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n.., de,i gn, alIaly. ;s and ",.I i/ation or ACli~. Noise Cootrol (ANq .ySle""" have bn:n challenges to acoustical and cuntn,1~munil;'"

OVCl lhc l. sttw" dc'Cadc• . 11i. laT¥d y due 10 lhe . ffon in the aco ust ica l OOm munilya nd lOa<haoc", in di g ital , ig "" l ProcCl<.inll le<:hnok 'Il;e.
tha\ ,illni flca n(progrc" ~ """, ....w. M'l lh.. r.dd _,, . p.on o{ thn lnlnnooliow l quat in ""_il1KA'<C ll-.;hn<.>lOU,ICK« ,1leroa l
I"" Univer;i ty of Wc-,;tcm A", 111.lia (UWAj have focused on (I ) applying an undel'$tandlng of acousrical system, to Ihe ,Jc.i~n of AN C
"Y'lcms and (2) the <k,-cl""mcnl of practic. 1ANC system. for the WcSlcm "">lralia" ",inin", ,hipbuilding a"d bui ldi,,~ jud' '' lri"", Thi.
pap"'rpre,em. 8 briefr evie'" "f lho o""lri"", i"" 10 Ihese two area. hy ,he U WA '<'lim including Ihe re, ults o!>win,'" from ,,,,,'eral pruelioal
applioalions.

Figure I (a) Schcmatie and (b) block diagram of a feedback
"" i>e\'OfIlrol u r <lefonder.

where H<. H~ and Il , an: the frequency responses of the
cornJl\'Ilsat•..-, microphone, and loudspcaker respectively.

(1)

response function of' the sound pn.'SSure in the cavity wilh
respecr m uie sound pressure gene ratc'" hy Ihe spca k\..
diaphragm and includes absorption and leakage, "The tota l
,,'<md pn:ss ure is measure d by a micmp hone ( M' and actively
all\'Iluatoo bytheIOlldspeaker (L)sui tablyc.\citedbyan
el.,.,..tfUl1ic eo mJl\."sator (C) Which .al o the output nf the
microl'l""1ellS its inptJL As a resuh " f tllc feedback con trol,
the rat io of " <and uuccnrrelled ",,, und pressu re p. can be
e~pJc~d as

I:\TRODuc nON
Ac tive noise con trol is a lield " f re"SCan:h and application
concerned ....ith anenuslillg unw..anted noise using acnve
devices and arrangomc nK The ~yslem that impl cmcnt~

the active noise control u,u ally consi...s o f an >'>COustical
system, a co ntrollcr, senso1"!i and ael ual",.. with a.s.sociated
in!crfaccelcClrunics thalprnvide interactionbetwccnlhc
acousti cal system and ,:ontrollcr. The design , analysis
and realizatio n or AN C syste ms have been challenges 10

acoustica l and eonlrol cnmm unitiesover lhc !asl lwo d""a dcs
because of the complicaled nature of acouslica l syslems
(dis1ribuled parameters, effectof boundary, , 'ihrn-aeou ' lica l
coupling, broadness of the fm.jueney and dynamic ranges
of the acoustical signa l to be allcnualed) a nd lad of general
controltheory feas ible for ,arions requireme nts in practical
noise control. II is largd y due to the effon in lhe a.:oustiea l
community, ,, heregood undc1"!ilandingof the physica l sy. tom
....as hmught into the d,....ign of ANC syste ms, and to ad "anc~

in d igita l signlll proces>ing t\'Chnologie, that significant
progrc"!>~ has been made in this field

In this brief pare r, we usc several practica l example s.
which have bee n studied at UWA, to illustra te two i"ucs
( utilil atinnofthe l,lnder,tandi ugofacol,lst iesli..- effe<;live
ANC, and devclopmem of practical ANC systems) in Ihl;
recent develo prtlCnt of ANC. The impo rtallCe of these two
issues is abo discusse d by outlin ing s ome relevant key
achic~'cmentsin an intemat ional colltext.

I. U:\ Dt:RSTANUI :'IiG ACOUSTICS FOR
EFn :C I"IVl : A:'Iie

1.1 t 'ft"dbackcar dd ondtr (FFI ))

The 300llstie sy~tem within a FED ( Figu~ I ) is the sound
I'rcssllre P<inthe ear-eul'wh leh isdueto thc tran>m is.~ion of

extcma lit<,undf'. andr.>diation from thcv ibralingdiaphragm
ofl he loudspe akerin stalled in the ear-cup. Jl. is the freq uency

It becomes clear that an effective reduction of the ratio
canbe achic\"ed bydesigninllal.argegainoft hecompeTlS;)too
open.loopfrequcncyresponsc func;liortH.. - H! ' .I' ji. and a
small gain (IH.. I« I ) al the phase cross over freqaency wllere
the phase of Jl", is equal to zero ( I )' Although a compensalOr
w ith bi quadraticli l lcr eharac.eri~tics llndanoptim aldesign in

selecting the liItcrparam\1enl [2·3j is capable of increasing
the gain near one li"c'lu",ncy whi le red ucing il at "the rs, the
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Th~ design, analysis "Dd ",al i7alion of Act ive No ; .. Control (AKe) system.' have been chal1~llg.< to ocou<tical and control communiti., 
ovcr the lasl two decades. It is largely duc to lh~ effon in the acoustical commu ni ty and to "d, 'aoc es in digital signal proc~"ing Technologie, 
thal sig:ni (i~anl prugrc"SS II» b«n IN<k in this f,dd . As f'lrI <'If Ih,s intcrTll.liooal qual in ach"",mg ANC tccmolot!Y, .o:$C3lchcn. al 
the UnivcN;ly of WcslC'm Au,lralia (UWA) ha .. ~ foc~d nn ( 1) applying an understanding of ac"u,li ~al system, '0 the d.:sigI1 or ANC 
sy<tem, "od (2) (be development of practical ANC 'y'tem, for tbo Western Austral ian mi nin g, sh ipbuildi ng and hui lding indllmie<. Thi< 
p"pcr pr~'.nts" brief",yiew of lbc coutribution to tbe ... two areas by 1he UWA team iocluJing tbe reslllts obtained from several pmctieal 
appl ieation,. 

INTRODUCTION 
Active noise control is a fi eld ofrcscarch and 
concerned with unwa nted noisc 
dn i cc~ and Thc system that 
th~ active noiw contro l u,"ally c"n~is(s of an acoustical 
~y,t~m , " controller, s~nso rs and aduatoTS with as."",iated 

1. UNDERSTANDING ACOUSTICS F'OR 
EFFECTIVE ANC 

1.1 F~edb"ck ~or dcfender(FF:D) 

The acoustic system \~ithin a FED (Fignre \ ) is the sound 
pre~wn: P, in the ear-cup whi~h is du~ to the trJnsrnis~ i on of 
external sound P, and radiation Ii-om the vibrating diaphragm 
of the loudspeaker instaiJ et[ intheear-cup. lfoisthe freque~cy 
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where H" H~ and H, are the frequency responses of the 
~oml"'n'""tor, mkmphone, and lou,L'peaker re~pe~ti v~ \ y 

~. '" " . . . , 
11_ II, 

Figure I (0) Schematic and (b) block diag,"rnof a feed back 
T10isc control car,ictO;Tl,jer. 

!tbccorncsclearthatanctICclivercductionor thDratio 
can be aehieved by designing a Jargegain of thceompensatcd 
open-loop Ii"eqoency re>pon~e fundion H,,'" H!I . .Jffl. and a 
small gain (jll,J «1) at the phase cross ovcr frequency where 
the phase of If," is equal to zero [1]. Almougb a eompcnsator 
with biquadratic li l t~r characteri stics and au optimal design in 
);eltlcting thc fiUcr pararnctw< 12-3] is cilpabl<l of increa>ing 
the gain ncar one frequency wbilc reducing it at others, the 
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ul1ol:ompenwul.'d..pen- I"op fn:quc:llCy n."'fK>rJ...., (H~ " H. HII)
of lhe s)'slc m c. n signific..nl l)' I fT'"l.1 tho:perfUmlanl'''l; uf lhe
•'toM t..,,] SyslL'tTl, Fur e~ amplc:. an 11. ....ilh broad and unifonn
n"'ll.nituUc:lndphasc:~ponW: llk""'ill highooi !oC rnluct ion

jevet within . broader fll:l.lucTIC )' Nnd .. Ilen opl iTl1iill f~bal: k

is inltOducnl . ll o" c\lcr noiw:rcdoction can on ly bc:.ehinnl
in . limih:d fn:quency nlOlle by op(ima l fcnl back if the
lICOUsticl l system has . fa...t rluL-.: lkcay rate ....ilh freq.....ocy_
The refor\" il is 1lI.'ttl;. ,u y to ..c1a.1 H__ H. and H, so lhal th.:

magn itOOciIInd JIha.-"'"of 11. are ~itabfc: for lhe effective noise:
oonlrol.ltcanbc: sho....n (l )thal

"~......." ""'''..', _Control

~ :: ._ ... ' . ,.......•.
"

f igurc 2 Magnitudc . "d pha", pit>!ur lhc ul1<'Ull1l"'np lrd
orcn·I,~,p r,.",ume)' rc' pon", rundi"n H. when the mas, of
lhe 'f'C"al er d iaph ra~m is u-e,l~ I ~ll)'in~ par. melcr

1.2 F~dblc" ("ntrol "f n "l ,cln ln "mrr

Feedback control was used 10 allcn U~IC: the OIo..M ropunw
oflo,, ' frc:qucocy noi:ocinan o ffireduc:lu randulll cxd lat iolt)
[4)' In this applica tion. llle di, ta,....1.' r bcl""c-c:n the cu nlrol

....jere 2., l .... l~ and l . arc:~ti.ely~

impc:darocn oflhc: front and bad. ca"itics oflhc: CM-cup.
acoustica l impedanu- due: 10 .i r k:u.age: and c:lectrica l
impedanc e: of tbc: Ioodspea kc:r. ~ is a ~11",ne:tc:r as~lnI

....ilh tbc: ma1!"c:lic: foeM strmgth.roil length and effective
diaphnogm area of the IoulhpcaIo;.cr, Equation (2) indial lC>
that the c haract<.Tistia of H. an;: dc('-ndcnt on mlll Y S)'!>lan
~f1IfIlI.'1<.-n. Fig:un: 2 """ ..... the chanJr:' of tho:mapl in.odeand
phase: Cl,lf\ C$ of 11. for .1)'ptca1.a1W car defc:ndC'r.. hen
the mass of lhc: speAc:t diaphn~ is used IS a \~'ing

paramc1c:r PJ. Obviously. the:opm -Ioop ~ponse: with iimiIlkr
10udspo:aler mas.s .. iIl ghe:ris.e lo lbruadc:rfreqUC1ll.')'~

ofno isc rcd.....1iunthanlhal .. ith . b rgc:rloudspc:akCf mISS. It
is therc:fore: nC'«SSllf)'10 carefully desi gn lhe uncomf'C'lN'te:d
open-loop fC'!i'Onw:of<lll acu...e car d.:f.'Ildt:r bcfoKdcsigning
anoptimal CODlrollcrfor bcst po.'1funna llL'\:.

<al

~ ::t;8../ ~:~.: .,'
I " ' ..,-' 'I4s.

" 2S sa te

r"' '' ·CHI!

IutJch;p:ak.:rand em ... micTtlJlht1llCwa~ . cnMu l ~mc:lCf in
rrOOu-1ng a global TIOISC mluetMlll in the:olli cc . 'Thc conlrol
"as iml'l..-mcntcd in . 4 ·2 .9 · l . ' olfoccand thc unconlrol kd
sound fiCld in the: ,,!rICe:"~ ICfl\:nuc:d by I .. hile: noi..:
socrce . 'The cont rollcT design i. ba-ed OII thc: « >m1raincd
opIiminuion o f lhe: .,.pc:nytur coc:rrlC;ent~. the mc:thnd
similar tn tilr Compc:n loT dc-si,., for ...1, ~c: Ir '" dcflL'ftllc:n
[ I ). Fipfl: J sho>o.-stbc:upcTlfTIC'T1t.111 tnU ll5 ( for . nc:arfoe k!
mieropllonc placement ;ll r-'"' IX M from lheconlrol ilJUI\,-C: ) of
thc uncont rollcd(duu c<icurvnlland col1llOlInl iIOUnd pn.'MUIl:
k \lcls l'CSflCdi...clyla)at lilr c:rn... ""'n.......k'Cll ion . nd (b) b)'
spatial n Cl3gc: of wu nd prcs_urc lhrou llhuul the """m . FOf"
this c:xporrimc:nt. a large am"" nl o f no i!ll:ry,Joction i ~ achieved
at theC' lTor scn'lOl" localioll. hul hlllc:m:l uclion isaehic.........
globally. Uuthc othcr hand if lhc Sl,.'1I..... i.plll<:cd fa r fru m
lhe cont rol l"ud ,pc~kc:r ( r '"' 170<-"' 1. lhe fmt ucllC)' fllngc for
gl,,""-I nuiM: reduction beex-mcs nerrewer aud an iocn.'a'IC in
s ound pressure iii obse rved oUb ide of ille range ...s ocpic..ed
in fip,urc:4. This is b«a""," of lhc: incrc:asc in phase dccay by
the ]lJI\~er tr.\'d distal....'C o f thc: radialed 1i<>\lnd.I't''ll lling in
lhc phasc:cros.'itwer fl't''l uefll.")'bcing brouithl ..-ahintbe raege.
Finall)' when the error microphone i~ located adequately far
away from lhe ocar field (r - 21lcw1). sill:nifoc. nl local and
global noisc:rnl '...1 ion "'~1"C ltCh ic\'n1 wilhi n .n ad\:(jua le broad

frequell<")'r.nge(Figure S).

(b)
Fi"," 3 l,;fIC'OIllI'OIlcd (~I .a4 C<Jft1rD1kd h..bd lllOUnd
~~(a).tW .....~b:. ... andlb ) by
~1~lt" wkn r " lh.

(2 )
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uncompensated open-loop frequency response (Ho = HmH,H) 
of the system can significantly affect the performance of the 
control system. For example, an fl, with broad and uniform 
magnitude and phase respon.e allows a high noise reduction 
level within a broader frequency band when optimal feedback 
is introduced. However noise reduction can only be achieved 
in a limited frequency range by optimal feedback if the 
acoustical system has a fast phase decay rale with frequency 
Therefore it is ne~ to select H", H,. and H) so that the 
magnitude and phase of H" are suitable for the effective noise 
control. It can be shown [IJ that 

(2) 

where ZmI' Z"", ZL and Z, are respectively acoustical 
impedances of the front and back cavitics of the car-cup, 
acoustical impedance due to air leakage and electrical 
impedanC<l of the loudspeaker . .p. is a parameter associated 
with the magnetic field strength, coil length and e11ective 
diaphragm area of the loudspeaker. Equation (2) indicates 
that the characteristics of No are dependent on many system 
parameters. Figure 2 shows the change of the magnitude and 
phase curves of I( for a typical active ear defender when 
the mass of the speaker diaphragm is used as a varying 
parameter [3]. Ohviously, the open-loop response with smaller 
loudspeaker mass will give rise to a broader frequency range 
of noise reduction thllntbatwith a larger loudspeaker mass. It 
is therefore necessary to carefully design the uncompensated 
open-loop response of an activc ear defcnder before designing 
an optimal controller for best performance 

1.2 Feedback cuntrol of noise in an office 

Feedback control was used to attenuate the modal rcsponse 
oflow frequency noise in an office due to random excitations 
[4]. In this application, thc distancc r belween the control 
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Freq.IHII 

(b) 

loudspeaker and error microphone was a crucial parameter in 
producing a global noise reduction in the office. The control 
wa.<; implemented in a 4x2.9x3m' ollice and the uncontrolled 

sound field in the office was generated by a white noise 
source. The controller design is based on the constrained 

of the compensator coefficients, the melllod 
to the compensator design for lIdive ear defenders 

[IJ. Figure 3 shows the experimental results (for a near field 
microphone placement at r = 13cm from the control source) of 
the uncontrolled (dotted curved) and controlled sound pressure 
levels respectively (a) at the error sensor location and (b) by 
spatial average oj" sound pressure throughout the room. For 
this experiment, a large amount ofnoi~c reduction is achieved 
at the error sensor location, but little reduction is achieved 
globally. On the other hand if the sensor is plac~d far fn:lm 
the control loudspeaker (r = 1700n), the frequency range for 
global noise reduction becomes narrower and an increase in 
sonnd pressure is obsClVcd outside of the range as depicted 
in Figure 4. This is because of the increase in phase decay by 
the longer travel distance of the radiated sound, resulting in 
the phase crossnver frequency being brought within the range 
Finally when the error microphone is located adequately far 
away from the ncar field (r = Z8cm), significant local and 
global noise redudion were achieved within an ~dequate broad 
frequency range (Figure 5). 
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50

f rtq. (Htl

(a)

Frltq . (H11

(b)

Figure 4 Unconlrolleo.l(d"ne dl and cOIlln>lk'd t..Jlidl sound
~surek,'c1 (a)at th" " rror mi<JOphon,, I,>ca(ionand(b)by

. patial average whcn . - 17Ocm

The above experimental results ind icate tha t there exists
annpljmal dista~ bcl"'ccnlhccllnlrol l "udspeakcr and crror

microphone. lfltw::"dual distance is I",. 'than this optimal
distance. a dircc t fiejd dominat,,. th" ccnuol Iield. and only
loca l astcnuano n at the ClTOf sensor locatio n is possible
Further than the oplimal distance. a large pha sc dtla y in the
open·loopfrequcncyresponse cauS<.'l; lhcphasc cl'O'>soser
f" ..qu<:ncylobe loocl~IO lhc frcqucncy ra ngc ofimeresland

thcre(ore poor (;(Ifltro l pe r(ormam;c is achien 'tl

I .J Aclh -c cont rot of wund t ra " \ minlon lh ro ul!.hdou bko
pa nel pa r titions

The aCOIl, til'al system fur active control of sound tram;mis, ion
through a do uble panel partition inclu des the sound fields
io the receivin g room end air e:lVity betwee n two panels,
and vibrati" o io lhe two rmnels ( Figu re 6). As the acoustica l
system has an increase d numh..:rl,f , ub-sys tems , the op tion
fer the placement of a linite number of ac tuators increases
even for the same aim of the control: minlmizetion of the total
acoo, tica l potential energy in the room. Three llrrange ments
"I' con trol act uator were cons idcrcd [5. 6) and tney are
respectiv ely (I) to dircc tly alle nlUltc the sou nd pressure field
in the room using OPe: poinl acous tic control sou rce in the
room;(2)to contmlthe suo nd ratlialion intothc ....um using
II vibra tion contro l source e n plate 2; and (3 ) to block the

"§ ...."',,...' ; _Control

t " / _···- -.H._ ~
.J '• • • ' ,

:; 35 . ' . .• . '\:'

"
F..... IMII

(a)

~ "t;E;\. . ~:,~:'"
:Ii 55 ., •• ,;'
;, ." ., . , ; ' -

j 4'

" 2' 50 75

Fr·" , CHII

(b)

Figure S Unoontmtl.....(dolled) and conuo llOO (",tid ) wu nd
f1re..u", Ic:vel( a) al thenrnrmicropoo..c Iocatioo and (b) by

' p' liala vc"'lte whenr - 2k'"

noi, e tran , mis, inlll"'lh by insen ing one po intaco ustic co ntllll
source be lw<.:<.: nlhe double " ·al1,. The cond ition for effective
reduc tio n o rt he su und energ y in the roo m is that the primary
and sccoudery prcsso rc modal coefficientvectors in theroom
areproponiona l. f'nrca'C( l) , thiseond itionisdc'erib..-das

;r: :ry l ~:~ ;e:~: rcm:~~eC~~::i ~~it~<': ~~~e o~h~~

~~lO~'(~N~il(i;~~iii al: d therdJ.I(~rf;rSll;: i ~h;h e ~:;~
coe fficient vecto r c r rhe point sourc e G reen funct ion in lhe
room (which gives rise to t~ sound pres,""",, in the room
p~' ) = ((J:I I</l IlG;;,I(ry 1nV.;' »).Tosaus fy lij ualion ( l ) requires
SImIlar excitation tlf~ll modes from the pnm ary and con tro l
sourc es. Successful attenuation of low-frequency potential
energy in a room by placing ~ point control source near the
primary point source is an e~ample where Equation (3) i~

approx i"'al<:l ysati ~rled , In lhc cnntml of sound ua nsmission. tbe
clements in [G~)(rl( '))l depcnd on tl>ccomrolsource location

~i:~nw:~~e r'::,: ~ ::d[~r~~) n~~d~~le~:~ ~YSi~:lec~:::~~
o;ourcc is di tlieull in simultane. lusly adjusting scvcral modes. As
a re!IUltEquation (3) can only be sat i~ lied at those rrcq ucllCie'
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The above experimental results indicate that there exists 
an optimal distance betw~~n the control loudspeaker and error 
microphone. If the actual distance i, less 'than this optimal 
distance, a direct field dominates the control ficld, and only 
local attenuation at the error senOOf location is possible. 
Further than the optimal distance, a large phase delay in the 
open-loop frequency response causes the phase crossover 
frequency to be too close to the frequency range of interest and 
therefore poor control perfonmmce is achieved 

l.3Active control of sound transmission through double 
paneipartitions 

The rn.:oustical system for active control ofsouod tran8mission 
through a double panel partition includes the sound fields 
in the receiving room and air cavity between two panels, 
and vibmtiOIl in the two panels (Figure 6). As the acoustical 
system has an increased nwnber of sub-systems, the option 
for the placement of a finite number of actuators increases 
even for the same aim of the control: minimization of the total 
acoustical potential energy in the TOllm. Three arrangements 
of control actuator were considered [5, 6J and they are 
respectively (1) to directly attenuate the sound pressure field 
in the room using one point acoustic control source in the 
room; (2) to control the sound radiation inlo the roon1 using 
a vibration control >OUIW on plate 2; and (3) to block thc 
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! 45 
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Freq·IHzl 

(b) 

noise transmission path by inserting one point aco\l£tic control 
~ource between the double walls. The condition for effective 
redllctioll ofthc sound energy in the room is that the primary 
and secondary pressure modal coefficient vectors in the room 
are proportional. For cm;e (I), this condition is described as 

~~~~~ry [~~:]d ~re~~~re m~d~~eC~::::i~:titJ~e~:~e o:h~:~ 

~1~lO~'[~N~~[~¥'~~s) a~d the[~~(~iR)rssu~: i~~he ~~~~ 
coefficient vector of the point source Green functioll in the 
room (which gives rise to the sound pres~ure in the room 

~,t:l;}!~'ft!\~!;~':':(~~~ ~:l~~~ ~~~:n~~r:~~~~ 
,OU"'''S. Sl,lccessful attenuation of low-frequency potential 
energy in a room by placing a point control source near the 
primary p(>int source is an example where Equation (3) is 
approximately satisfied. In the control of sound tronsmissioll, die 
elements in [G,;;)(r2(<))] dependmlthecomrolsourcelocation 
(rt)) while tho'sc in [Ptl are determined by.the coupling 
between the room and plate modes. Use of a smgle control 
source is diftjeult in simultaneously adjusling several modes. A, 
a result Equation (3) can only be satisfied at those frequencies 
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where lhe primal)' sound field i.dominated by a single room

mudc llnd 11K: lTIIldalOV<:rlllp in l"" room i. low. For this case,
if the contro l source is located 50 as to excil~ tile dominating
mode on ly. I::qUld ioo (3) will be approximal ely satisfied and
large reduclion Ofl"'lC nlialcll<."'l!Y al this frequency is possible

For ca",, (2), lhe conditionfor sulTlCienl global noise rro uction
int Mroomis

~~~:I~~;,J~~ ~h1ucm;~~c::::~~~~:~O~':fc~~~:~~:
tl><:primary .o;<>undfll"fi,urelilroullhthemooala<;ousl;c transfer
impedance malrix [Z~l ) 1 from panel 2 10 the roo m
( [ P',P) J ; -[ 7.~l l l [v::" )) . [(Jl~) (<7nl is I~e modal
coeffic'ent vectorof lhe pomt torce Green's function of' pencl
2. Tug.'1her wilh Ihe pre.. ure generated by the cuntrol point

::~c~:nl{Tr:C I~): ~~e t~n:~c~~~:rygi:~b;~:~onlO i~h~a:e~da~
([V':::l =[G.\;~(O"~" )l /~; ) . The cundilion in Equatinn (4)

~; ~n~~t~~a~:c:;conr~:~eal~~[~:(C;1, lj ~I~p;. f':~~
the optimal control force is used to ~i rnpl) """"~Ithe total
modal amplitudes in fllale 2. A, a rc!>lJlI , lhc ,, 'uree .. f s.. und
radiation into the room issignilica ntly red"" .-d, and lhcrcfore lhe
resuIUlnt toUll soondprcssure, lnlhe 'ICCondplacC.lhcc..ndition
can be setisfled by adjusu ng the loIal ~eJ'lC ity \e.:1Or of panel

~~~'i~i~r.<j l (~~~~:"u:~:;:a~;:~~n::
the do minating pn-s,,,,,, ....mp..nenls in the lOlal wund pn.~,ure

\ector (p. , I ). For tbis ca"" II><: 100ai plate . 'elocity IS not
"",:""","ly attenuated . The maj;nitudi; and ph~ of eac h mooe
in panc12arc rearranged such thaI thc:superimposed cOl1tribution

~:ea~ ~~7;~;';:nlliru~~~;~ sound pressure cumpoltCots in

y

x
F it<uft' 6 1'l:pical~ica l ''fSIem for «ti"" conu"l "f ''''''nd

lr:Io"""mion inlo ...rt>om~ .doobltplU'l:l paniliun

For ca.se(3J, the .-ondilion for suffici.-lt1g1ob<il nuisc rro oclioo
inl he ruomis

14 · ....01.34 Augus t (2006) No. 2

where [y; l l j and [y; llj are the mudal transfer mobilily
mal.ricesrespecli\'d yrrom the sound field in the cavity to rne

;~~~;:i~l:i~~:I~,i~~~JHJi:~;~ea~t~;;~~:~~:;~~~
matnx li"om panel I tn the ca~ ily, and [G'':'(,t ' ] is the
motLtl coclroc ient v.......tor or thepo int souree G r«tI fu rw,;tion

in the cavity.
Equa tion (5) indicak"Sthree possible mecha nisms involved

in th is conuot arr..egemcnr. unc of which is suppression of the

ca ~i ty motLtl r.",po usc ~ [l~" 1 y~" J r.,: IJoc [a:, l( 'i" ' )
). The othe r IWO mec hanisms are (I) too direc t rearra ngement
of tb<: cav ity sou nd pressure com ponents to min imize the
amp1it ud~ oftbe dom inat ing rud iat ing mode s in jX1neI 2; (2)
theind;rect rcarran gement of lhe modal ,;omp" ncnt s in jX1 nel
2 by adju sting the cavi ty pressure components; such that the
su perimposed sou nd radiation Intothe ro om is reduced.These
two moda l rearra ngement mechanisms may he "ccnmpanied
by an increase of so lind prcss lIre iu lhc eavity amJ vibrmion

inpanc1 2.

One oflhe important roles acous licians have been playing
in Ihe development of active noise control systems is to
use the acous tica l leat urcs of sbe systems to improv e the
control pe rform ance. Ma ny examples in relanon lO this
can be found in lhe boob by Nel"'" and Elliol1 Fl, and
Hansen and Sn yd.". [81. A large num ber " r rapers Oft how the
phys icalllndcrsUlnd ing is used 10 impnl\"c the df.'<.,tivenes s
of ANC systems C"<ln al so he fou nd in tht: seve ral Proceed ings
of Active Noise and Vibr..tion Con ference since 1991. In
particu lar, thc reader is referred to the work by Fuller [9J and
Clark (lOJ on how the physicalllnde""l"nd ing " fsound and
struc tllT31interdClinn can a.'\.~is.t (he des ign of AN C sys tems for
ancnualingslruc lural s.<ltmdr.ulia liun;byr.llion [11Jon how
the understanding of the open loop featur es of loca l comrcl
systems i' rclatedto the etfecuve decen trahz cd control o f the
dyna mic respo nse in dis tnbute d systems, and by Nelson [12)
on how the basic ph ysics of the sound field actually dictate the
designof virt ual ac" ustie imaging sys tems

2. IHW ELOPllEN T OF PRA CT IC AI.AN C
SYSTEMS

Apart from co ntributing to (he under-;tandi nll of acous t ical
sys tems in order to improve the des ign and perfo""anee
of ANC systems, rese arch at UWA also focu sed on lhe
development of practical A~C .y slems. This .....'Ctinn briefly
present. the tesu hs obtained from real ar l'li""tiuns such as
ventilatiun ducls . heavy mining vehicles and high-speed boats
Whcn arefercncesil1nal lhal ishighlyoohcremwilh thco;:m>r
signa l is availa ble oreal! be deri ved , feedf orw ardcontro l can
he employed. The ~xamplcs pl\.'SCnted be low mak e usc of a
rnulti-cbannel adapti ve feedforward contro ller wilh on line
sys tem idcmiflcatio n based on a novel algoti thm de veloped at
UWA [13J 10 red uce tonal no ise.

2, 1 Aclh 'e control of fan noise

The noi'lt as~ia led with axial no w fans used in vent ilalion
is t>'Picatly charac terise d by tonal frequency co mpo nen ts

where the primary sound field is dominated by a single room 
mode and the modal overlap in the room is low. For this case, 
if the control source is located so as to excite the dominating 
mode only, Equation (3) will be approximately satisfied and 
large reduction of potential energy at Ihis frequency is possible 

Forcase(2),theconditiOllforsufficientgiobalnoisereduction 
in the room is 

of panel 
2. Together with the pressure generated by tm, cuntrol point 
force at ayl of the panel, iliey give rise tu the modal 
coefficient vector of the secondary vibration in panel 2 
([V:~C;]=.rG~:(ai'l)lp~:l): Thc con~ilion in Equatiun (4) 

~~ ~~n:r:a~:e~~ni~:~~e~[~')1 ~{~fl:d 
the optimal control force is used to simpty ~ die total 
modal amplitude, in plate 2. As a result, the souree of sOWld 
radiation into the room is significantly roouced, and therefore the 
resul1llnt to1ll1 sound pressure. In the second pla~e, the ~ondition 
can be satisfied by adjusting the total velocity vector ofpand 

~e~L':.s\('i! ~~Hjl ~?r;1 ~h:e b~w°':;!~~o;;:u~~;O: 
the dominating prcssure components in the total sound pressure 
vector [PN,l). For this case, the total plate velocity is not 
necessarily attenuated. The magnitude and phase of each mode 
in panel 2 are rearranged snch that the superimposed contribution 

~:ea~~h; ~~e~;~~:n~Mie~:e~e sound pressure components in 

x 
FIgure 6 Typic.l aoou,tiCllisystem for active control ofsoond 
transmil;sion iato a room through a doubie paflO] partition. 

For case (3), the condition for sufficient global noise reduction 
in the room is 

where [y;21] and [y;ll] are the modal transfer mobility 
matrices respectively from the sound field in the cavity to the 
vibration velocity in panel 2 and from the external sound field to 
the velo~ity in panel!, [Z~)] is the modal trllllilfer impedallce 
matrix from panel I to the cavity, and [G~\)(ri')] is the 
modal coefllcient vector of thc point source Green funetion 

in the ~avity. 
Equation (5) indicates three possible me~hani'ms involved 

in this control arrangement, onc of which is suppression ofthc 
cavity modal response ( [Z~I)I y~I)I J1::l]oe[G.V;l(l{cl l 
). The other two mechanisms are (1) the direct rearrangement 
of the cavity sound pre~sure components to minimize the 
amplitude of the dominating radiating modes in panel 2; (2) 
the indire~t rearrangement of the modal components in panel 
2 by adjusting the cavity pressure components; ~uch that the 
superimposed sound radiation into the room is reduced. Thesc 
two modal rearrangement mechanisms may be accompanied 
by an increase of sound pressure in the cavity and vibration 

inpancl2 

1,4 Discussion 

One of the important roles acousticians have ooen playing 
in the development or active noise control systems is to 
usc the acoustical features of the systems to improve the 
~ontrol perfOilllance. Many examples in relation to this 
can be found in the books by Nelson and Elliott [7], and 
Hansen and Snyder [8]. A large number of papcrs on how the 
physical understanding is used to improve the effectiveness 
or ANC systems can also be round in the several Proceedings 
of Active Noise and Vibration Conference since 1991. In 
particular, the reader is referred to the work by Fuller [9] and 
Clark [10] on how !he physical understanding or sound and 
structural interaction ~an assist the design of ANC systcms for 
attenuating strudural sound radiation; by Elliott [11] on how 
the understanding of the open loop f""tures or local control 
systems is rclated to the effective decentralized control of the 
dynamic response in distributed systems, and by Nelson [12] 
on how the basic physics orilie ,ound field actually dictate the 
design ofvinual acousti~ imaging systems 

2. DEVELOPMENT OF PRACTICAL ANC 
SYSTEMS 

Apart from contributing to the understanding of acoustical 
systems in order to improve the design and performance 
of ANC systems, research at UWA also rocused on the 
development of practi~al ANC systems. This section briefly 
presents the results obtained from real applieations such as 
ventilation ducts, heavy mining vehicles and high·speed hoats. 
When a reference signal that is highly coherent with the ~ITOr 
signal is available or can be derived, feedforward control can 
be employed. The examples presented below make usc of a 
multi-channel adaptive feedforward controller with online 
system identification based on a novel algnrithm developed at 
UWA [13 J to rodu~c tonal noise. 

2.1 Activc eontroI of fan noise 
[Z~2JI y?JI Z~'JI Y;'JI p~:Jlo< [Z~211 y?lI G~l(/"{'l) (5) The noise associated with axial flow fans used in ventilation 

is typically characterised by tonal frequency components 
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~upcri mpo.l","-d on brOO<lband rando m noiM". The tonal
cempoe..."' tsareil-«socia led ...ith the bladc pass;ng fmju enc y
(BPf) uf !he fan and ils Ilanoon iC$ dO:f".'1lding on the fan
~'l>Il iunal",..."Cd . Tho:nllloom lM,iw: isllSl>3l1yasS(>(:ialed...- ilh
nowlM';M:a no.l turt>u1eocc: .l n mOSl l·ll,;,:s, lhe l"nalpeaha~

si)WifllOanlly high..'f than lho: random noi l<:.A pan fn ,m being
lhe main o:onlribul" rs 10 the ovenll lluisc level, Ih..")'are a
..>tJn:e of an no yance . H", llCC . it is impona nl to have lI<kquale
no ise allmu.t lion of fans "pecially inside buildi ngs.

On the ground fIoot oflhe civil.n11 ma:hanial CD¥inec.T1n¥
building at the Uni,-en;ily of Wn k m AuWal ia is a wnall
wmpull:r room that housa the mainframe: Wll1poutcr ndvoon..
...hidt oonsistsof5C'Vmll rad. (nrt.. -orl.hub!;.nd oompoIIlCR
(141.Tbese equipmenlsa~ kft permanen lly.nd an nhaust
f.. is rnourM<:d inside the room discharg.: lhe hocair into
thc curridor. "Thc:di5Charge(an is a bach...-el't_ 5--bl;w,kd. ~

pllle. JOOmm diamcler a\ial flo... fan deliveri ng an air flow
or 0.35 m' /5. P......er spect ral ma.~"''1lI~ o f Ihc fan ""'''<'
$ho.w.-tha.liICOlluimkow IOTlt>ro.dNndnoi5eaodhighJeveI

di5creto:lOrU.lnoi"",~depoctnl in f igure 8. T'beunconlr"llai
spa:trum cbrty depicb the tonal wrnponenfS aUlOCialC'd
...ith the bIadc JlU"i nl frequency 0(82 HI and it~ fIN thra:
harmooicsaroon:l l 6-4Ht. 246 H, aGdJ2 XH, fOfa S-bJade fan
rotatingaI 16.4raolU!lon5p:rw:oond-Sincethe tooalpeah
an: atlastb..-t»·C'COUkl,lOdUah....elhe badground ....oc
Ie.el they m: clearly aWlbk and a]"o cuntri bule sign ,fiaonll)'

10 lhc O\-erall llOil;c !<'ve1oflbl: f Thcooise ca ntml solutIO!>
consiS!ooo(acomb,nallonof pa iveand act ive ntHse can trol
lO anenuatebuth lhell«,.Jl>anllandd,.;cn\e cum ponen fS of
lhc Ian noise r..-..p:ctively

f Of the pa.~~i ~ o: nui~ conlfol of lho: higher freq umcy
~lxmJ noi~ {r> RooH1).a . ....., "'l ....~duclo(dimm~it_
OASm \ O.4:'im It O.9m "' as OOIUUUc.1ed o r 2mm t!lier.
gahan iso:d~llndpIaccdO\'" lhe""'lk:tsideor lhef;an

(F igure 7 (a». The: ,n.~ide w.lI , of ee duC'I are lined ... illl
I.Xm thid wool blanket 10 prmidc sound allcnua lion. The
duel prm"ided a sou nd atkn llation of al'pnnima lcly l tldA for
broadband fr~U<.'nCIl..~ahove IkI) 1 whiletho:1eYe! ofI Ill: RPF
and lIarmon ie5 remaine d unchanged. IIo....ever, lhe A-...eight<.-d
overall sound pre~~ure lew l measure menn taken at IIlC"lC

positions indicaled a decrea.wllf ahout 2d ll{A) only. I h c ' ma ll
redudion can be allribuh:d to 11M: Iact that the ove ral1.11und
presSIJre level i, pro:dominanllydclcrmined by lhe ht~h· IC\e1

di~te fn:q uc lM.")' noiK of the 1II' t' and harmon ICS, wh ich are
hardly reduced (>\-'cn a fler lheinstall . lion ll f the ducr. ll ence

activ e cool rol was app lied to reduce these lon.1 com p..." "n ls
A schcmalicuf lhe L..",trol sy>;I<'IIlu-'ICdfor lhe fan ooiM"is

shown in F igu~ 7(b). In the ran AJ\C .y~1 em the:mur sensor
is a mimam re elecuct mic....ph"n e.lho: n;fl'fl."IM.'C' ''' '1l'lll"i s an
optical swuc h tachome ter and ine "1,11....1 aL1 ualut is a 150
mm diam eter closed -box mo~'i ng..eo il In",l ' f".·,k er 'y,I<'fTl
Th<: co nunller i. a digital ada ptive ",nlrolle r impkm <'nled
on a Digital Signa l I'roce-ssor (!) SI' ) hardware platform . It

inCOrp" rdlC5an onl ine sy>;tcm i&..'1ltiflCllilln ...·heme: u.ing lhe
addi live r.andom noise t«hniquc tu mode l lhe sy",cm . This
a11o....·sanychan~ in the!\CCOndarypalh lra""f<... functiondue
10 aging ofCtMllf'O"C"I5. changes in fil ...· challlCtCli~icIand

l.:mpcrahn lObo: traekedin lCllltil1lC. thuo nptimisin ll no ise

(. )

'=~~-- .• .;.
C*' _ - - -c._"""",-t ·~ ....

(b)

" ,d ...1ion at all timn. The mcasumI rpm of the fan bIaf;b is

po.:iIprocessed dn:tror>lCally10In-e ri..: 10 sioe voltage ~ph

cnm:IaredWlthe:blade pas~inl frequmcy and ifSharmonoa.Th:
;dv;mta~of usinilanin f,.....n:duplical~-ilehl> a n'rerence

"<'IISOl" isthatilproducesltWJi~lIy ho.'lkf conlrul rornpm.-d

....ithl micmphono:n'f~_.... MOfro\er, long tron
~tabil ity is gual3n l«<! a5 lhe: plKSibility of aeumti~ fo:edN .:k

bet...een the reti:n:oce and <' T...rw: n'it... is ctim il\lll~-d 1 14 1·

The co ntro l M}n....arc is programmed inlo an FPRO \l tha t

runs the entire ANC ~y.. em . If an erro r aceUN al any lime

an automatic hard ....u e re~l is init ial<-dand lho:ANC 5y~lCm

restarted, ll>c electro",ks used Ii... the fan noise includ c

st:nwrsinterfac e. I>SPand po....era mplir>erto dri,·e lhec..nlrol

luud5peakcr.Thc-sc:an:huu5ed in5idc a ~Qdardpolycarb.",.le

....all-mou nted box .

Th e no ise ~pectrll' mcu ured al the ern ... microp hone

befo re and after co ntrol are ~hclwn in ~i gure M. Till: ctlnlml1ed

~peClrum show~ lhat the di"<:rete freq uencie s ha, 'c been

red uced to background noise leve l. R~x1u ~t ion , " I' mure than

30 dBa I82 11l ,2 5d Tlal lM IIz, 15 dBa t2 4b H/.a nd I 5 ,llla l

328 Hz havebccnaehieved .Suehrcsultswuuld bcpraCli cally

\'cry diffICuh , bulky and c\ l"'n sive to ootainbyu sin g pa"ivc

noise cont rol rnetl>od~ alone. Am>lh..... bene fil of A:-;C apat1

from i~ effectiv eness to coe rrolIow freque ncy no ise is il~

corn paetnessand mm"r moo ifiClltk"'l'Cqui"..d 10 !hc:nisting

fan ~up
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superimposed on broadband random noise. The tonal 
components are associ med with the blade passing frequency 
(RPF) of the fan and its hannon ics depending on the fa n 
ro tational speed. The r,mdom !loise is usually associated with 
Il ow "ni,e and turbulence. In mo,t cases, the tonal peaks are 
signilican tl y highcr thall ther,muom noise. Apart ti-om being 
the mai n contrib utoJ'; to the over~1l noiw le"d, they are a 
souree of annoyance . Hence, it is important to have adequate 
noise attenuation of lans cspc<:ially in, ide buildi ngs 

On the ground fl oor of the civil and mechanical engine~ring 
building at the Universi ty ofWestc rn Australia is a small 
compmcr room that houses the mainframe computer netv.:ork, 
which consists of several racks of network hubs and compute rs 
[14). 'J bese equ ipmentsare left on permancntlyand an exhaust 
fan is mou nted inside the room 10 discharge the hot air into 
the corridor. The di scharge fan is a 6-
J'K)I~, 300mm diameter axial flow 
of0.35rn'/s. Pow",," 

consisted ofa combination ofpaS$iv" and active noi", c<.>ntrol 
to attenuate both the broadband and discrete componen t.'; " I' 

frequcney 

and harmonics remained unchanged. However, thc A-weighted 
overall sound pressnre level measurements taken at these 

p"'itions indicated a decrea.'" ofabout 2dl3(A) only. The small 
reduction ~an n., att ributed to [he fact tha i the overall sound 

active control was appliooto rcducc thcsc tonal eompol\ClllS. 
A schematic of the control system used for the fan noise is 

shown in figure 7(b). In the fan ANe system the error sensor 
is a miniature electret microphone, the reference sensor is an 
optical switch tachometer and the contro l actuator is a 150 
mm diamet~r dosed-box IOlJ(18peaker system 
n.~ contmller is a digit.al cuntmller implem,,"ted 
0/1 a Digital Signal Processor hardware plat fon!l . It 
incorpora tcs an on line system scheme u.,ing the 
additive rando m noise technique to model the syswn. This 
allows any challges in thesccondary path transfcr funetion due 
to aging of components, changes ill flow characteristics and 
temperature to he tracked in real timc, thus optimising noise 

Acoustics Austratia 

(b) 

redw.;t ion at all tim~s, n.., mcasu",d rpm of the fan blades is 

poSI proce»~d electronical ly to give rise 10 sine voltage signals 

correlated to the blade passing frequency and its harmonics. Tbc 

an infra-rcd optical switch as a rcfcrencc 

marginally bcltercoillroleomparoo 

refcrerore senOOL Moreover, lun g term 

stability is guamnt=l a.~ the po,~ihi lity of aeou,t ic feedbaek 

hetwl."<:n the rete",nce and ermr sensor is dinlinate\l [14]. 

The control software is prograllllllcd into all EPROM that 

runs the entire ANC system. If an error occurs at any time 

~~n~"'"1\ interface, DSP and pow"r ampl ifier to drive the control 

loudspeaker. These are housed inside a standardpolycarbonate 

wall-moumedbox. 

T he noise spectra measured at the error microphon<l 

bctore and after control arc slll)wn in Figure 8. The controlled 

spectrum shows that tllle disn ete frequenc ies have been 
red",;ed to b~ckgrOUl1d noise level. Kedudions of more than 

30 dfl at 82Hz.25 dll at 164 Hz, 15 dB at 246 liz and 15 dB at 

328 Hz have bcenachievcd. Such results would bcpractieally 

very ditTic ult, bulky and expensive 10 obt.ain b~' u,ing pa,sive 

r]()is~ control mdhods alone. Another ht:netil of ANC apart 

Ii-om its enedivene~s to control low frequency noisc is its 

compaclne,s and minor modification required to thc existing 

fan setup. 
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FiJlII'Cll'"oi>c~Mmu~borl<uaDd.l\a

"""'"
Tbe cum bincd p...~i\'e!acli\e spICm prod uced lIn

O"eo n noiw a"~n",,1ion or abl'oul 4 10 ~R(A). Sma: ~
imrlcmcnulion in June 2001 lhe contro l I)'llcm lID been
opt:nling conli nuoo sly ...idooul any prob lem ...hile maintlllnin~

opti ll\lll noi...: n:duclion . Thc USProntnolkt;,..k....ignc:d ...ilh
an aUIOffi,Ilic rntan including loCallldary pa lh ioknlinClllion

arwi contro l in cue o f tc:rnpor.&ry po...er r. ihrre . Sullki.:nl
lioarC(y factor h.lo~ bee n used in the ....k cuoe o r lhe dy namic
T1Ingc~ u r the co ntro l loudspeaker and ck:ctr llnic okvice~ 10
handle any urn:~p'•.'cl\'tl high le. 'd lransienl ~illnal, in the
contr ol loop . Whilst providing a ~Iu l ion 10 the nU;K problem
in, iok thc bui lding, lhis sy...een al.o ....n."'" a' a leachi nll:1•• 11
for 'ItUlknls arwi a <kmon>lr.olM>R o f llO.1i,c nnioe oonl,\1110

indusft)' .

2.2 .\ cllvt eont rel of noioc ln :ah lll:h" ptC'Clbo:a1

Hlgl\.${lft'd boob are olkn made o f li" hlWcip l alum inium
and as a resulr low fn-q....ncy noise.rwi vibnllMlftCilnhe
1nn.~lned to occupa ets. Act ive noi~ co ntrol has bern
appl~ to reduce the low fmllI'mC)' lon...l no iw InSide 11l.4 "'
....ideby2.sm dc:q>by2 m high ...,~lhumo:inan IRmlong

boat filled ....ilh 1\0'0 dic:s..-I engines. Ahlloogh ItIe A!';C syslcm

uscd in thisc:u: ...·usimilarlOrhalfor thef.nnrnwil ho....e\ot'f"

coosUMtof2 ••xdcrometenlUreferrnceso:m.onlocaledon
the. rt .... ll of thc ...hedbousc. 4erTOl"mierophonnpositJOlleo!
ncarthr~sea~ loachie\'elocaloonuol.rwi4k>udlpeOlk""

filted arrn>pnately (lS I- Th is mulli.....hanncl A NC system is
~rylO8Chicveno~'<e reductionarourwip:a-.....g\-rbcads

iMide the largemclosuTc
f igure 9 sho ...s the A-....eighted nuisc "('C'Clrurn .. 'henlho:

IWO nearly ~)nchronizal engines arc running al 2 135 rpm
during crui§i ng con dilion. The lon al componenls ...rwoo
48. 7 1. 94 . nd 141 Hz are dut 10lhe gt ......nllor. impo:ll0:0.
blade paui ng freqUl'ncies and meir harmo nics. In §ucll an
app licat ion ro!l§ idcl1Ible effort wn required 10 ensure lha l
the cv hen:rH.'I:bcw een the rd.:n:ncc §iglla l~ and the error
~ignals "'a. high over the freq uel1C)' I1Inge of intel\"SI. Thi s
wa<iOOncbycare ful1yselecting lhelnc.lionsof lherefcrencc
..xelerumc lCT<o 'lOCh Ihalllte)· lIi."( a good ll.l'",....ntlliion of
lhe (';lu"l.' oflhe noisc ill5idc lhe ",'~lholl-oc. Figun: 9 .ho

d>ov.s lbc noi..espectrum .fterANC.nd i", 'icll1l.'Slhal good
nom- reduction C2ll be obIai ned fUl" tho:Ionill ClWl1lfl'1fM:nls.
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Rcduct ion~ of 6dB aI4 1l 1 1.z . 11 dB at 7 11 11. 7 d ll.19 4 1b
.nd 12 dB at 141 li z have bee n fl>C;l §ured. AI • I"(SIJ II the
overall eoise reducliO<lthai could be lKhicv ed ....IL~ bc l....~..,n
2 10 3 dB(A) . Th is Iype of result ...auld have bee n dinkull
and ooo;lly 10 ach ieve by using pesslvemc;UlSIII" .........itho.lIlt
a oonsi tkrable in.:n."3..... in ....eighl_ Th.c cum·1l1 A NC Iyst em
c...n be ~Jllclllkd 10 dea l "'il h higher fretlu.:T1c y l:Unlpo.lrlCnb
(.bovc2oo HT).ool lomainuin anltbllUtesiTcofthe·qulo:!
zones ', it will be Il((;essary 10 increase the number of tmlr
mi<:Tophono:$ and contro l Iowbpeakers. fo,l\Ife\)\ C1'. tho: USP

empl o)-ed will also ha ' e 10 be mon: po ...erfu l

-~-::, ---I(~:::. ,:; :. :::. . . -
~ . :
i I

• I '

• .. 'III '.. ... "'

Fil ,,,,,9 A,"' ei jthh..dooi>e.pectrunlal"'ipper,,,, ;Kbdon:
andllflerA~C.

2.3 Ac l ln "c .. nl ro l ofnniw ln :al llld' u bln

Low freq uency nn i""isrn:ognised"" . m...inC.l.useofanllO)·.occ
arwi faligue among driven of beavy mining vchicks (16) ,

Active noi""conltol can bc used 10 reduce the "'" l're<IUC'IIt'Y
tona l llOiseinsidc $UCh ..-c:hick s and illCT"l.'3Se .....\"Upanlu'mfol'l
...hile red......ing lhe01lcrallllQis.: J.....o:\...h.:n pa!>Siveconlr,, 1
i. ineffec live. A mu lli<hannd ')SICm compri.ing of 2 <:mil'

seRMIO.2contro lloudspo:akers.ndlreftn:nc e:-en."<In.s
..tto...n in Figurc: 10 ....... u...:d to achic'oe kc ...1~(lftlTUI ...ro"nd
thedri"erhcadul.105tonsmininglruck. Thc thrcere(eren.;e
!iell-'i(lf\ ...re~s:.II)'toCTlSW\' a higb~ncebet...em
the refe,,:nce .ignals and error microphollcs under DOl'lNII

O(lCTlllingeond'lioM..
\\o1tm thc lruc ki s )!al iorwy Ul"cru ising ' l oonstan l "flCC'd lhe

1lOI>l.'!opCdI\lm isd\lI11inaledb)' IOnalrompono.:nbll--:i.led
...i lh the engine.rwi oeboerd ......il' ilJ)' eq uipmen l liS dl.1'M.1~"d

in Figllre I I . Tlte ANC l'e§.Ull oota incd for . stalioRllf}'vehick
iii sbc....n in Fig ure lila). RedlKlion~ of24 dB .1 33 ti1. IS
dB at % Hl~ 25 dR.l 191 Hz and 12 d B 111228tiz ha"e been
meas ured, For thi ~ ca'iC lhe~ing reduo.1ion ; n 01ler.1I

noisc leye lisahoo I 4 dIl(A ) ....h ich;. c1earlys;gnif~.nl. Wh~"ll

the l roc k ; ~ cru ising ..t around 50 kmt'h the result sho"' n in
f igu rc l l( b) is obt.a ined. Aga in Ional compoeents are presen t
and ANC is clf\....live al n:d ocing IID.-se. Reduc tions of I l
dR . l 28 111. I II dH . 1 58 ne , 10dll al 10 1 Hz and 15 dn.l
1611 li z lIa" e heo:n mca. red . 'These sipt ifK:llnl lOna l .... isc
attenuaho"" co mbin.:d ilh some passive tre...tmcnt undo.-r
the ~.bin lh" (IS] re h\'tl lo lin o"eoll nni~ reduo.1 kWlof
between l 10 4 dlJ(A). Tbe results alo;osho.... lhal ...hen lhe
IllI£k ~ movi ng tonlIl compoocnli al higbcr freq uenc oes arc

figure8Noi8espectl11materrormlcrophonebetlJreandafter 
control. 

The combined passive/active system produced an 
overall noise attenuation of about 4 to 5dB(A). Since its 
implementation in June 2001 the control fiystem has been 
operating continuously v,'ithout any problem while maintaining 
optimal noise reduction. The DSP controll~r is designed with 
an automatic restart induding secondary path id~ntilicalion 

and control in case of temporary power failure. Sufficient 
safety factor has been used in the selection of the dynamic 
rauges of the control loudspeaker and electronic devices to 
handle any unexpected high level transient signals in the 
control loop. Whilst providing a solution to the noise problem 
insidc thc bnilding, this system also serves as a teaching tool 
for students and a demonstration of active noise control to 
industry. 

2,2 Active control of noise in a 'high-speed bnat 

High-speed boats arc often made of lightweight aluminium 
and all a result low frequency noise and vibration can be 
lransmilled to occupants. Activc ooise control has been 
applied to reduce the low frequency tonal noi~e in,ide a 3.4 m 
wide by 2.5 m d~ep by 2 m high wheelhons~ m an 18 m long 
boat fitted with two diesel engines. Although th~ ANC syskm 
us~d in this case was similar to that for the fan noise it however 
consisted of2 accelerometers as reference sensors located on 
the aft wall of the wheelhouse, 4 error microphones positioned 
near three seats to achieve local control and 4 loudspeakers 
fitted appropriately [15]. This multi-channel ANC system is 
necessary to achieve noise reduction around passenger beads 
insidcthe large enc1osure. 

FlguTC 9 shows the A-weighted noise spectrum when the 
(wo nearly synchronized engines are running ut 2135 rpm 

cruising condition. The (onal components around 
48, 94 and 141 Hz are due to the generator, impellers 
blade passing frequencies and their halllionics. In such an 
application considerable effort was required to ensure that 
the coherence bellitoftn the reference signals and the error 
signals was high over the freqnency range of interest. This 
was done by carefully selecting the locations of the referencc 
accelerometers such illat illey give a good representation of 
the cause of th~ noise inside the wheelhouse. Figure 9 also 
shows the noise spectrum after ANC and indicates that good 
noise reduction C!Ill be obtained for the tonal components. 
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Reductions of6 dB at 48 lIz, II dB at 71 Hz, 7 dB at 94 Hz 
and 12 dB at 141 Hz have bcen mcasured. As a result the 
overall noise reduction that could be achieved was between 
2 to 3 dB(A). This type of result would huve been difficult 
and co~l1y to achieve hy using passive meanS alone without 
a considerable incrcase in wcight Thc current ANC system 
can be extended to deal with higher frequency components 
(above 200 Hz). but to maintain an adequate si7.e oflhe 'quiet 
zones', it will be necessary to increase the number of error 
micropbones and control loudspeaker~. Moreover, the DSP 
employed will also have to be more powerfuL 

Figure 9 A-weighted noise spemuID.t skipper >eat before 
andaft.rANC. 

2.3 Active control of noise In 1\ truck cabin 

Low frequency noise is recognised as amain cause of annoyance 
and fatigue alOong drivets of heavy mining vehicles [16]. 
Active noi,e control can be used to reduce the low frequency 
tonal noise inside such vchiclo, and increase occupant comfort 
while reducing the overall noise level when passive control 
is ineffective, A multi-channel system comprising of 2 error 
sensors. 2 control loudspeakers and 3 reference sensors as 
~hown iu Fignro JO was used tll achieve local control aroiJnd 
the driver hcad in a 105 tons mining truck. The three reference 
scnsors are neceHllf)' to CnsUTC a high coherence between 
the reference signals and error microphones undeI normal 
operating conditi,mfi 

When the truck is stationary or cruising at constant ,peed the 
noise spectrum is dominated by tonal components as,ociated 
with the enginc and onboard auxiliary equipment as depicted 
in Fignre II. The ANC result obtained for a stationary vehicle 
is shown in Figure 11(a). RedU<.;tions of 24 dB at 33 Hz, 15 
dB at% Hz. 25 dB at 191 Hz and 12 dB at 228 H.l bave been 
measuTl;ld. For tbis case the corresponding rcduction in overall 
noi~e level is about 4 dB(A) which is clearly significant When 
the truck is cruising at around 50 kmlh the result shown in 
figure1l(b) is obtained. Againlonal components are present 
and ANC is effective at reducing these. Reductions of 13 
dB at 28 Hz, 18 dB at 58 H.l, 10 dB at 101 Hz and 15 dB at 
168 Hz have been measured. These signilkant tonal noise 
attenuations combined with some pqsive treatment under 
the cabin floor [15] resulted to an ovcrall noise reduction of 
between 3 10 4 dB(A). The results also show that when the 
truck is moving tonal components at higher frequencies are 
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prtsCnl lnd eonlribut~mon:lOlhe: ovelll lldU(A) levdthanthc:

10.... frequency 10I1ll1COfT1!",'nenl5. II i~ !'O"ible 10 improve lhe:
frcquency rang eofllOi <oe l'<:duclion .....>Uoolhe:driverheld ...,lh
Idd itiona l ~rror and conlrol chionncball<l nlOO: ~ing

po....er.
Both Af"C systems dcsc nbed in .ub>«tinn~ 2.2 and 2.3

hI\e be...'1l prototypcd and tested thrtluglt field tria ls wllh
accepta ble no ise rcdud ion , The UWA team and its ind u.t ry
ro l1aool1llOB are ,«ling tJPJ->r1unitiI:I for the com mercia l
rnliz.;, tionoft heprolol)pt'

F~IO ~IIC <>ll«dr..... ard~ wnleJY '"

"""It .......

(a)

., ... , . >DO ... ... .. ..

'~IOUIHCV l"",h,
f igoR'll A· ..nll~'"d ..""n C. I '" I lionary. (b) crui. inll
USlft8 3 "' tel't1lCesi8... J~

Acous lics Au$lf al ill

"The ...orld lias wi~ n....rly I .. " deca des o f effort in
li bora lory research lAd ind ll!>lril l appl ication o f ANC
tecbeology, We an: 110 fleal wuh fl'nlumt qUC!tions like
"' ...hen and ...here C<ln e "'-.: AI"C ptuduets Ili pr....meal
in""'l laliont Ind«-<! $UCn ">.>ful eu mpln of:weh iMtallatioo
may play Ihc role of llallsh lp in C1lCoulll"ingthcarri\'. 1of lhe
" foun h .... ve" of ....idIIulili....lion of ANC in ind uStry. Ex.arnpl~
of suc h app licati(1T15 are limited mai nly 10 the con trol of sou nd
propagal ion in air hand ling ducb" gas lurbill<" exha usts or
dinelenginee~uslS. lhe: C(Inllu ! of _ nd pre5SU...,in a sma ll

<:;1\; 1y ins ide of ecuvc ~:tr muIT" . nd the mlUf;tion of """"I
noi~ in prope ller driven li l'l:l':lIltus ing acli~ ~nginc mou nt"
and vibralion a..1uaIors mount ed on too fuK btgc finlP [ 17J.
Some ~\.S produl:ftI prod llClS for mtucing box>rning noi-.:
by "~~andlo'A' "-I1IC'Iq'....-dnoioeby Honda"' ('l'l; aoo
report.:d (l 8l- It ~e~r«tcd th.t such rn<-1ical applicalioaof
ANC ...-ill ooolinue and bong III i.....TCtiing .......bee of ~.I

life and SI.lCCCSSful instal bttiom to ""t isfy the ~ c1' ~;ng

demandof modemnoi~ cootruI.

3. COl'iC LUS IO NS
In Ibis paper a brief rnic>o of the: ('OIltribt!tKlnof rnearch II
UWA in !be field ofllL1i~ noise control has lICrn prnenled
I n puticul;ar,, ~ """ \>em ll fOl:VS on llndcnt.and i"lI:the

f\lfllJ.lmo:nulproro:rliesor-euu...ical~~ inorUerlO

inJprt>\etheANCo.bip'~onthedl."",,\opmrntofpnctiClll

A~C sy>l.<.-m> 10 m1ua: 1o'A' fmjuenc)' ooi§c problems in
irodusby. In thr: fnl in>Unce thrT'e r:umpk§ w..... the
imfK"oIta1lCl." of I thon>ugh1UI&'noLUld"'1I: of .'OU~ic.a1 syu~

in Ik tenn inin{! the pc:rf'>nt\llllCe lind hml tationt. of ASC
methods. In lhe: seoond i" ' lance rr-Ilul A,,"C IIu b....."n
demolL~llJI. tcd by th ree ...,~ I appliClltion eumples . The InlIIIS
500... that Al'C i~ e ITt.'CI iH~ in reduc ing low freqllt:fK')'ecise
...he re pa..i\e control becr,mn imrnct;ea l. The 'lUC'ttSs or
lht."SC~nTls reliesOll llgutld undcr..la.nding ofthc8OOllitic"

pruper dcsig;nnf hllrd ",,,,,,,"ndloOn...'a~u ...c ll lSl good
kno .. k:dge ofc.~'IItnlllll<"lhodll
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present and contribute more to the overa1\ dB(A) level than the 
low frequency tonal components. It is possible to improve !he 
frequency range of noise reduction around the driver head with 
additional error and control ~hannels and morc processing 
power. 

Both ANC systems described in subsections 2.2 and 2.3 
have been prototyped and tested through field trials with 
acceptable noise reduction. The UWA team and its industry 
collaborators are seeking opportunities for the commercial 
realization of the prototypes. 

C?l""'"."'';;; ~""':,""';"" Error""1S0r> Error,,,,,,orS 

;-, 

Frontv;ew 
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Figure 10 ScheDllltic ofte.dforw~rdcontrolstrategyimide 
truck cabin 
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Figurell A·weightcdlevclwhen(a)statiorurry.(b)cruising 
using 3 refercncc signals 
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2.4Discussion 

The world has witnessed nearly two decades of effort in 
laboratory research and industrial application of ANC 
technology. We arc now faced with frequent questions like 
"when and where can we see ANC products as pnlctical 
installation?" Indeed sUcce!lSfui examples of such installation 
may play the role oftlagship in encouraging the anival oflhe 
"fourth wave" of wide utilization ofANC in industry. Examples 
of such applications are limited mainly to the control of sound 
propagation in air handling duels, gas turbine exhausts or 
dieK'l engine exhausts, the control of ~ound pressure in n small 
cavity inside of active ear muffs, and the rednction of tonal 
noise in propeller driveu aircraft using active engiue mounts 
and vibration actuators mounted on the fuselage rings [17]. 
Some mass produced products for reducing booming noise 
by Nissan and low freqnency road noise by Honda were also 
reported [18]. It is expected that such pra<..-tical applicatiou of 
ANC will continue and bring an increasing number of real 
life and successful installations to satisfy the evwinereasing 
demand of modern noise control. 

3. CONCLUSIONS 
In this paper a brief review of the contribution of research at 
UWA in the tiold of active noise control bas been presented 
In particular, there has been a focus on understanding the 
fundamental properties of acoustical systems in order to 
improve the ANC design and on the development ofpmetical 
ANC systems to reduce low frequency noise problems in 
industry. In tlie first instance three examples show the 
impmtance ofa thorough nnder~tanding of a~'Oustical systems 
in determining the performance and limitations of ANC 
methods. In the second instance practical ANC has been 
demonstrated by three real application examples. The results 
show that ANC is effective in rcdu9ing low frequency noise 
where plllllive control becomes impractical. The success of 
these systems relies on a good understanding of the acoustics, 
proper design of hardware and software as wen as a good 
knowledge of control methods 
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