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Noise source separation in diesel engines: application to
acoustic listening tests
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! Laboratoire Vibrations Acoustique (Acoustic Vibaats Laboratory), INSA Lyon
25 bis avenue Jean Capelle, F-69621, VilleurbaFramce
e-mail:julie.dr ouet @insa-lyon.fr

Abstract

This article discusses the extraction of combustioise from diesel engines using a Wiener filtesing

the ESPRIT method, the filter is set to a limitadhber of modes, in order to reduce the amount of
information it contains. It is estimated for varsoengine settings (load and engine speed). Forghson,
real filters and their estimations are used tolsmsise the noises. A perceptive experiment is atiedwon
these sounds in order to ensure that certain paearileers enable the extraction of sounds sintitathe
combustion noises obtained by the measured filEng. aim of this work is therefore to evaluate the
influence of the filter estimation conditions oretherception of the combustion noises that thep tel
synthesise.

1 Introduction

The reduction of diesel engine noise inside thegrager compartment can be achieved by modifying the
transfer between the passenger compartment arehgfiee compartment, or by directly interveninghat t
source. Work carried out on the engine is generalgted to identifying and ranking sound soureesl,
more specifically, combustion noise. Combustionsageems to be the noise that customers find most
annoying. Much research has therefore been caotieé@n isolating this noise, such as the Combustion
Noise Meter [1]. As the purpose of this study iscéory out a perceptive analysis of this noisecigpe
attention is paid to the choice of extraction mdthbhe Wiener filter appears to be the most sudtabl
choice [2]. This filter is very accurate, as it ceterise each cylinder, and it must be updateti taw

the engine settings are modified. The filter catoh requires much preparatory work, such as
synchronisation of the cycles and temporal windgwiwhich isolate the noises of the cylinder in
question. Therefore, the intention is to creat®mrmon Wiener filter that can be applied to all @pieg
points, and will result in the identification ofdltharacteristic engine settings. Several filtebsained at
different operating points are therefore set teduced number of modes, in order to obtain themin
amount of information necessary to reconstructfitter. A perceptive analysis of the noises synibes

by these filter estimations confirms the extractidrihe modal parameters. However, no comparison ca
be made to similar studies. Perceptive researdh,naw, mainly discusses the whole engine noisé][3

A recent study [5] dealt with isolating combustiopise using a Weiner filter that had different mudjes

to those defined in this article. This study lookddhe amplitude variability of the combustiongwmeen
each cylinder, whilst the present study is intex@sh the perceptive analysis of synthesised cotitus
noises using parameter Wiener filters.

The terms used in this article shall be given ia finst part of the document, as will the spectrefi
calculation. Then the filter parameters measurestatral operating points will be extracted. Thenber

of engine modes studied remains unknown [6], butstimation can be made. To do so, the ESTER [7]
technique will be used, as it indicates the nunafenodes to be extracted, which minimises mistakes
reconstructing the signal. Then, the ESPRIT meibhazptimised before being applied to these filtéms.
order to confirm the parametrical estimations & ¥Miener filter, a perceptive experiment will bered
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out on the synthesised sounds. The aim is to defiaesounds that are similar to combustion sounds,
calculated using the measured spectrofilters.

2 Separation of the Engine Sound Sources

2.1 Basic Notions

The sound of an engine can be separated into $eoenad sources. This study will separate the riotse
just two sources: combustion noise and mechanicelen Combustion noise originates from acoustic
phenomena caused by the rapid rise in pressureeiylinders, which is characteristic of combustion
Mechanical noise includes the sound componenth tifeaother operating parts of the engine.

In practice, several techniques have been develdjed separate combustion noise. The purposéef t
work discussed in this article is to perform a petive study on this noise, for various engineirsgt

such as injection. As a result, this separationtihesaccurate enough to be able to identify thegeive
criteria. This led to the use of a Wiener filtdsaareferred to as a spectrofilter [8]. This filterapplied to

the pressure cylinder in order to extract the castibn sounds, which can be represented as a diagram
using the system in Figure 1.

Cylinder pressure——| Spectrofilter——» Combustion noise

Figure 1: Combustion noise extraction system

In [9], a simple perceptive experiment was caroetl on three operating points by switching theefgt
and cylinder pressures in order to obtain nine amtibn noises. A free sorting test was presentaleo
subjects, which asked them to sort the soundsrbiasity. Combustion noises were grouped by cylinde
pressure, and not by filter. The same procedureusead with the respective mechanical noises. libvia
that the tone of the engine sound sources is daedray cylinder pressure.

2.2  Spectrofilter

The Wiener filter used in this study must be calted at each change in engine settings (such hange

in load or engine speed). It is based on the cialiomarity of the engine signals and is therefore
determined for one cycle (two rotations of the kedvaft). This means dividing the signals per cycle,
depending on the angular position of the crankst@fbsequently, the analysis may be angular [10] or
temporal [11]. In this case, time synchronisati®@chieved using the top dead centre, for exarijiis.
filter can only qualify one cylinder, so it is nssary to isolate the sounds of the cylinder fromehgine
sounds, recorded with a microphone. These soumdexiracted using temporal filtering, which is time
synchronised with the cylinder pressure [2], assshim Figure 2.
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Figure 2: Time window (red) synchronised to tharér pressure (black) applied to the engine noise
(blue)

Giving the average per cycle provides the detemgimart of the signals. In order to reduce biasrefr
the spectrofilter is calculated from random pafffiese parts can not be identified below 500 Hzhag
are drowned out by the measurement noise. Abov® blZ0combustion chamber cavity modes appear,
and in this case, the pressure can only be comrsides even. Therefore, the Wiener filter is onlfjrneel

for [500-5000] Hz. It is obtained using the H1 estior between the cylinder pressure and the fitere
engine noise.

For each modification of the engine settings, thimle procedure is to be applied in order to obthm
spectrofilter isolating the combustion noise. Ais Btep is long, the application of a common filteuld

be interesting. However, creating such a filteruregs the selection of characteristic informationtbe
structure, such as modal parameters. The aim ieftre to define the minimum number of modes
necessary to estimate the measured filters, empbliperceptively accurate separation of the coridyust
noises.

3 Extraction of Modal Parameters and estimations of Measured
Spectrofilters

The characteristics of the spectrofilter mean thista suitable choice of modal analysis methdz| 13].
A study [14] on filters defined the ESPRIT methode the most appropriate method.

3.1  Optimisation of the ESPRIT Method

ESPRIT [13] is based on the hypothesis that thesared signal contains a white noise for dividinig th
signal based on complex exponential curves. Thexefdentifying the modes was carried out in high-
energy frequency bands [14]. However, between H5001%00 Hz the spectrum has up to 15 dB less than
the rest of the frequency domain. This is not icoadance with the white noise hypothesis. Two
approaches can compensate for this point: a stedfrgquency band [15], or whitening the spectriin [
As the number of dominant modes in each frequemrybs unknown, whitening seems to be the most
suitable method. In order to readjust the spectamgnergy correction of 600 Hz is made for eagtdba
the signal is divided in each frequency band, thergies of each piece of signal are calculated) the
applied respectively, in order to "standardise" ¢hergy in each section of signal. The aim is todcmt
crude whitening of the spectrofilter in order tdrart the modal components for the whole arealigf fi
definition, as illustrated in Figure 3.
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Figure 3: Spectrofilter (blue) and whitened spditer (red dotted line)

This method requires an estimation of the numbenadal components to be extracted, referred to &ere
K. However, for the structure being considered,chfhwas previously modelled for other applicatiodis [
the number of modes that exist is high, but remainknown. The ESTER technique can solve this
problem [7]. It indicates the estimation error foe signal obtained for a certain number of K value
Therefore, this technique defines a K number of @sotb be extracted, in order to reduce errors in
synthesising the signal. This technique is theeefapplied to filters measured on a running engime,
order to obtain a K value for extracting their miottamponents with ESPRIT.

-1600

3.2 Application on Measured Spectrofilters

Wiener filters are determined on a 1.9 L dieselimm@t different operating points. The acquiredaig
are processed as explained in section 2.2. Thetrefiters obtained are shown in Figure 4. It is
interesting to note that the filter spectrum is sthed when the engine speed increases which alde te
an apparent increase in damping, observed in fh#;is linked to the reduced duration of the asialy
windows, set to quarter cycles.
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Figure 4: Wiener filters measured at 810 rpm (ldlashes), 1800 rpm (green), and 2800 rpm (red)
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The values from ESTER can be associated with thmoghing of the spectrum. The number of modes to
be extracted, K, obtained for each operating ptéareases when the engine speed increases, as ishown
Table 1.

rpm 810 1,050 1,300 1,550 1,800 2,050 2,250 2,550 2]800
load (Nm) 60 105 152 151 140 152 148§ 81 144
K 160 120 80 85 63 55 48 39 39

Table 1: Engine settings and their respective Kiesl

The ESPRIT method is applied to each filter with #ight K values. Therefore 72 parameter estimation
for Wiener filters are obtained in all the estiraticonditions: for the K value indicated by ESTER
(optimum condition), for lower values (underestiioa} and higher values (overestimation), illustdate
Figure 5.
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Figure 5: Spectrofilter at 1800 rpm (black) andeiséimations - underestimation (red dashes), optimu
condition (blue dashes) and overestimation (grexted line)

It would seem that in underestimation, reconstaucis wrong, whilst for the optimal K value and in
overestimation, estimation is accurate. Nevertlselas the final application is the perceptive stofithe
noises synthesised by these estimations, an exgeriis carried out in order to define the minimum
number of modes necessary to estimate the filtgieaable accurate extraction of the combustionenois

4  Perceptive Study of Synthesised Noises
4.1 Protocol

The experiment cannot be based on all the engittinggeused in section 3.2, as this would takenzh
time. In order to limit the test duration to 30 mii@s, only four operating points (810, 1050, 1866 a
2250 rpm) are taken into account, thus providing fmategorisation tests (free sorting). The prooeds!
identical for each listening session, 10 soundsuaeal: the measured combustion noise which is glaye
two times (used as a reference), and the eighesaialculated using the filter estimations. Theinrsl
levels are adjusted 67 dB(A) using a dummy headtéZp In order to balance the presentation orgér,
listeners participate to the experiment (6 womet &8 men). The subject is placed in a soundproofed
room and the stimuli are listened to through headph (Sennheirer HD600).
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Figure 6: Position of the subject (left) and theesa of the listening session (right)

The subject clicks on a numbered box to hear ausitisn Each number corresponds to a different sound.
The sounds are arranged randomly, and change ¢brssssion. When the listener identifies two simila
sounds, he/she groups these sounds together atrigen. On the other hand, if the subject deems the
sounds to be different, he/she clearly separates.th

4.2 Results and discussions

4.2.1 By Subject

Firstly the free sorting test results are analyieceach listener. The variability in the numbersofund
classes formed by the listener is significant, ls® esults are interpreted using the asymmetriealdR
index. This index is calculated per pair of sulgeethich enables the establishment of a withinesibj
distance matrix that can be represented by proxitrées. Those obtained for 810, 1050, and 1800dpm
not show any dominant category. However, at 2250 fipree classes appear: a single listener, and two
groups. Consequently, the sounds are interpretdidtbyper group.

4.2.2 By Sound

After calculating the distance matrix, the simifarbf stimuli with the original combustion noise is
analysed by looking at the first line of the matiixindicates the distance from sound 1 of all dtieer
noises. Sounds 1 and 10 are the reference stirhaiefore, it is expected that their distance shda
nil, as they are identical. Figure 7 shows that thistance is on average 0.15. This value is tberdgbken
to be the reference value in order to evaluatesitindarity between the sounds.

At 810 and 1050 rpm, the optimal K values are 16@ H20 respectively, which corresponds to sounds 9
and 8. Figure 7 allows the numerical observatiémsoptimum K and the overestimations, the paramete
filter estimations are sufficiently accurate, emaipla combustion noise similar to the noise obthiwéh

the measured filter to be synthesised.

At 1800 rpm, the optimal K value corresponds tongb&. It is interesting to note that from this \&lon,

the distance from the reference stimulus clearlgreieses and stabilises at around 0.4. Therefoee, th
sounds obtained with the overestimations are idahto sound 5, and similar to the reference sound.
However, this similarity is less significant thar the low engine speeds as the average distamicetfre
reference sound is higher. Therefore, the estimatitom the filter at 1800 rpm are less accurada tior

the low engine speeds.
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Figure 7: Distance between sound 1 and the othardsofor 810 (blue), 1050 (black), 1800 (red) and
2250 rpm for groups 1 and 2 (dotted light and ganiple lines)

At 2250 rpm, two groups of listeners were identifi€or subjects belonging to group 1, all sounds ar
quite different from the combustion noises meassadinds 1 and 10). This is not true for listeriars
group 2. It is interesting to note that the twoup® agreed on sounds 4 and 6: they both have the sa
distance. In order to understand the contradictesylts, the loudness of the stimuli is analysesl tife
sounds are very similar, the subjects may havegddige sounds on loudness.

4.2.3 By loudness

Loudness is one of the first perceptive indicatased to distinguish sounds. It indicates how humans
perceive the intensity of a sound. Determining toess therefore requires the use of a model wh@sg in
is the recorded signal. In this article, loudnassalculated using the Moore model [16].

To do this, the specific loudness of the stimullistted out for the listening sessions. Figurdu&irates
it at 1800 rpm.

o
o

o
>

o

N

Specific loudness (Sone / Hz)
o
w

o
[

Frequency (Hz)

Figure 8: Specific loudness (left) of all the sosiiathd dendrogram obtained by the sound dissinyilarit
matrix (right) at 1800 rpm
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Specific loudness curves of sounds 2, 3, 4 (dditezb in Figure 8) - underestimations - are clearly
different from the one of the recorded sound (salind hese three sounds are also evaluated amd#ssi
from sound 1 by subjects, as shown in Figure 9. §drmae conclusions can be made for the low engine
speeds : 810 and 1050 rpm.

The study therefore went further by establishingtatice matrixes between specific loudnesses. $ethe
differences, which come from different models, shmsults that are in accordance with the sound
dendograms, this could confirm the hypothesis thatlisteners evaluated the stimuli according $o it
loudness, amongst other factors. One of thesessdban a Euclidian distance between the loudness of
soundi and of soungt

de;j = \/Zk(si[k] - Sj[k])z (1)

The other distance is based on the maximum rekttiprbetween the two loudnesses, which enables the
establishment of an average distance from the unit:

o l N Si[k] . Sj[k]
dry; = ~ Lk=1max (Sj[k] SR 2)
Son3 . Son3
Son 4 .
}7 Son2
Son 2 . Son4
Son 9
Son5——
Son7
7} SN
Son 8
Son 6 Son8
Son’5 Son7
Son 6

I e R e B ettt
0 01 02 03 04 05 06 07 08 09 1 o 01 02 03 04 05 06 07 08 09 1

Figure 9: Dendrograms by sounds (left) and by $iedoudness (right) in Euclidian distance (eqal)
1800 rpm

Figure 9 shows, on one hand, the exclusion of s®@n@, 4 for the subjects - to the left - andiéerdness
- to the right. On the other hand, the other soardsagglomerated in both proximity trees. Thigdatés
that the subjects should have evaluated the sitrekaof the stimuli principally on their specificudness.
These results are also observed for 810 and 10860 rp

For 2250 rpm, two proximity trees are to be analy$gne group identifies all sounds similar to sotnd
the reference stimuli - except sounds 2 (underesiom), 4 and 6. On the contrary, the other group
considers that no estimation is similar to the mess$ combustion noise.

The specific loudness at this speed, illustrateHigure 10, shows that sounds 2, 4 and 6 have @fispe
loudness that is completely different to that ofire 1. As for the others, the only small differense
between [400 - 1500] Hz. This difference was edttidy one group to be small enough to group the
sounds with the reference sound. However, the gfiftarp of listeners detected this difference amd b
into account when classifying it.
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Figure 10: Specific loudness of stimuli at 2250 rpm

Figure 11 allows the isolation of the sounds 2,ghmup (4;6) as well as the measured combustiosenoi
(sound 1). The specific loudness of the noiseshegited by the overestimations of the filter are no
satisfactory, theluster difference for these stimuli does not s¢ete linked to loudness. As the sounds
were very close, it can be explained by the faat ttine group of subjects had an agglomerate leued m
developed than the other group.

Son 2- Son 2+

Son 6 ] Son 6+ ]

Son 4 Son 4 ]

Son 9 Son 9

Son 8 Son 8-

Son 7[ Son 7 o]

Son 5 Son 5 ]7

Son 3- Son 3

Sonl: —— Son 1-
f f f f f f f f f f ‘ f f f f f f f f f f !
0O 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1

Figure 11: Euclidian distance dendrogram (eq.1)dodness (left) and distance from the unit (eqr)
the loudness relationship (right)

Numerically, the filter reconstructions correspdodhe measured Wiener filter, except for a few lkma

differences between [400-1500] Hz, which is a lovergy area of the spectrofilter, as shown in sactio

3.1. However, this frequency band corresponds to the imgi-energy area of the cylinder pressure. So
the small difference in this frequency band is gigant in the synthesised noise spectrum. This
phenomenon is shown in Figure 10. The Wiener fétgimation must therefore be particularly accurate
below 1.5 kHz when synthesising a combustion nsiiséar to the one obtained with the measured.filer
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5 Conclusion

This article discusses the extraction of combustioise using a Wiener filter. This filter is estit@d on a
limited number of modes using the ESPRIT methods Thethod first requires an estimation of the
number of modes to be extracted, which can be ateduusing the ESTER technique. The aim is
therefore to define the influence of the specti®fiestimation conditions on the perception of tbeses
they synthesise. A perceptive experiment is theeefarried out on four operating points. The stiratg
noises calculated from assessments of the Weilter for the operating point being examined. These
stimuli are obtained for various estimation comuhis that are defined by a number of components
(optimum case defined by ESTER, under- and ovenasion). In numerical terms, the underestimation
does not estimate the filter accurately enough. grbeedure is identical for the four free sortiiggdning
sessions: the subject is placed in a soundproofad,rand listens to the sounds using headphormsién

to organise them by similarity on the screen predidf the stimuli are deemed to be similar, they a
grouped together on the screen, and if they arméédo be different, they are spaced out. The teand
firstly analysed by listener group using the asytmical Rand index. It turns out that no category is
identified, except for at 2250 rpm where two groaps clearly distinguishable on the dendogram. Next
the dissimilarity matrices are calculated for elistener group. In general terms, the proximityesrdor

low speeds confirm the numerical observations iiggrthe accuracy of the filters estimations: the
overestimation and the optimum case enable sysstibésimilar noises to the measured combustiorenois
which validates the use of ESTER for setting thenber of extracted components. At 1800 rpm, the same
conditions are established, but the noises are dessirate than for the lower engine speeds: the
synthesised noises are further away from the neferesound. At 2250 rpm, two listener groups were
identified. Their interpretations were completelffatent, even though the stimuli listened very igm In
order to clarify this point, the specific loudnasfsthe sounds is observed. It allows the exclusibthe
three stimuli, thus all the listeners use loudresss perceptive indicator to separate the diffesgntuli.
Moreover, loudness reveals that there is a frequeaad with a difference between the estimatiorgs an
the reference sound, which corresponds to the loevey frequency band for the filter. However, the
cylinder pressure has a high level of energy indkefrequency range. Thus, the small inaccurasfabe
filter below 1.5 kHz become significant errors whamthesising the noise. As a result, the averitge f
estimation in the low frequencies should be vergueate. Future work will look at identifying the
common modal parameters required to obtain a cdmpsive filter that will satisfactorily synthesise
combustion noise for different operating cases.
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