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Abstract 

An a.ct,ive noise cont.rol (AYC) problem, especially for 
act,ivr cont,rol of road noise inside automobiles is pre- 
sent,etl. First,, a rnotlel for an acoustic field, which 
includes loudspeaker and microphone charact,eristics, 

is coust,ruct,ecl using t,he syst,em identification theory. 
Secontl. t,he cont.rol law of a. ‘LDOF-ANC (t,wo-degree- 

of-freedom ANC) syst#em is designed ba.sed on t,he 

itlrnWietl model. La.stly, the cont,rol perforinance of 
t,he ‘LDOF-ANC’ syst,em is examined through com- 

pl1t,er siuiulat8ions Itsing act,ual vehicle data measured 
in t,hr esperim~nt which siinula.tes road noise wit,hin 
t,hcA cal)ili. 

1. Introduction 

Wit,11 rPspect.s t.0 t,he vibrat,ion cont.rol syst,eni. a.ctive 
cont,rol strat,egiPs have attract,ecl much a.t,tent.ion in 
coniparison wit,h passive control strategies. In pa.r- 

t.iclllar. XNC’ (act,ive noise cont,rol)[l] is a challenging 
area for bot,h acoust,ic and cont,rol engineers. In t,he 

aut.onnol)ilr intlust,ry. vehicle weight8 reduct,ion has be- 

c01ne iilcrrasingly import,ant, from t,he fuel consump- 

t.iou point. of view. however. t#his increases noises in 

thr al1ton1obile. Therefore. ANC’ is considered t,o br 
;I promising means of noise reduct,ion[Z]. 

‘Two problenls, mocleling of t,he a.coustic field by t,he 
syst.ein itlent,ifica.t,ion t,heory[3] and the control sys- 

~.~rns design for XNC based on t,he ident,ifierl 1nodel 
arr discussed. 

First,, a model for an acoust,ic field which includes 
loutlspeakcr and microphone cha.ract,eristics is con- 
st.rllct,Pd using system itlent~ificat.ion theory. In part,ic- 
111ar. .LSID (~r~l)sl”~.‘(~-l);s~(l st,at,e-space system iclen- 

tilicalioti) n~t\lliod is ;Idopted in order to bl1iltl an 
Ill< (iIIliIIitf> i111plilsr rpspol~st~) nicArl for t,he acoustic 

lirltl. ‘L’lica IlH ~tiodc~l is lisrtl :IJ ;I nol1linal model for 
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designing a feedback controller and it. can reduce t,he 
number of arithmetic opera.tions in feedforward con- 
t,rol. The 4SID method can determine t#he order of the 
IIR model based on singular values of the Hankel ma- 

t.rix. The 4SID method has a few drawbacks, for ex- 
ample, it operates in a off-line manner and it, requires 

a great. deal of comput,ations. However, lnodeling of 

the a.coust,ic field for ANC is usually conducted before 
ANC is implemented, so the comput,ational burden is 
minimal. 

Then, the cont.rol 1a.w of a ‘LDOF-ANC (t.wo-tlegree- 
of-freedom ANC) syst,em[4]-[6] is designed ba.sed on 
t,he identified model. The FF (feedforward) part, 
of t,he ‘LDOF-ANC is a conventional filt,ered-x LMS 

atlapt,ive cont,rol and the FB (feedback) part, is based 
on an internal inodel control (IMC)[7] which is known 
as a robust cont,rol design metShod especially for deac- 
t.iine systems. 

Finally, effectiveness of t(he proposed control system 
design procedure is examinc>d t,hrough identificat,ion 

and cont,rol experiment’s. First,, a syst,em ident,ifica- 

t.ion experiment. by random excitation is conducted 

t,o model t,he acoustic field. It, will he shown t,hat, 
t,he ident~ified IIR model is of low order and has a 
considerably similar gain charact,erist,ic t,o t,hat of t.he 
conventional FIR, (finit,e i1npulsr response) mocleling 
by L&IS (least mean square) algorithm. Then, the 

control performance of the ZDOF-ANC syst,em, that 
is designed based on the identified model, is exam- 
ined through computer simulations using actual vehi- 
cle data measured in the experiment which simulates 
cabin road noise. 

2. Active noise control problem 

In this paper. thr singlc-input, single-outplit,. single- 

rrror (SISO.YE) s>-stc,irl shown in Fig. 1 is considered. 



3. Modeling of acoustic field 

‘l?lic IIH. iiiotl~~l is a.tlopt~rd as a nomiilad iiio&l for 

tlcsiping t,lle FB cont,roller hasetl on IMC’. A4s all 

IIR. inotl~~liiig inc~t~liotl, die SliAR.1; (siinplifirtl Ii\.- 

1)c’rSt~;ll)lc’ iItlaptBivr rrcursive filkr) ~llrt~llotl I\‘aS pro- 

t~owd [9]. It wsurrs dir St,a.l>ilit,y of t.llr 1113 motlel. 

l~owc~vc~~~. t Ilc ortlcr of t,he IIR motlel is tlrtcqminPt1 

Ilc~urist.ically. To clear t,his point,. it, is ~~~n~~owtl t,llatm 
tlif, 4SID Iiic~t~liotl is applied t#o idriit,ify t,lie 111% motlel 

in t,his piipt‘r. 

TOP 4SID m&od ha.s at,tract,etl 111i1ch a.ttrnt,ion ill 

t,hc past, tlrcatl~ I~c~a.use it, has 8 greats llllnll,rr of ad- 

vaiit,ages. For rxatnple. it, can easily rxtmeiitl lo lmhcy 

r\/IIblO ( iiiul18i-input iiilllt,i-oilt,l,iit,) syst,c!rii itlrnt.ifica- 

l,ion prol~lmi ant1 has ii0 iioiilinrw opt~iinizatmioii pro- 

ccYlllrf~[lu]. I\1 ’ 01(‘OV(‘I’. t,hc, 4SID lrlrt~llotl allows II5 to 

clliaiit,it,at,ivc~lv tl&riiii~le t,li~ ortl~r of t,hr IIR iiiotl~~l 

hasrd on singular values of’ t,he Hake1 mat,rix[ 1 I]. 

Thr 4SID mrthod has a. few tlisadvant,a.ges. c .y., it re- 

quires a heavy comput~at~ional burden a.nd it, ca.n ilot, 

operak in a11 on-line ma.nner. However. t,hr lilotl~ling 

of t#lir acorist,ic fieltl i~wtls ilot, be wiidiict~~~l oil-liiir, 

t,lle colrll)llt,;lt,iorial complexit8y of t,he 4SID met,hod is 

not, significalii,. 

Altjhougll nlany algorit8hms for t,he 4SID mct~hotl havr 

lw(~1i propos~~l. t,lir Millt,iv~~.riablr Oritjpiit,-Error St,at,c> 

Space (MOISI’) algorit~hm[l2] proposntl I)\i Yc~hae- 

pn. f t (11 is ut,ilizetl iii order t,o itleiit~ify P,,07,, 

Detail model 
A det~a.il motlel. IJd_lcLi13 which is descrihctl I,\; a higher 

ortlrr FIR motlrl. is itlent8ifietl l)?; t,h~ LMS algorit8hm. 

Model uucertaillty 

It, is a.ssumetl t,lia.t. t,lie t,ruc, pla.ntj P can br tlescril~c~tl 

by an a.tldit,ive pert~urhatmioii, 

11, = {P : IP(jd) - P71ri711(ju)I L Wc,(ju)} (1) 

whew W’,x( jd) is a fwqumcy wripj~ting function. Br- 

ca.iisf’ t Iir t.rric, plant, P is not, availat~lc. l$;L(jw) is 

rvaluatfd I~ascd oil t,lie iioininal a.iitl t,licl tlct,ail motl- 

Pk. as follows, 

Systall idelltificatioll ~:xp~i~u~~~t 

System itlentjificat8ion c’xpwiment8 was concluct,ctl us- 

ing t#hr apparatjus showrl in Fig.2. The experinlcnt, 

was int~c~ntletl for t,hr rear passenger ANC’. The loutl- 

spealwr and microphone were locatSrtl iii the rear 

(#ray and rrar seat, lieatlrrst.. rrsp&ively. ‘I’lie tlis- 

kiiiw of t,lir acolistmic field from t,he loiitlsp~al;~r t,o 

1~11~~ iiiicroplionr was 0.2 (in). ‘l’lif~ itlerilificat,ioii iii- 

pllt, W&S il ~~~f~lltl~~-~~~lltlO~~l signal, t,ll(’ pOJT(~’ SpfYt~r;ll 



tlwsil~!. or’ which was flat, I,c~low 1 (IcHz). The input- 

0111 pelt, (Ialma for syst,mi itleiit,ificat,ioll was u~c~asr~rcd 

at a salllpling rat,? of 1.280 (Hz). A nomind model 

wlricli is t,hr fji,l-order IIR. iriotlel was icleiit.ificd I)?; 

1 lie 4SIl> ~t~c~t~l~otl arid ljhc, idcilt~ifietl pja.in chmder- 

isl,ic is slion~3 iii Fig.S(a). A tldail inotlel which is 

UIP 5tit~l-o1~ler FIR motlrl was obtained by t,llr, LMS 

a1gorit.h. showti ii1 I;ig.S(l)). It, is clc~ t,llat the gain 
clr;~i~;~ctf~~~isl~ics of t Iir 1113 motlcl is consitl~~ral~ly sinii- 

I;II. l,o t~har of tmllr FIR modal. 

II;,(s) = 
0.7C)(.S + 4.55) 5’ + 185.(j,y + :s2()2 

s + HO .52 + 4m.s + 4!j()’ 
(:s) 

‘I’IIC gaiil cllarackristic. of I(\;,( .s) is shown ill Fig.4 

4. 2DOF-ANC system based on 
adaptive and robust control 
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FigurcI 4: Frequency weightming functmion (solid line : 
I/t7c,(jw), tlash~~l lincz : Pdz,c,,~(jw) - P,,.,,, (.jd)) 
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Figure 5: XDOF-ANC’ syskm 

itiotlel. 

Configuration of 2DOF-ANC system 

Tll~ ‘LDOF-IZN( 1 systmern[4]-[(il shown in Fig..5 was 

briefly reviewed. wherp P(s). P(s)? Ql~(.s) mtl d),.(s) 

arp t,hr plant, l,railsfer funct.ioii of acousit,ic field froiu 

t,t1ca sm11tlary soIlrcP t,o t,fie error Sf?llSO~. ii nlott~~l or 

P(.s), tmhe FB contmrollrr. and FF cont~rollcr. WS~PC- 

tmivcIy. It, is nokd tmhatS t,he FB and FF cont~rollers can 

1~ designrd independent~ly. 

The ‘LDOF-ANC’ sydem a.doptjs an ada.ptive contjrol 

st,rat,egy based on t,he well-known filtjerrd-x LMS al- 

gorikn for the FF part,, a.nd a robust, cont,rol drdegy 

IEW~ on IMC for tmhe FB pd. Because t,he tmransfer 

fuilct,ioil from t#he suspension signal t,o the err01’ in- 

crophone depends on die vrlocit,y of die vf,hiclc mtl 

tmhP road surface, it. is necessary for tmhca FF part t#o 

he based 011 atlapt,ive conlrol. On die ot,her hand. foi 

t,lle FB contmrol, t#he plmt P changes only wit,11 t,hc, 

iiurnher of passengers ant1 dekriorat,iou of t,hf, loutl- 

speaker ant1 microphone. It, is nrc~ssary for t#hr FB 

cont,roller t,o he designed such t,hat it, does ilot, causc~ 

howling (inst~ahilitmy). Thus. t#he lq point, is t#hP tlr- 

sip of t,hc FB cont,roller. 

FB controller based on IMC 

FB-ANC’ is designed by Morari’s IMC design procc- 

tllire[‘i] a5 follows. 



Shaker ’ 

and X ih acl~justc4 so tjllal t,he rol)usl~ sl~al,ilil~y coiitli- 

t,inu ih hi11 isfietl. 

111 01d(~r 1,~) c3alniiity t,lir effect,i\.rnrss of t,lie idrnt,i- 

fiml Iioiliiiliil IIR model in t,he previous session 3, t,lir 

resitl~~l sound pr(~ur(~ I~~vrl of t,hc FF-ANCC syst,em, 

lmml OII 1,11~ itlrnt~ifirtl IIR and FIR models, were cal- 

clilat~c~d losing act 1ial vc>hicl(T tlat,a. A Imsic diagram of 

~,IIP c~slrriulc-nts is shown in Fig.6. The rrsultms by t,he 

3Si,l-order I?IR model and the 6t8h-order IIR. nlodrl 

a~‘(‘ ~IIOWII iii Fig.i. These figurrs sl10w t,liat, t,lie 111~ 

1110~1f~1 pj\.ces t81ie same rrtluction ill soui~tl pressrile as 

1 II<> I’I I< 1110tl~~l. Howrvrr. t.lir iiiiinl~c~r of parairirt,ers 

ill 111~ IIH model is ;rl)or~t I/5 of i,llat, for imhe FIR 

lnotl(~I. 

Nest t,llc‘ FI<-r\N( ’ syskiri wa:, tlr3igric~tl based on t,lie 

ident,ified iioiniilal 111~ inodel. ‘I’lic~ cont~rollrr was de- 

4 ~~~i~cvl iii ;I coiit,iiiiioris-t,iill(‘ sJ~t,~ii~. iuid t~ransforined h 

/ bl ___i--. .-.. --_ 
0 100 200 300 400 f 

Frec~uency~Hz] 

(h) Det,ail FIR morlel 

Figure 7: Sound pressure level oht8a.ined by FF-AN<-’ 

(solid linc~:wit~lioiil. cont,rol, dashrtl line:witmli colitjrol) 

il tliscret.e-t.ifne systoiri using a hi1inea.r tmransforina- 

bon. In t.his case. t,lie dist,ance bet~wec~ii tmhrx loiid- 

speaker and t,he microphone wa.s 0.2 (111). The wright,- 

ing fiinct,ioii given by q.(3) wa.s used. The IMC filt,er 

was designed such t#hat# 

F(s) = l 
0.0173s + 1’ 

t(j) 

Fig.8 shows t,he srnsitlivitmy fiinct,ioil wliich is t,lir 

l~raiisfer fuuct,ion from t,lir noise t*o t#lie error. From 

t,his figure. itt cm b(: seen t#hat# hetmwren 50 and 150 

(Hz) a.t,tmua.t,ion occurs. a.nd ot,her frequency ra.ngc’s 

amplifica.t,ion occurs. The e.xistmcr of t,he arnplifica- 

t,ion rmges cm he explained by t,lie fa.ct, that, t,lie plani~ 

considered here has unstjable zeros, which inrvitmably 

cause t,he wa.kr-bet1 effectm[13]. It, is importmantj tjllat, 

t,lie a.t~t~eniml~ioii band is predictjed in a.dvance ilsiiig 

1,lic seiisit,ivit,y fiinct,ion witmliout, carrying out, experi- 

ment,s. The sound pressure level of t,he FR-ANC is 

sllow11 in Fig.S(a). The figure shows t,ha.t it, is tlifficuli, 

tmo reduce road noise using onl?; tjhe FB contmrollrr. 

Finally. t,lle 2DOF-ANC’ syst,em wa.s const,ruct,etl 

IMCYI on tmhe FF anti FH cont~rollers. The sound pres- 

sure level wa.s shown in Fig.S(l,). The figurc~ sl~ows 

t>ha.t. t,he PDOF-AN(~’ syst>em at,t,enuat,rs tmhr sou~ltl 
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