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Summary

The aim of the research reported in this paper is to develop a procedure to determine target levels.

for the tonal noise emitted by a vehicle alternator. The investigation begins with a study into the

contribution of the alternator to the noise inside the vehicle. This is followed by the description of
an experimenf to determine subjectively threshold levels for alternator tonal noise. From the results
of these tests alternator noise target levels are derived. Finally, the derived alternator target noise

levels are compared with current alternator performance.
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1. Introduction

The invcreasi‘ng level of competition in the motor industry and the ihcreasing level of customer
expectations has led é general trend towards quietef and more refined cars. The interior noise of a
car is made up of contributions from many sources, and is influenced by many factors. Low
frequency noise, below 500 Hz, is mostly generated through ‘structure-borne Vibratipn emanating
from the powertrain and transmitted through the various cohnection points to the vehicle body and
into the passenger 'compaftnient. This noise cont;ibution has been reduced dramatically over the |
past few years resulting in a much quieter passenger cOmpartmént. However, a consequence of this
is that high frequency noise has become much more intfusive because of the reduction in the
fnasking effect of low frequency structure-bprne noise. High frequency noise comes from a variety
of sources, and is generally airborne rather than st‘ructufre-bome. Broad-band noise sources include
wind and tyre noise. Howevér,v possibly more annéying to the driver are narrow-band high
ffequency noises, classified as ‘whine’. These are mainly attributable to radiation from the
powertrain and the various. ancillary components attached to it. Of all the ancillary compénehts the
principal noise source. af high frequency is generally the vehicle alterﬁator. |
By the nature of its design and operation, the.alternator will always produce high frequency
noise at various Ifrequencies felated to its specific design. At low rotational speeds the noise is
dominated by vibrations produced by alternating magnetic forces, an effect which incréases with
increasing load on the alternator. The frequency of these noises is relatéd, to the interaction
between the rotor aﬁd the s£ator; and is typically Qf 30th, 36th and 42nd alternator rotationai order.
These vibrations also excite resonances in the alternator structure that are perceived as peaks in thev
overall noise at the various resonance frequencies. Techniﬁmes are now being developed [1,2,3] to
predict the noise generated by alternating magnetic forces and, hence, to reduce the radiated noise

[4]. The other main source of alternator noise is aerodynamic noise generated by the various
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rotating parts of the alternator. The dominant contributors to aerodynamic noise are the cooling
fans, which induce noise in two ways: broad-band noise which is produced by vortex shedding due
to turbulent air fiow at the tips of the fan blades and tonal noise which is produced by interactions
between the fan blades and some stationary object. Aerodynamically generated noises dominate at |
higher rotational speeds of the alternator, typically above 5500 revolutions per minute (r.p.m.).'_
Research has been conducted by, among others, Frederick and Lauchle [5] to jdentify the sources
of aerodynamic noioe in an alternator. There are several other sources, such as the bearings and the
brushes, but these ate generally insignificant. An i_llustration of the sources of alternator noise is |
shown in Figure 1.

Typically, a maximum allowable overall noiée level from the alternator is specified in an
attempt to minimise the intrusive effect if the alternator. 'However, Mesaric and Boltezar have
shown [6] that the tonal nature of the alternator noise produces a subjectively unacceptable sound
even though the alternator meets the specified overall noise level. Clearly what is needed is a
means of givtng the alternator manufacturers guidance on the levels of pure tones that are
acceptable. This paper reports on the development of a methodology to derive such tohal noise
target levels [7]. In section 2 the contribution of the alternator to the overall interior noise level in
the vehicle is established. The oredictod noiseblevels'are obtained by using the volume velocity of
the alternator combined with transfer functions from the alternator location to tho driver’s ear
position. The experimental apparatus usod to measure the noise from the alternator ts described and
the technique used to measure the vehicle transfer functions explained. Predictions of the interior

noise due to the alternator are compared with measured interior noise levels. In section 3 an

. experiment to determine threshold levels for alternator noise is described. The results of subjective

listening tests are presented and from these results alternator tonal noise target levels are derived.

The application of the derived target levels is illustrated on an existing alternator noise problem. -
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2. Prediction of the contribution of the alternator to vehicle interior noise

An illustration of the way alternator tonal noise is per.ceived by the occupants of a vehicle
passenger compartrnént is shown échematically in Figure 2. It can vbe seen that tonal noise produced
by the alternator is modified by the vehicle body on its way to the passenger compartment. The
masking noise inside the passenger compartment of the vehicle is made up of contributions from
structure-bon;e and air-borne sources. Thus, the tonal noise perceived by the vehicle occupants is a
combinatioﬁ of th¢ modified alternator tone masked by the noise from other sources. To indicéte
the contribution of the alternator, predictions of Vehiﬁle interiér noise were made using the
measured volumé Velbcity’ of the alternator and transfer functions mevasured between tiie alternator
location and the- driver’s ear position. The level of the fnasking noise was established by taking

measurements of the overall sound pressure level inside the vehicle.

2.1. Experimental apparétus and method

To measure the transfer function from the alternator location to thé driver’s ear position a suitable

noise source should be placed in the engine compartment at the alternator mounting position, y.

The response at the driver’s ear position, X, can then be measured and a transfer function calculated

directly from the ratio of sound pressure at the driver’s ear position, p(f,x), to the acoustic source

volume,vel‘ocity at the alfcernator location Q(£,y). Thus,

f) 0.7 (1

where, f, is the fréquency in Hz. However, in order to simplify the measurement procedure the .

principle of acoustic reciprocity [8,9] can be invoked:
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p(f3) _ p(fy) B o
Q(F) O(F)

where Q(f,x) is the volume velocity of the source located at the driver’s ear position and p(fyy) is

the resulting sound pressure level at the alternator location. Thus, for the transfer function

_measurements reported in this paper the noise source was positioned at the driver’s ear position and

the response was measured with a microphone at the alternator location in the engine compartment.
The vehicle used for these experiments was a 2.0l saloon car which for this model type had
a standard production alternator fitted at the bulkhead side of the engine. The alternator had a

cooling fan with 11 blades, a rotor with 6 poles, and a stator with 36 windings. Measurements were

also made on an older and noisier design of alternator with an external cooling fan constructed with

13 blades.

An omni-directional noise source was used which produced sufficient sound over the entire

frequency range, 100 - 10000 Hz; of a typical alternator. The source used was a coinbination of

loudspeakers and compression driver units which were directed into a single conical output nozzle

tapering to a small outlet aperture. Small outlet dimensions maintained reasonable omni-directivity

over the required frequency range. The output was monitoréd by a microphone positioned at the
outpuf nozzle. A diagram of the source is shown in Figure 3.

The volume velocity of the source was calculated'froni measurements of sound pressure
made in free-field conditioné. Sound préssﬁre was recorded at a number ofvpoints on a sphefe
around the source at a distance of 0.5 m. These results were averaged and the volume Velqcity

calculated using the following relationship:
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op=22 B
pf

where p; is the sound pressure at the radius distance, 1, and p the density of air. Simultaneously, the
sound pressure was measured with the microphone located at the source output nozzle. From this
ratio of sound pressures a value of the volume velocity could be calculated during transfer function
measurements. |

To measure the vehicle fransfer function the noise source was positioned in thé passenger
compartment and the response was measured at the alternator position in the engine compartment. -
The sdund levels producgd by the source were monitored using the nozzle microphone. Hence, a

value of volume velocity was calculated from the free-field volume velocity measurements and the

‘ratio of sound pressures. between the nozzle and far-field microphones derived previously. To

obtain a good signal to noise ratio in the transfer ftmcti_dn measurements a swept-sine input signal

‘was used. For clarity of presentation the results were converted into 1/3 octave bands.

" To test the assumption of écoUstic reciprocity, the transferi function was also measured
directly. Thus, the source was placed at the alternatof position in the engirie compartment and the "
response was measuréd with a microphone at the driver's ear positiori inside the vehicle. To enéblé '
the sound to be positioried in the engine compartment a long flexible tﬁbe ‘was connected to the end
of the source so that the omni;directional output nozzlé could be plac.edxat the desired location.

- Predictions of the contributioﬁ of the alternatof_to the 'ove'rall interior noise level were made
by multiplying the reciprocally measured transfer furicﬁon, H(t),.byv the ‘volume velocity of the
alternator, Q(f,y). Thus, vt.he sound pressure at the driver’s ear Was prediéted by rearrangiﬁg

equation (1): -

p(fx)=H® QEy) = @
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A diagram of the experimental apparatus used to measure the volume velocity of the
external fan alternator is shown in Figure 4. The alternator was driven via a belt from a lvarge
electric motor located in fhe housing underneath the reflecting plane. The speed of the alternator
was increased from 10.00 r.p.m. to 15000 r.p.m. at a constant rate over a 5 second pefiod with
spectral readings taken at increments of 100 r.p.m. This procedure allows noise levels to be |
measured in accordance with the guidelines set out in reference [10] for a sound soﬁrce with
hemisphericallpropagation. Howéver, this design is not ideal as there may be leakage of noise
through the belt aperture. Thus, an alternative alternator noise rig was designed which minimised
any reflections and, thus, allowed spherical propagation of the sound. In‘this design the alternator
was driven by via a belt from a small electric motor. Howeyer, the simplicity of the design did not

allow any load to be applied to the alternator.

2.2. Resulfs

- Noise from the external fan alternator and the standard production alternator was measured on the -

hemisphericélly. propagating alternator noiée rig shown in Figure 4. The sound pressure level-fror_n
the external fan alternatof measured at one of the microphone positions is displayed in waterfall
form in Figure' 5, ‘Where the variation of alternator sound pressure level with alternator speed and
frequency is shown. The data indicate high sound pressure levels corresponding to the 6 ﬁnd 13
rotational orders of the alternator.

A comparisbn between directly measured and reciprdcaﬂy measured acoustical transfer
paths is shown in Figure 6, where for simplicity'v the dafca have been shown as receiver sound.
pressure level rhinus source sound pressure level. The data indicate good agreement bétween the

direct and reciprocal transfer functions below 1250 Hz. The differences at higher frequencies may
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be due to some lack of omni-directivity of the source, or the sensitivity of the transfer function
measurements to the exact microphone position.

The contribution of the standard ﬁroduction alternator to the overall vehicle interio.r noise is
shown in Figure 7. Measurements of the total noise in the interior of the vehicle were made with

the vehicle on a chassis dynamometer in a semi-anechoic chamber. The overall A-weighted noise -

Jevels (solid lines) in dB were calculated from a number of microphone positions in the vehicle

interior. Recordings were made whilst the vehicle was in 2nd gear under full load. The altemator
contributions (dashed liﬁes) were calculated using equetion (4) by multiplying the reciprocally
measured transfer function by the apprepriate alternator volume velocity. The contribution of the
alternator to overall interior .noise was calculated for a number of discrete engine speeds: F igure
7(a) shows the alternator contribution at 6450 rpm.; F igufe 7(b) the contribution af 3850 r.p.m.;
and Figure 7(c) the contribution at 1300 r.p.m. It can be seen in Figure 7 that the total ﬁoise levels
in the vehicle interior (solid lines) do not indicate any spectral peaks due to the alternator. This

result is supported by subjective examination, since the tonal noise from the alternator is generally -

not perceived within the background noise level.

However, the predicted contributions (dashed lines) indicafe that at high engine speeds and
high frequeﬁci_és the alternator makes a significant contribution to the overall interior A-weighted
sound pressure level. For example, in the predicted dafa shewn in Figure 7(a), the spectral peak
due to the 6th alternator order is 51 dB. This compares wi_th a‘total interior noise value ef 55 dB at
that frequency. Similarly the spectral peak due to the 11th alternator order is 48 dB and the total
interior noise value is 51 dB at the same frequeney. The 6th and 11th alternator orders are also
marked in Figure 7(b). In this exami)le the spectral peak due to the 6th alternator order is 47 dB and
the total noise 51 dB at the same frequency. For the 11th alternator order the predieted and total
‘noise levels are 41 and 48 dB, respectively. The predicted contribution of the alternator is less

evident at the lower engine speed shown in Figure 7(c).
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The predicted contribution of the alternator given above is based upon the assumption of a
monopole source. However, for an aerodynamic source, such as the alternator, the radiated sound
pressure may vary with direction. Thus, to investigate any differences in the noise radiatéd from the
diff(_arent sides of an alternator a microphone scan of the standard production alternator and the
external fan alternator was carried out on the spherical propagation rig. Readings were taken at a
distance of 0.5 m at 10° intervals in three planes with the alternator running at 15000 r.p.m. The
frequency content of the radiated noise was assessed by taking 175 octave spectra at each of the
measurement points. The 13 octave band centred at 2500 Hz contains frequencies between 2223
‘Hz and 2787 Hz which covers the alternator rotational orders bétween 8.89 and 11.15. This
particular alternator has /cooling fans with 11 blades, thus, the majority of the noise in this
frequency band can be attributed to the fans. The results of a horizontal sweep of the standard
production alternator are shown in Figure 8, where the overall sound pressure level (solid line) is
compared to the sound pressure 1e§el in the 2500 Hz band (dashed line). The data indicate that tﬁe
total souhd 'préssure level rémaiﬁé approximately constant with direction. However, the sound
pressure level in the 2500 szband. varies cyclically around the altefnator With four distinct peaks -
being indicated. The lowest levels of fén noise are at angles of.45° to the main axis bf the
alternator. | |

Hence; the noise radiated from the alternator exhibits a directivity paﬁern in the frequency
band associated with the 11" alternator order. Thus, the values of the pi‘gdicted coﬁtributiﬁn in this
frequency band may not be accurate. Nether-the-less,:the trend of the data showﬁ in Figure 7 gives
a clear ihdication that the alternator is likely to be a significant contribufor to the overall noise lével

at high engine speeds and high frequencies.
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3. Subjective determination of the alternator threshold noise level

3.1. Experimental apparatus and methodv

In order to determine target levels for alternator noise, a number of subjective listening tests were
undertaken. The objéctive of these tests was to determine a threshold level for aiternator tonal
noise. To achieve this a method of superimposing a pure tone onto the overall interior noise level
was developed. This equipment was based on a compreésion driver unit with a lower frequency
limit 6f approximately SOOHZ A long tube was attached to the noise source which allowed the
noise to be introduced at a suitable posiﬁon in the engine compaﬁment and pfovided a small omni-
directional outlet for the sound. A Schem’atic representation of thé test equipment is shown in
‘Figure 9. The superimposed sine-wave was linked to alterhator rotational order via an alternator -
speed reading obtained with the optical sensor. ‘Thus, as the subject changed the engiﬁe speed the
frequency of the superimposed sine-wave chaﬁged, which simulated the effect of alternator noise.
The_frequenc;y of the superimposed tonal noise is also dependant upon the drive ratio of the
: eﬂternator. In this case the drive ratio was 2.34:1. |

| The _expériment was cond_ucted using the method of Aadj.us‘tment [11]. In this rﬁethod the

listener is ésked to édjust the gain control on the power amplifier and, thus, the ieyel of the
superimposed tonal noise inside the vehicle until the thresilold noise Alevel was reached. A gairi
control without locating features was used, and the starting point was varied by the eiperimenter
between tests to avoid problems of biasing due to control posiﬁon. Testing was carried out with the
standard production alternator refnéining in the vehicle. Excef)t at high alternator speeds, the tonal
.noise from this alte;rnator was subjectively masked by the overall level of background noise in the
VehiClg. After initial trials a matrix of test conditions was established based on five differeht engine
‘ speeds and five différent alternator orders. These test conditions are shown in Table 1. The number

of tests was set such that it was possible for a complete assessment to be carried out in 30 minutes.
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To conduct the assessment each subject was asked to set the alternator order and to obtain
the correct engine speed using the accelerator pedal. Each subject was then required to adjust the
gain on the amplifier up and down ﬁntil the thre‘shol'd level for the superifnposed toné was reached.
The level bn the.ammeter Was then recorded by the experiménter on the pro-forma illustrated in
Table 1. The evn'gine speéd was then changed and the procedure repeated. This was done at all five
engine speeds. The alternator order was then reset ‘an'd the test repeated again at all engine spéeds.
To check that the resulté were repeatable, the subject was asked to repeat one or two of the test
conditions. The vehicle and test facility were available for three days during which time 13 subjects
performed the assessment. |

The yolum¢ velocity of the tonal noise source was calculated using the same procedure as’

used for the wideband omni-directional source described earlier. Thus, the source was removed

‘from the vehicle and reassembled in free-field conditions. The alternator was replaced by an

electric motor to prQVide the speed signal. The amplifier was set to the respective gain values ‘
obtained during the subjective lisﬁening tests. Measurements were itaken of the sound pressure level
at the source nozzle and at a distance of 0.5 m. Thus,. for e‘ach anipliﬁer gain setting the source
volume yélocity could be derived; Alternatively, the sound i)ressure level at a distance of 0.5 m

from the source could be used directly as a target level for alternator noise measurements.

3.2 Results

Threshold éound pressure levels at 0.5 m were derived for all thirteen subjects. From these values a
linear averége ‘was calculated. The mean and plus andi minus one standard deviation data are -
shown iﬁ Figur¢ 10 er éach engine speed and alternator order. Third order polynomials were fitted
to the mean data to allo‘w én interpolation of the threshold values at regularfréquehcy intervals.

The derived threshold target levels are displayed as a contour plot in Figure 11. The threshold A

values are shown over a frequency range of 1800 to 6OOO>VHZ and over engine speeds rangiﬁg from
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3000 to 6000 r.p.m. This mid to high frequency range was identified in section 2 as being the most
significant region for alternator noAise. The data in Figu;e 11 indicate a shallow maximum in the
threshold values at 2750 Hz fof the higher engine speeds. As expected the threshold levels increase
with increasing engine speed. This pattern reflects the predicted contribution of the alternator to
interior noise in the %/ehicle shown previously in Figure 7.

From the data shown in Figure 11 it is possible to derive target values for each rotational
order of an alternator for a»given drive ratio. This data can then be compared to measured
alternator noise. Figure 12 shows a comparison of the derived target values and measurements of
the sound pressﬁre level recorded at 0.5 m from a large diameter alternator. The measurements
" were made on the hemispherical alternator noise rig shown in Figure 4. Thus, the targét values were
- adjusted for hemispheric_:aI propagation by inéreasing the previously derived spherical propagation |
{/alues -by 3 dB. Figure 14(a) shows the 6™ alterﬁator_order, Figure 14(b) the 12" alternator order
and Figure 14(c) the 24™ alternator order. The derived target values are based on a drive ratiQ of -
'2.5:1. The data in Figure 12 indicate a potential interior ﬁoise problem at higher alternator speeds
due to the 6™ and .24ﬂ‘ alternator orders. |

Figure 13 shows a corﬁparison of the derived target values with measurements of alternator
sound pressure level for an existing “noisy” alternator. For this alternator the vehicle interior noise
was considered to be unacceptable at low engine spéeds with a high electrical load. The alternator
was modified and acceptable levels of alternator noise achieved. MeaSuremeﬁts of sound pressure
level were made for the original alternatof and the modified version using the hemispherical noise
rig shown in Figure 4..‘Alternator no.ise associated with electrical load is typically related to the 36t
alternator order. Hence, a target level was derived for thé 36th alternator order. Figure 13 shows the
measured sound pressure level for the original alternator (dashed line), fhe modified alternator

(dotted line) and the target level (solid line) for the 36™ alternator order. The data in Figure 13
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indicate that the modified “quiet” alternator meets the target level, while the original “noisy”

alternator exceeds the target level.
4. Discussion of results

To measure the volume velocity of the alternator, two experimental rigs were used both of which
assumed that the alternator sound propagates spherically from the source. However, the supporting
structure of the spherical noise propagation rig inevitably inducéd some reflections in the radiated
sound field. The hemispherical noise propagation rig assumed a perfectly reflecting piane beneath
the alternator. However, the actual reflecting surfaée contained gaps for the alternator drive
mechanism and, thus, did not provide a perfect reflection. In practicé it was found to be more
convenientvto use‘the hemispherical noise propagation rig as the control equipment and a larger
drive motor could be mounted underneath the reflecting plane.

The prediction of the contribution of the alternator to the overall interiof noise level was

based upon multiplication of the alternator volume velocity with the reciprocally measured transfer

function from the alternator location to the driver’s ear position. This simplification is best justified

for omni-directional sources and receivers or in reverberant spaces where the directionality of the

- direct field is buried by the diffusivity of the reverberant space. However, investigation of the

alternator directivity pattern revealed that this assum'ption was violated in.certain frequency bands.
For an arbitrary vibrating strﬁctﬁre, such as the alternator, a rﬁore accurate prediction of interior
noise could be fnade by discretiéing the structure‘ into a number of volume velocity point sources as
described in references [12] and [13].

The derivation of the alternator tonal noise target levels relied upon a subjective
determination of the threshold level of the tonal noise at a particular altefnator order. Inevitably, the

threshold noise levels varied from subject to subject. Hence, the final target levels are derived from _
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an average taken from of a number of subjects. The number of subjects chosen for this study was
based upon a compromise between the need for a sufficiently large sample of subjects and the total
time available for the experiment. A larger number of subjects could be expected to produce better

estimates of the derived target levels.
5. Conclusions

A number of conclusions can be drawn from the research rép_orted in this paper:

C e At .high engine speeds the alternator makes arsigniﬁcant contribution to the high frequency noise

level in the passéllger compartment. At low engine speeds and .low freqﬁency the contribution

of the alternator is less significant. )

- o Alternator noise‘ target levels have been derived based upon subjective determination of
threshold levels for tonal noise.

e Initial results have ’sltlownb that a vehicle fitted with an alternator which meets the derived
target has an acceptable interior noise ievel. Convefsely, when the vehicle was ﬁttéd with.
an alternator which did not meet the dérived target the interior noise le§el Was

unacceptable.
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FIGURE CAPTIONS
Figure 1. Illustration of the sources of vehicle alternator noise. |
Figure 2. Schematic representation of alternator tonal noise propagation in a vehicle.
Figure 3. Diagram of the omni-directional wideband noise source.
Figure 4. Diagram of the experimental apparatus used to measuré alternator noise.
Figure 5. Variation of alternator sound pressuré level with alternator speed and freqﬁency.
Figure 6. Comparison of direct (solid line) and reciprocal (dashed liné) acoustical transfer
functions against 1/3-octave band centré frequency.
Figure 7. Predicted contribution of the alternator (dashed line) compared to total vehicle
interior sound (solid line) against 1/3-octave band centre frequency at different engine
speeds: a) 6450 f.p.m.; b) 3850( rpam.; c) 1300 r.p.m..
Figure 8. Variation of the overall alternator sound pressure level (solid line) and sound
pressure level in the 2500 Hz band (da‘shed line) at an alternator Speed 0of 15000 r.p.m.

Figure 9. Schematic representation of the equipment for the alternator threshold noise

* level experiment.

Figure 10. Mean (solid line) and plus and minus one standard deviation data (dashed lines)

~ for threshold tonal noise levels at 0.5 m against alternator order and engine speed.

Figure 11. Threshold alternator toﬁal noise levels at 0.5 m against frequency and engine
speéd.

Figure 12. Comparison of measured alternator sound pressuré level (dashed line) with
target noise level (solid line): a) 6% alternator order; by 12 alfemator order; c) 24™

alternator order.



Figure 13. Comparison of original alternator sound pressure level (dashed line) and

modified alternator sound pressure level (dotted line) with target noise level (solid line)

for the 36™ alternator order.



Table 1.
First author: Walsh.

Engine - Alternator order

speed 6 12 18 24 36

[r.p.m.]

2000

3000

4000

5000

6000

Table 1. Matrix of test conditions for the threshold noise level experiment.



Figure 1.
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Figure 2.
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Figure 3. :
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Figure 4.
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Figure 5.
First author: Walsh.
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Figure 6.
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Figure 7. ,
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Figure 7.
First author: Walsh.

b) Engine speed: 3850 r.p.m.
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Figure 7.
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c¢) Engine speed: 1300 r.p.m.
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Figure 8.
First author: Walsh.
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Figure 9.
First author: Walsh.
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Figure 11.
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Figure 12.
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Figure 12.
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Figure 12.
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c) 24th alternator order
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Figure 13.
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