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1. INTRQDUCTION

The increasing leve! of competiion in the motor industry and the increasing fevel of customer
expectations has led a general trend towards quieter and more refined cars. The interior nolse of acar is
made up of contributions from many sources, and is influsnced by many factors. Low frequency noise,
below 500 Hz, is mostly generated through structure-bome vibration emanating from tha powerlrain and
transmitted through the various conneclion points to the vehicle body and into the passenger
compartmant. This noise contribution has been reduced dramalically aver the past few years by control of
the vibration levels generaled by the powenrtrain, and engine mount isolation, so minimising the forces
transmited 1o the vehicle body. Body struclures have also improved, resulting in a very much quieter
passenger comparimaent. The consequence of this is thal high frequency noise has becoma much more
intrusive because of the reduction in the masking effect of kw ffequency siructure-borne nolse. High
frequency noise comes from a variety ol sources, and is generally airbome rather than structure-bome.
There are broad-band high frequency noise sources, which include wind and tyre noise, but possibly
more annoying 1o the driver are narrow band high frequency noises, classified as ‘whine' nolses, the
majortty of which are atiributable to noise radialed from the powertrain and the various auxliiary
components attached to it. Engine radiated noise has also been reduced significantly over recent years,
which means that the contribution of auxiliary components has become more important.

This paper presenls the results of an investigaion into ihe influence of the allernator on vehicle interior
noise. The aim of 1he investigation being 1o establish fundamental information about the nature of the
contribution of the alternator to overall interior noise. Specific objectives are to consider the directionality
of the ahtemator noise and to determing the best position within the enging compartment for the
aternator. The investigation & based on defailed transter function measurements carried oul using a
wideband sound source and ulilising the principle of acoustic reciprogity. The coniribution of an
automotive attemator to overall interior noise is discussed, atong with the eflects of the directivity of the
alternalor radiated noise. However, the conclusions of the work cduld apply to any accessory located In
any vehicle engine compartment. :

2. THEQRY
The acoustic ransfer function, H, between the alternator position in the englne compariment and the
driver's ear position can be calculated directly from the ratio of response sound pressure level (SPL) to

acoustic source volume velocity:

He SPL(x)

1
qly) -( ) :
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where SPL{x) is the sound pressure level at the driver's ear position and qly) is the volume velocity (m*/5)
of the source at the aftemator position. Atternatively, the well known acoustic reciprocity relationship may
be invoked [1.2]:

SPL(x) - SPL(y)
qly) q(x)
wheare q{x) is the volume velocily of the soutce at the located at the driver's ear position and SPL{y) is the

resulting sound pressure level & the altemator location. Thus, the sound pressure at the driver's ear
position may be predicted using the formula:

SPL(x} = H.qly) | @

where gly) is the operational alternator volume velocity,

@

3. METHOD AND EQUIPMENT

As alirst step towards deciding what investigations should be caried out, it is necessary to examine the

means by which tonal nolse is perceived in the passenger compariment. This can be described by the

diagram In Figure 1, which identifies the aspects of the system which can be considered independentiy:
Afternator noise can be measured in isolation trom the vehicle on a custom-made rig, which ¢an also
be used for direclivity invesligations.

I Nolse transfer functions can be measured between the afternator positlon and the passenger
compartment which will quantily the scund atlenuation attributable to the vehicle body.

it These data can then be combined to calculate the contribution of the alternator to vehicle interior
nolse. This should highlight the frequency ranges over which the accessory noise is of most
concern, and will therefore indicate the aspects of the accessory design which wil inlluence these
frequencies. H should also identify Irequencies at which the vehicle body structure contribules o the
porcaption of high frequency noise in the vehicle.

To establish the transfer functions a suitable omnidirectional noise source is needed wilth the capability of
providing a known signat over the range of frequencies of inlerest. Ideally the source should be placed in
the engine companment at the attemator mounting position. The response at the driver's ear position
could then be measured and a transfar function derived. In order to make instrumentation and
measurement easier it was felt thal the principle of acoustic reciprocity could be used, whereby the noise
source could be positioned inside the passenger compartment and the response measured in the
englne compariment. This should give the same result as having the noise source al the allernalor
position and measuring the response at the driver's ear. Detailed transfer function measurements to be
taken at different positions around the alternator so that the ellects of directivity of alternalor noise could
be assessed.

The source used for this work is a protolype system developed by the Automotive Design Advisory Unit
at the Institute of Sound and Vibration Research, University of Southampton [3]. In order to provide
sufficient power at all frequencies a combinalion of loudspeakers and compression driver units i used.
The outpul of the drivers and speaker are combined into a single conical cutput nozzle tapering 1o a
single small outiet aperture. Small oullet dimensions maintain omnidirectivity over the required frequency
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range. The source output i quantiied by volume velocity which is obtained from a calibration test,
perlormed by operaling the source in free fleld conditions and measuring the sound pressure at a
number of points on a 1m radius sphere centred & the output. These results ame averaged, and the
volume velocity calculated as follows:

2P,
pf

4

where P, ‘i the sound pressure at radius r, p is the density ol ar (=1.19 kg/m?), g is the volume veioctly
ndf is the frequency in Hz.

TFo check that the reciprocal method would give the same results as a direct methad, a single homn driver
unit was used, fitted with a long tube with a suitably sized nozzle on the end so that the source noise
could be introduced into the engine compartment. Response was measured in the passenger
compartment and a transter function derived. This was compared with a transfer lunction derived with the
source and receiver positions reversed. The vehicle used for this investigation was a production saloen
car with the altemnator fitted at the bulkhead side of the engine.

In order to measure the allemnator roise, a simple rig was built on which to moun! a typical atemator such
that access was not obstructed nor radialed noise significantly influence by the structure. The atternator
was driven using an electric molor via a long drive belt. Measurements were taken at 10° intervals in three
planes round the machine 10 assess tully the directivity of the noise.

4. RESULTS

The most appropriate position at which 1o mount an accessory was determined by measuring lhe
respense a various positions within the engine companment. This showed which possible mounling
position could lead to greatest interior noise. Figure 2 shows the layout of this 1est. Namow band transier
tunctions were measured with the vehicle in a semi-anechoic chamber and are expressed as the
measured engine compartment SPL divided by the volume velocity of the source. For clarily, the
corresponding Y/, octave transfer functions are plotted In Figure 3. The main point to note here is the
behaviour at around 3kHz. This k& a frequency which is known to contrbute strongly to tonal noise
concemns. lt is apparent thal mounting the alternator at the bulkhead side of the engine wil give rise 10
increased interior nwise at this frequency. A position al the bottom of the engine would be worst, possibly
bacause the vehicla was right hand drive, and thera Is a possible nolse path through the sleering column
bush near tnat t posiion.

Transfer functions were also established at various locations around the .exisiing alternator position
(Figure 2; position A) 1o determine if noise radiated in any one direction could ba a particutarly significant
contributor 10 Interdor noise. A small piezo-electric microphone was used so that measurements could be
faken in the smal spaces around the allernalor, and lransfer funciions were derived for all the
measurament positions. Generally it was seen thal there was little difference between these funclions,
Howaever, the transfer lunclions were now available so that their influence on the atemator's contribution
) 10 interior noise could be assessed. Figure 4 shows the transfer functions derived during the check on
the validity of the reciprocal method. In this figure the transfer functions are caiculated as the ratio of
receiver SPL to source SPL. It can be seen that there & general agreement between the two methods
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although thers are some slight vanations. This & possibly due to some lack of omnidirectionality of the
source at high frequencies, of the sensitivity fo the exact positioning of the source and receiver,
particulady at high frequencies. Howaevar, the degree of agreement was considered sutficient to proceed
with the reciprocal methoed for the remainder of the work. tnitially a broadband signal was produced a1 the
source, but because of the high attenuation of the vehicle body, the signal 10 noise ratio at the receiver
was poor, and so coherence of the transfer function was low. This was greally improved by using a swept
sine wave input, afthough it meant that processing time was increased as the wideband Irequency
response had 1o be built up trom a series of narrower frequency bands due to processing limitations in the
equipment.

Altemator radiated noise was then measured on the rig. Readings were taken at 0.5m distance a 10°
inMervals In three planes around the alternator. The frequency content of the radiated noise was
assessed by laking '/, octave specira at each of the measurement points. In order to assess which are the
dominant frequencies, the data for a horizontal sweep al 15000rev/min were plotted in 3D form, and are
shown in Figure 5. This clearly shows that the '/, octave band centred at 2500Hz forms the dominant
contribution. This band contains frequencies between 2223Hz and 2787Hz which covers altemnator
rotational orders between B.89 and 11.15. This particular altemator has cooling fans with 11 blades, and
50 the majority of the noise in this case can be attributed to the fans, as there & no olher feature in the
attemator which could produce rotatlonal orders in this range. The peaks seen at 250H2 and 500Hz
comespond fo 1 and 2 omders and are probably attributable to rotating out-of-balance of the rotor. I is
also Interesting to note that the 2500Hz level varies cyclically round the alternator with four distinct peaks
being seen. This Is demonstrated mora clearly in Figure 6 which shows that the fan noise is lowest at
angles of about 45 degrees to the main axis of the attemator. Similar plots can be obtained for the other
two planes, and show similar behaviour. This is due to the orientation of the ventilation slots around the
casing of the altemator. It is also interesting to note that al this speed the contribution ot the fans s at a
similar frequency fo the peak in transfer function seen in Figure 3 at the lowest position near the
bulkhead, which would lead to higher levels of noise at this frequency should the altemator be mounted
at1his position. The rig measurements were all carried out with the altemator unipaded, and so onty the
elfects of aerodynamically generated noise wil be seen. This i generally sufficlent when considering
altemator speeds above about 5-6000 rev/min (engine speeds of around 2000 rev/min). Below this
spead # is known that noise due to magnetically induced vibrations In a loaded allernator can lead 1o
significant levels of 35™ alternator order, and this should be considered separately.

The contribution of the allemator noise to overall interior noise was then calkulated using equation (3).
The data from the scans round the alternator were averaged to provide data for each of the six sides of the
attemator in directions corresponding to the transler lunctions previously derived, and converled to
volume velocity. These volume velocities were then multiplied by the transfer functions to determine the
interior noise contributions from each side of the alternator. The results obtained at 15000 rev/min are
showm in Figure 7, which shows that there is in fact little difference between the noise contributions from
the six sides of the afternator. The overal attermnalor noise calculated from the sum of all contibutions is also
shown. In order to compare the contribution of the alternator to overall interlor noise at different enging
speeds, the total altlernator contribution was calculated for a suitable number of speads. Figure 8 shows
this data in comparison with measurements ot overall interior noise made with the engine running. & can
be seen that the atemator contributes very signiticantly to the high frequency interior noise at higher
angine speeds with the effects of the 6™ and 11" allernator rolational orders being obvious. The effect of
the altemnator is less pronounced at low engine speeds.
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5. SUMMARY AND CONCLUSIONS

This paper has reported on a detailed investigation into the contribution of the alemator to vehicle Imerior

noise, although the conclusions could apply to any engine mounted accessory. It has baen shown that

the principle of acoustic reciprocity can be successiully used for this type of investigation, akthough for

accurate resulis, particulady al high frequency, care has to be taken in the positioning of the

microphones. The work has ted to a number of conclusions which will help the further understanding of

tonal neise issues, and their resolution.

¢ The posilioning of accessories within the enging comparment is important in terms of their
contribution to inerior noise. A location lowards the front of the vehicle Is preferred.

_+ At higher engina speeds the altemator makes a major coniribution to the overall interior noise of the

vehicle at high frequencies. .

s The direclivity of alternator radiated noise was not an imporant factor in its contribution to interior noise
in this instance.
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Flgure 1: Tonal noise paths for a vehicle
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Figure 4: Comparison of direct and reciprocal transfer functions
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Figure 5: SPL verses frequency from a horizontal scan around alternator - 15000 rpm

Horlzontal scan around altemator - 15000 rpm
¢

Figure 6: SPL from a horizontal scan around alternator -15000 rpm
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Figure 7: Predicted interior noise generated by the alternator - 15000 rpm speed
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Figure 8: Predicted interior noise generated by the alternator at different alternalor
speeds
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