to 

characterise independently, which calls for a good 

deal of simplifications. 

 

3.1 Air-borne sources 

The source needs to be characterised in such  

a way to allow for the coupling with its 

surroundings. Usual noise measurement procedures 

are not adapted to such a characterisation. In 

particular, the sound power of a source is not  

a quantity which can be used. 

A method which can be potentially suitable is the 

substitute source technique. It has been used so far 

primarily for sound radiation modelling, [7]-[12]. 

The technique works if the source radiates noise 

by the vibration of its surface. The physical source is 

replaced by a number of simple sources such as 

monopoles, or by a single multipole source. The 

equivalence is obtained by adjusting the amplitudes 

of substitute sources such to come as close as 

possible to the sound pressure produced by the 

original source. Using equivalent source technique 

efficient characterization can be achieved, as it was 

shown by Moorhouse and Seiffert, [13]. In this case 

an electric motor installed in a machine frame was 

represented by 4 monopoles. 

The adjusting is achieved via the transfer 

functions T between the sound pressure at some 

control points in the space around the source and the 

source strengths at the positions of substitute 

sources: 

 pTQ 1  (1) 

where Q is the vector of complex amplitudes of 

substitute sources, p the vector of complex 

amplitudes of sound pressures at control points and 

T the matrix of transfer functions. Eq. (1) as well as 

other to follow are given in frequency domain, thus 

applicable to each frequency independently.  

The drawback of the substitute source technique 

is that is applicable to a single acoustic 

surroundings, the one where the measurements have 

been made. If the surroundings changes, the 

identified substitute source become invalid. 

A general formulation for the characterisation of 

an air-borne acoustical source was given in [14]. It is 

based on a theoretical result by Bobrovnitskii, [15]. 

Here the source is acoustically modelled using  

a smooth enveloping surface across which the sound 

pressure is developed in a truncated series of 

orthogonal functions. Using the enveloping surface, 

the source excitation at a particular frequency is 

given as a vector of complex amplitudes of the 

sound pressures blocked at the surface. The 

connectivity with the acoustical space exterior to the 

surface is achieved via the source impedance, given 

as a corresponding matrix. The suggested surface is 

a sphere, in which case the orthogonal functions are 

the spherical harmonics. While the method [14] 

represents an elegant way to model an airborne 

source, its practical applicability stays limited as it is 

not easy to accomplish measurement of an industrial 

source in a spherical cavity. To overcome the 

difficulty, the concept of patch impedance, 

conceived in [16], can be used to define the source 

in the same way as in [14] but using discrete surface 

patches instead of continuous functions, [17]. The 

enveloping surface is here divided in a number of 

patches. All the acoustical quantities concerned (i.e. 

the sound pressure and the particle velocity) are 

averaged across the patch. The sound pressure 

amplitude vector of the source coupled to the 

surrounding acoustical space, pc , is related to the 

blocked sound pressure vector pb in the following 

way: 

 
bRRSSRRc pZZZp

1
  (2) 

with ZSS and ZRR the impedance matrices of the 

source and the frame (receiver) respectively.  

Figure 1 shows an example of the patch impedance 

source modelling. Here the source is a vibrating 

body, the receiver space is a room with partially 

absorbing walls while the enveloping surface is  

a parallelepiped. 

The patches used for the connectivity across the 

parallelepiped are shown in Figure 2. The matching 

between the sound pressure spectra obtained by 

direct computation and by patch impedance 

substructuring is shown in Fig. 3. 

 
Fig. 1. Sound source (dark surface) in a room. The 

inner box represents the source envelope surface. 
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Fig. 2. Envelope source surface. Dark rectangles 

represent surface patches used for sub-structuring. 

 
Fig. 3. RMS room sound pressure spectrum in  

a point. Full line: computed via patch sub-

structuring; dotted line: direct computation. 

 

The matching between the two results is seen to 

be globally rather good. At higher frequencies, 

where the patch size gets comparable to the 

wavelength, the discrepancy increases as expected. 

Moreover, in this example only 45 out of 245 

patches, i.e. 18% of the total surface, were 

accounted for. Taking more patches in computation 

produces better matching, but treating a very large 

number of patches in real measurements becomes 

unfeasible. 

 

3.2. Structure-borne sources 

The characterisation of a structure-borne source 

can be achieved by either using the free velocity and 

source mobility concept or the blocked force and 

source impedance concept. These two equivalent 

concepts have been well known for a long time, 

[18]-[19]. In practical applications the mobility 

concept better suited than the impedance one. Where 

the source of structure-borne noise is coupled to the 

frame via discrete points, the following formulae 

give the coupling force vector Fc in terms of the free 

source velocity vSf: 

 
SfRRSSc vMMF

1
  (3) 

with MSS and MRR being the mobility matrices of the 

source and the frame (receiver). 

The main problem in practice is the measurement 

of the mobility and the free velocity. The 

conditioning problems, typical of matrix inversion, 

deteriorate the results considerably. As a rule,  

a small error in the source or receiver matrices will 

result in a large error of the computed coupling 

quantities. 

Some considerable efforts have been dedicated to 

the characterisation of structure-borne sound, see 

e.g. [20]-[25]. The subject has been studied in depth, 

but so far no good enough approach has been found 

free from the conditioning inconveniences. 

Many studies have been focused at investigating 

mechanical power transmission from a source to its 

frame, see e.g. [26]. However, the power is not  

a concept which easily fits sub-structuring as it does 

not represent an independent source descriptor, 

neither it suffices to fully account for the interface 

continuity conditions. 

One of the difficulties of the source structure-

borne characterisation is of purely mechanical 

nature: some sources cannot operate if decoupled 

from the frame. Some recent approaches are aimed 

at the characterisation in the coupled state, [27], 

[28]. The approach described in [27] provides all the 

needed source and frame descriptors exclusively 

from coupled-state measurements. The constraint to 

this approach is that it can be applied to cases where 

the source and the frame are coupled via soft and 

preferably thin mounts. The approach described in 

[28] defines a way to get the blocked force of the 

source from the measurements in fully coupled 

conditions. The inconvenience is that the passive 

source descriptor, the source impedance, has to be 

identified separately by some suitable technique. 

3.3. Fluid-borne sources 

Sources like a ventilation fan, an IC engine 

exhaust, a hydraulic circuit operated by a pump 

make noise which is transmitted away in the form of 

pressure pulsations. 

A source of such a fluid-borne noise can be 

characterised in terms of its blocked pressure and its 

internal impedance. These quantities are in most of 

the cases defined at the interface between the source 

and the associated hydraulic circuit, e.g. at the entry 

section of the exhaust tube. 

The major part of publications on pulsation 

sources were focused at internal combustion 

engines, [29]-[42]. A major inconvenience with such 

sources is that the source has to operate even when 

its passive descriptor, the impedance, is measured. 

This implies that the source has to be coupled to the 

reception circuit during both excitation and 

impedance measurements. Such sources are 

therefore most conveniently characterised using  

a  load of known impedance attached to the source. 

Since a pair of source descriptors is to be 

identified, two or more different loads are needed. 

Different source characterisation techniques have 
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been developed, based on different source models. 

The simplest one, the two-load method, assumes the 

source to be linear and stationary, the latter to allow 

for signal phase synchronisation between two 

measurements. Provided this to be the case, the 

source descriptors, the source pressure amplitude 

(blocked pressure) pS and its impedance ZS are 

obtained from two measurement of the operating 

pressure amplitudes, p1 and p2, each with a different 

load impedance, ZL1 and ZL2: 

21

2112

12 pp
pZpZ

ZZ
p

LL

LL
S

21

2112

12
LL

LL

S ZZ
pZpZ

pp
Z  (4b) 

The three-load [32] and the four-load [33] 

method are based on auto and cross spectra 

measurement. 

Thus the synchronisation is not needed but in 

return an increased number of different source loads 

is required, i.e. as many loads as unknown variables. 

The increase in number of loads leads to the drop in 

the conditioning of system matrices, making the 

results increasingly sensible to measurement 

imperfections. In order to improve the robustness of 

the characterisation, Bodén has proposed the use of 

over-determined system of equations, [34]. Even so, 

the measurement of pulsating source descriptors 

remains delicate if engines are concerned. 

The pulsation sources, such as fans, cannot be 

adequately characterised using the simple singleport 

type formulae like (4a,b) which are good enough for 

sources like engines and compressors. 

The acoustical crosstalk between the inlet and 

the outlet requires the use of multi-port methods, 

[43], [44]. Specific fan characterisation approaches 

suitable for sub-structuring were reported in [45]. 

An original approach for the characterisation of 

small hermetic compressors used in household 

refrigerators was proposed in [46]. 

 

4. FRAME MODELLING 

In the context of noise modelling by sub-

structuring the frame (receiver) is considered to be 

the acoustic path which stretches from the noise 

source to the listener’s ear. This path can be 

represented by a single model or, if more 

appropriate, as a series connection of several 

transmission paths.  

The role of a path’s model is to provide 

information on noise transfer from the source, either 

directly or through the connections, via the frame 

structure to a given reference point. This is done by 

establishing an appropriate frequency transfer 

function between the two. 

In typical industrial cases the physical frames of 

the same design will have acoustical characteristics 

which disperse due to production imperfections. 

This is often the case with light-weight assemblies 

such as vehicles or white goods, as shown e.g. by 

Kompella and Bernhard, [47]. 

 

 
Fig. 4. Structure-borne transfer function  

of a refrigerator cabinet frame. Top: modulus, 

bottom: phase. Smoothened values are  

superposed to the original curves 

 

To better adapt to the reality the frame structure 

is taken into account within the present approach in 

an averaged sense. This is done by "smoothing out" 

the frequency transfer function, as shown in Fig. 4. 

5. NOISE SYNTHESIS 

Once identified, the source and the frame 

frequency data obtained by characterisation and 

smoothing are combined within a computer for 

carrying out the noise prediction. This is done by 

satisfying pressure and velocity continuity 

conditions at interfaces, as shown in Fig. 5. 

 

Fig. 5. Block diagram of noise synthesis. 

 

Fig. 6 shows an example of smoothing effect on 

noise produced by a door bang. The source was 

characterised in a free space, and its coupling with  

a rectangular room was done using once the true and 

then the smoothened transfer function obtained by 

the patch impedance approach. 
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Fig. 6. Noise of door bang in a room. Top: use of 

true room transfer function. Bottom: use of transfer 

function smoothened in 5Hz bands. 

 

It has been found that reasonable simplifications 

in the transfer function of the noise propagation 

path, imposed by the smoothing, affect the synthesis 

to a very small extent. On the contrary, 

simplifications in source characteristics usually give 

poor results. 

 

6 CONCLUSIONS 

The synthesis of noise generated by mechanical 

objects like machines, vehicles, equipment etc. can 

be achieved using a sub-structuring approach in 

frequency domain. The object is modelled as a set of 

sources and transmission paths, each of which is 

characterised independently. The characterisation is 

done either by measurements or by computation. 

The final noise synthesis is done on a computer, by 

applying the mechanical continuity conditions at the 

interfaces between different sources and 

transmission paths. 

The approach looks feasible from a scientific 

point of view. It should be further elaborated in 

order to reach the level of industrial applicability. 
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