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ABSTRACT

We describe the principles and practice of a method for determining the contribution of individual
noise ths in systems whee many paths are active. The method does not usually require any.
modri'motions to the system, or any detailed knowledge of its dynamics. The method does.
however, require a thorough appreciation of its principles.

We describe a hardware sySIem which can analyse over a hundred noise paths simultaneously.

INTRODUCI'ION

Theeonuolofeoousdcnoise andvihrution tnnssion l'rompower andother machineryis
becomingofinoressingimportaneetodreiroperators lnthecrvilfi areasofparficulareonoern
include the following:

- transmission of noise from a vehicle's power plant to the pilot and passenger; (cars;
helicopters; miller-driven aim-aft; auise ships and power yachts);

- transnissionofnoisefromfaemypinnttnnearbyresidentialnreas;

- overboard transmission of engine noise from ships (seismic survey vessels towing
hydrophone strays; fisheries survey vessels).

In the military area. noise transmission makes for increased detectability by hostile foroes; this
applies particularly to:

0 ova'bosrduansmissinnofaoousticnoisefrommachineryonsubmarines;

- airborne noise from land vehicles used by land forces.

The most direct solution to a noise problem is to prevent the source fiom producin it in the first
phoezcuefidbflancingofmeshaflmrotafingmbmachinery,fwmnrple.canl insignificant
reductions. In many cases this is not possible: reciprocating engines, for example, inevitably
produce out-of-baianoe foroes at multiples of shaft timing frequency.

The next step in such cases is to look at ways of reducing transmission from the source to the
enviroan For example. in the case of I marine diesel. mounts. air intake and exhaust. coolin
waterpipes sndair‘bornemmrissimmayullbe siytifieantpaths. Treatingellpossiblepathswilf
of course. maximise one's chances of success. but is likely to be very expensive.
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Figure l Hypothetical phasor plot of contributions to the radiated noise of a diesel engine

Since all ofthese paths are eitcited by a common sotnce, the vibrations will interfere oohaently in
the region where reductton ts This process may be represented by a phasor plot. In
Figure I. each yector represents e amplitude and phase (relative to the rotation of the diesel's
shaft) of the noxse n-ansnutted via one group ofpaths. Their sum will almost always be less than
the sum of their individual amplitudes because of their different phases. In this example. if noise
nansmitted via thewater inlet were controlled without otherwise altering the dynamics of the
syswmtheuansnimednoisewouldacmallyinclease;byoonmifairba-nenorseandmcmoumx
were both treamd then a very large reduction would be obtained. An engineer with no prior
knowledge of this phasor diayam might simply attack the most obvious path. say the mounts in

thiscase.andwmldtltenbedoomedmachievingnomorethanafewdnreductionatbest.

It shouldheborneinmindthatit'thenoise sourceexcites the paths atseveral harmonicsofthe
fundamental frequency. the hasor diagrams at each harmonic may be difierent. This may arise

because of frequency ce in the paths; to take a simple example. suppose that the cooling

water pipes transmit no via fluid pressure. and that they are of different ength. If the diesel
engineexcitesbothlnthesameway.thenatcertainfrequenciesthelengthdifi’erencewillbeequal
tohalfawavelengthandtheirn-ansmissionswillinterferedesnuctivel . atintermediatefiequencies
itwillbeawholenumberofwuvelengthaandtheirconn-ibutimswill inphase.

In addition to this. the source excitations may change with fieqnency; for example, the phases of
the vibrations at each mount may change because at modal vibrations of the engine casing.

In what follows we present a method of analysis which allows phasor allots such as Figure l to be

produced for the excitation frequencies of system of practical interest e discuss its applicability

ll'l difierent circumstances. '

PRINCIPLES OF THE METHOD

We divide the overall system conceptually into two elements: the noise source (shown as E in
Figure 2) and the substruemre (S in Figure 2). The two communicate via afinite number of
acoustic and/ct mechanical degrees of freedom of connection across the boundary between them.
Theseconneetions(p)lleonthenoisepathswhichateofinterest.
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figure 2

We instrument the connections witln noise sensors. There must be sufficient sensors to observe all
degrees of freedom of connections. and they must be sited so that any degree of freedom can in
principle be resolved by suitably combining sensor signals. We also instrument the region (y)
within the substructure where noise reduction is required. We may require only one sensor.(if y is
compact on a wavelength scale). or many.

We then apply a series of forcings to E. in various directions and at various points. These result in
different patterns of excitations of the sensors at (p) and at (y). Given a suficient number of
forcings. we can conceive of solving a set of simultaneous nations to determine the path
strengths from sensor excitations at p to those at y. it may seem to talk of sensor signals ratios
as "path strengths”. but we shall see that in this special case tlney have the requisite characteristics.

The final step in the method is Inn activate the noise source E: run the engine. pump or whatever at
the relevant condition. This provides measurements of the sensor signals at p. which we multiply
by the calwlated path strengths to obtain the estimated contributions to noise at p. The sum of
these contributions may be compared with the observ noise signals at y as a check on accuracy.

To express this procedure more formally. we use the following notation. Let E be the mobility
matrix of the noise source, relating forcings at our excitation points and at its points of contact with
S to velocities at these contact points. let S be the mobility matrix of the substructure. relating
forcings at its points of contact with E to velocities at those points and in the reduction region y.
Let f,! and {S be the vectors of foreirngs on E and s. and let all and us be the velocities. Thus

Ila = EfE

(1
us = Sis )

We partition the matrices and vectors to separate out our external forcings (fa) of E from those
arising from contact with S. (in. I“). Similarly we wish to separate out velocities at our forcing

points (um) and velocities in the region y (usz) from those at the contact points between E and S,
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(nu. a“). We write

(:H22 2:)(‘:;)
(2)

_(“S‘i)= 511 Srz)fs)

us: 521 5n h

whmbecauseEandSmsssuundwbefigidlyoonnected‘neonmctpolnmwhnve

'sz°"st (3)

(4)“az‘usr

fszistheforcingonSinregionyandisassumedtobem.

From these definitions and boundary conditions a number of useful results follow. Firstly it can

be shown that

us; = 321 um = H «51 say (5)

Le. that noise (“52) at y can indeed be predicted from the excitation: (us!) on the paths: the matrix

H isineffectasetoftransferfumtions frnmonetotheother. Secondly.

ust=5u [511+522I1E21fm (6)

High gives us the transfer functions from our forcing: of E to the resulting path excitations.

Y.

new 521 [5114‘521'1311 is: (7)

which gives us the corresponding transfer functions from forcing: of E to noise at y.

The process of identifying the noise paths can be represented as follows. We apply unit excitation

forces to E. at one position at a time: for excitation number i. the ith element of ti, is unity. the

remainder are zero. Suppose the resulting excituicrts at y are 1:152. and the path excitations are of“;

then using (7) the result ofthecomplete set ofexeitntionscan herepresented as

Usa-Smsi‘wst (a)
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where U52 = ["512] “512: ---: I

and
U51 =[Ilév Hug“ ..., (9)

We then estimate the matrix of path strengths which we require by a matrix inversion:

H = Usng (10)
For U2, to exist, N must be such that Us is square: we must apply as many excitations to E as
there are sensors on paths. U51 must also. of course, have rank N: we consider this point more
fully in the next section.

Having estimated the path strengths, we run the noise source and record the resulting excitations:
call them 1121 and ugz. We use these to check our path strength estimates by forming an estimate
of ti; foroomparison:

a; = E u; (1 r)
The phasor plot in Figure 1 illustrates the end result of this process. We consider the noise at one
of the noise sensors in region r. this is one element ofu; It is the dot product of one row of H
with 11g]: i.e. the sum of products of estimated path strengths with pathexcitations. In Figure 1.
each lighttihasor represents the amplitude and phase ofone such product, i.e. the contribution dueto one pa : the heavy phasor represents the sum. This sum can then be compared with the
amplitude and phase of the corresponding dunent of ugh as a check on accuracy.

THE METHOD IN PRACTICE

The first decision the experimenter must make is how to divide the system between noise source Eand substructure S in Figure 2. The boundary is defined by path sensor positions. Three mainfactors determine the choice: _

l. The boundary must intersect all possible noise paths, and the intersections must be fullyinstrumented. It is therefore desirable to place the boundary so as to keep the number ofdegrees of freedom of connection across it. and hence the number of sensors required. to areasonable figure.

2. Sensors should be placed where noise reduction measures are likely to affect their signal levelsin an obvious way. This makes results much more useful. For example. sensors could beplaced close to mounting points where resilient elements could be installed.
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» 3. Sensors should be placed whue good signal-to—noise ratios can be obtained when the noise
- source is forced. .

The next major decision is how many difierent foreings (N) of E are required. _We saw from
equation (10) thatwemight expect thistoequalthenumberofpath sensors. sothatUSI issquare.

However. from (6). we see thatin this case.

“51 " Sn (sir * Eul'lErrIN (12)

This raises mother possibility: En contains the dynamics of the noise source, and this may have

fewerthan Ndegreesoffreedonr. In the worstcase. it‘E behaves as a rigidbod)’. 1’41 will have n

rankofoorless. ThusifNisgreaterthanG,USI mayhaveararrkoflessthanNandwillthenbe

singular. in effect the noise source E obscures orn' view of the pathstrengths. II in (10) must then

be estimated by using a pseudo-inverse of [151. Our estimated B will be consistent with any

observations we can make on the system. but will not be unique: we can add any vector from the

nullspaoe ofU; to each row ofH without affecting the fit.

In practice we deal with this problem by using singular value decomposition (SVD). This allows

us toexaminetherankofourexcitationsmanixafia‘eachforcing; weareabletojudgethepointat
which further forcing; are no longer afi'etnr'ng the singular values. Ifthere are then fewer titan N

significant singular values. we obtain a pseudo-inverse by inverting the significant singular values

and subtituting zero elsewhere. This procedure seems to give useful results even for quite large

rank deficiencies: a situation where transmission is dominated by a few noise paths can be

accmtelydiagnosedforaratioofN:(r-ank) greata-thanthree. inthepreseuceofmanydozensof

noise paths. .

In extreme cases. however. and where this is practicable. the noise some B may be removed and

forcings applied directly to the paths. This may. however, result in significant errors if a large

change in static loading. e.g. on resilient machinery mounts. changes the path dynamics.

HARDWARE SYSTEM

A s stem has been constructed to realise this technique. We have christened the technique as

imp emented on our system'Multiple Path Signature Dwomposition' (MPSD).

The system is based around a PC-compatible computer connected via a serial link to a

built periodic data logging unit The user drives the system through a menu system imp emented

on thePC. whichin ttnrtcontrolsthedamloggingunit. A signalgeneratoroonnolledfromthedata

logger over anBEE“! bus 'dea a synchronisin signal for all data logging and excitation

generation. while pro le signal conditioning ows the system to make maximum use of

its dynamic range. The data logging system itself ' the exeitaalon signals for the eration
of the forcing [3]. Figure 3 is a block diagram the system. which also shows how e sensors

and actuators couple the MPSD system into the environment under investigation. The system was

developed with assistance from the Admiralty Research Establishment. which also provided
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Figures Topexpress path identification system
facilities for full scale testing ofthe system in a marine environan

The current MPSD system uses multiplexing to collect data over 17.8 sensor channels. The data
logger transforms the sensor data to tire frequency domain and transfers the results to the PC where
it is stored. When the user believes that sufficient data has been taken. the transmission path
matrix can be calutlated. and phasor plots displayed on the PC screen. Sensors can be grouped
together according to the physical paths they represent in order to sim lify the filly. 'lhe system
has been extensively tested tn laboratory, and has been used in the fie d on sev marine and road
vehicle applications. where it has proved to be both reliable and flexible.

The main advantage of the technique is that it is largely non-invasive. It is unnecessary to block or
sever paths of the system, although it is usually preferable to user sensors and actuators inside
liquid- or gas-carrying pipes where possible. However, techniques of sensing and actuation have
been developed to overcome this resn'iction in many cases. The non-invasive aspect of the
technique makes it particularly easy to apply.

AN EXAMPLE APPLICATION

This section describes a practical signature decomposition which was performed in the laboratory
at Topexpress. The noise source was a small electrical air compressor which has been used by
Topexpress for the testing of vibration measurement and control systems in the past.

The compressor was mounted on tluee rubber feet which. for the purposes of this test. were fixed
to a wooden floor to enhance the vibration path. The aim of the experiment was to determine the
route by which sound was radiated to the target point, which here was taken to be a point 5m from
the compressor. The two noise target sensors deployed were thus vibration insensitive
microphones spaced 1m apart at a distance of 5m from the compressor. The paths to the targets
were assumed to be the direct airborne path and the vibration path through the mounts and the
floor. These paths were instrumented by means of five microphones located around thecompressor at a distance of 0.5m. and by a total of 18 accelerometers located six on top of eachmount in such a way that all six degrees of freedom of th23 path and 2 mg“ channels e mount were measuml. Thus a total of
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Figure 4 man: plot tmm ebmpnssor ape-imam: Figure 5 l’hasor plot rmm compressor experiment:
first tar field sensor second tar field sensor

The fundamental compressor tone was 24.5111. The MPSD was performed at the second overtone
of this fundamental. namely 73.5Hz. This was to ensure that the signals were well within the
frequency range of all the sensors and acmators employed for the experiment. In addition. this
frequency was lowenough to ensure that the results would be reasonably invariant under small
path changes. (In other applications. MPSD has been appliui at up to 13 frequencies in one
experiment.)

The signature of the compressor was measured first. It was then switched off and forcings were
applied using a GWV46 electro-magnetic shaker and an 8-inch loudspeaker. In all. a total of 19
forcing: were used. because by this stage it was found that further forcings were not significantly
affecting the results.

Figure 4 shows the phase plot for the first target microphone. The broken line S is the measured
signature. while the solid lines denote the components H,an (n = l....,23). 'lhe resultant of the
vectors is the predicted signature usz; its end is marked with a cross on the figure. Figure 5 is a
similar plot for the second target microphone.

The vector loops are not closed. but the error between the predicted and measured target signatures
is small on the scale of the largest vectors.

Also shown on Figure 4 and 5 are the sensor numbers of the channels producing the largest
components of the predicted signature. It is interesting to note that the three largest components (2,
4 and 8) are all associated with lateral translations of the mounts at the motor end of the
compressor. Moreova', although these components are large. there is a high degree of cancellation
between them. One would therefore predict that any noise reduction technique which removed one
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ortwoofthesecomponentswouldsubstantiall inereasetheovenlltnrgetnoiselevcl. Itmayalso
be noticed that no channel numhas above 1 Ippell'. which means that no microphone signals
contributewthetarget. Thisisconsistmtwiththefnctthatmesoundofmecomwessorinthenear
fieldappesrsmbemglydmniwedbyhigherhnrmnics. htlsoimpliesthnplxinganscoustic
enclosure around this machine would give very little noise reduction. It is costly mistakes of this
type that the MPSD system is intended to help us avoid.

CONCLUSIONS

Multiple Path Signeture Decomposition (MPSD) allows the contributions of different noise path
excitations to transmitted noise to be estimated. The sum of these contribtm’ons may be compared
with the observed transmission to provide I check of the accuracy of estimation.

Interpreted with care. these results allow the noise control engineer to decide which paths to
modify to reduce noise transmission.

Topexpress has implemented MPSD on a versatile hardwstme system. In this form it has
been provenonnlabomoryrig nndon pncficalmaflneandrcadvehiclenoiseproblem
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