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Virtual sensing for broadband noise control in a lightly
damped enclosure

Jing Yuan®
Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hunghom, Kowloon,
Hong Kong

(Received 17 July 2003; revised 6 March 2003; accepted 10 May)2004

Available virtual sensing schemes either depend on assumptions that are valid for isolated
frequencies, or require heavy online adaptations. A simple method is proposed here to predict the
virtual signal exactly for broadband noise control in a lightly damped enclosure. The proposed
method requires two physical sensors installed judiciously in a sound field to predict a virtual signal.
The method is based on an exact mathematical relation between the virtual and physical sensors,
which is valid for the entire frequency of interest. It is possible to use multiple sensor-pairs to reduce
the sensitivity of the proposed method with respect to acoustic parameters, such as speed of sound
or sensor mismatching. Experimental results are presented to verify the analytical resul804©
Acoustical Society of AmericaDOI: 10.1121/1.1768946

PACS numbers: 43.50.KKAC] Pages: 934-941

I. INTRODUCTION act way to predict the virtual signal is by means of an adap-
tive observel? For virtual sensing of a tonal noise, an exact
In many active noise contr¢ANC) systems, secondary modal model of a sound field is required. If the model is
sources are employed to generate destructive interferenerincated to the firsin modes, themm online adaptive filters
and create local zones of quiet in sound fietdsractical ~ are required to adjust the observer state vector. If the noise
implementation of these systems requires the installation ofontains multiple frequencies, the exact metiddas an in-
error sensors in the quiet zones to monitor the ANC perforcreased complexity proportional to the number of tonal fre-
mance. In adaptive ANC systems, the adaptation of ANCyuencies.
transfer functions depends on the feedback of error signals. For a noise field with a single broadband primary
In some applications, it may not be possible to installsource, it is desired to have a simpler and exact virtual sens-
physical sensors in an area which is part of a quiet zondng method, which is proposed in this paper. This is an exact
Consequently sound signals in such an area have to be prerethod based on the spatial distributions of the primary and
dicted with signals measured in other locations. The techsecondary fields, and it is valid for the entire frequency range
nigue is known as virtual sensing, which was originated byof interest. Only two physical sensors are required to predict
Garcia-Bonitoet al>* They make use of the fact that the a virtual signal exactly. Details of the proposed method are
spatial rate of pressure change of the primary field is small goresented in the following text.
low frequencies, and assumed that the primary field pressure
is the same in both virtual and actual locations. They alsal. PRESSURE SIGNALS IN A DUCT
observed that the pressure of the secondary source is differ- . . .
' . In most cases, available physical sensors are micro-
ent between the virtual and actual locations when both are ; : .
. hones measuring pressure signals. It is important to analyze
close to the secondary source. The prior measurement of th ﬁe spatial distribution of pressure signals in a sound field, to
difference makes it possible to estimate the signal at the vir- P P 9 ’

tual location. The method was applied to improve the perfor-deSIgn and implement an exact virtual sensing scheme. For

mance of a pair of ANC ear defendéranother virtual sens- thisdregsf(_)n, a sound field in a lightly damped finite 1D ductis
ing scheme is extrapolation of signals measured by phys,ic;iﬁitu led first.
sensorS. It was shown applicable to control tonal noise in A. A sound field in a finite 1D duct
the one-dimensionallD) duct® and the three-dimensional
(3D) free field® For broadband applications, the extrapola-
thn weights should be tuned .by an adaptation algorllcﬂr_n. a duct. Letu,, Z,, us, and Z, denote, respectively, the
Virtual sensors were also studied by Roure and Albarrézin, strengths and impedances of the sources where subspripts
assuming the existence of a transfer matiXz) between .4 < refer to the primary and secondary sources. The
the virtual signal vectop, (z) and the physical signal vector gyengith of a mechanical-acoustic source is the volume ve-
P(2) via p,(2) =M(2)p(2). _ _locity, and the strength of an electro-acoustic source is the
Analytically, the relation between the virtual and physi- yiving current. Spatial distribution of sound signals may be
cal signals is neither filtering nor extrapolating. Instead, ityagcriped analytically by path transfer functions from the
depends on both the primary and secondary sources. An €Xg rces to a point meters away from the primary source.
The values ok are in the range € x=</I wherel is the length
3Electronic mail: mmjyuan@polyu.edu.hk of the duct.

Shown in Fig. 1a) is a 1D ANC system, where the
primary and secondary sources are placed at opposite ends of
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’ I—x x » wherec,=coskX) ands,=sinkX). Substituting Eq(3) into
Eq. (4), one obtains

D | _ ZO(ZSCI—x+jZOSI—x) u
Primary X uSZO ZO(Zp+ZS) Cl +J (ZpZS+ ZS)S| P

(@ :pr(jw)upv 6)
wherec,_,=cogk(l—x)], ands, _,=sink(I—x)].
; The derivation of secondary path,,(j ) is very simi-
(Jf%)up lar to that ofH,(jw), due to the symmetric placement of
the secondary source. Following a process similar to the
derivation of Eq.(5), one can obtain

® _ ZO(Zpr+ ZOSX)
Plu,-0= Zo(Zp+ 201+ (ZpZs+ 205,

u;{? ! =Hs(jw)Us. (6)
One may combine Eq$5) and(6) to calculate the pressure

at x from the primary source. The result is given by

Secondary
source

© . .
¢ _ (ZpCX+JZOSX)US+(ZSC|—X+JZOS|—X)up

) ) o . ) Px=2Zo ; > , (7)
FIG. 1. (a)_AN_C c_onflguratlon,(b) acou_stlc circuit of the primary field, and X ZO(Zp+ Zs)Cl + (szs+ Zo)sl
(c) acoustic circuit of the secondary field.

which represents the spatial distribution of the field as a

. . . function ofx, for the configuration of Fig. 1.
One way to obtain the path transfer functions is the use g g

of transmission matrix, which is an exact model of 1D sound
fields when the near field effects are negligible. The model is
adopted here because the virtual sensor location can be &-A novel virtual sensing scheme

sumed sufficiently away from noise sources. pgtand ps Let p; andp, denote, respectively, signals measured by
denote, respectively, signals measured |mmed|atel_y in frontyo physical sensors placedxatandx,. The objective is to
of the two sources, when the secondary source is 0ff ( predictp, for a virtual sensor places, meters away from

=0), pp andps, are related to each other by the primary source. One may introduce a complex function

0 cogkl) jZgsin(kl) || ps _ Zo
UE = jsin(kl) cogkl) || P : D F(“")_zo(zp+zs)cl+j(zpzs+z§)s, ®
ug=0 -
Zo Zs ug=0 to represent the product &, with the denominator of Eq.

whereZ, is the characteristic impedance of the duct; apd (7). This makes it possible to rewrite Ef) as

is the particle velocity caused by, . Equation(1) implies Px=F(j0)[(ZyCxt[ZS)Ust (ZsCi_x+ ] ZoS|—x)Up].
. C
A ZSC|+JZOS| _&

=207 6 ¥ iZ.5 : (2 sincec,=0.5e**+e %) and js,=0.5(**—e k), Eq.

(9) is equivalent to
Wherec,zcosklz, ands;=sin(I). p=A(j0)e*+B(jw)e I, (10)
ImpedanceZg describes the acoustical effects of the

Up US=0

dash-line box in Fig. (b), which acts as an acoustical load to where
the primary source whems= 0. With the help of Eq(2), one ) o [zy+ 2z, Z—7Zo .
obtains A(jw)=F(jo)| =5 —ust —5—ue M| (l1a
| 2sUp Zo(ZsC1+]JZos)) and
Pplu=0= = - 5 Up. )
N Zo(Z,+Z)C+(Z,2+25)S Z,—Z Z.+Z )
Zp+ZS ol p s) | i( p&s 0) | B(jw)=F(jw) p OUS+ s 0u elk! (11b)
3 | 2 2 P
A microphone, placedx meters away from the primary are independent of. These are the forward and backward
source, measures signal, which is related tg, by waves traveling in the duct in opposite directions. For virtual
) sensing, Eq(10) implies
p o TS P el eIk A (] )
X P1 Jw
= s , 4 = . ; 12
Mu [ I P @ pa| | elkea e‘kaZHB(Jw)} (12
%o Zsdu =0 and
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A(jw) 1 e ik _amikx
[B(jw) = ejx(xl—xz)_ejk(xz—xl) —ejkxz ejkxl
8 Bj (13

The location of the virtual signal is in the range xf=x,
=X,. OnceA(jw) andB(jw) are available, the virtual sig-
nal can be recovered exactly byp,=A(jw)e**
+B(jw)e K%,

C. Causality and accuracy

In a digital implementation, exp(jkl)=exp(—jw7) is
equivalent to a delay time=1/c, wherec is the speed of
sound. The implementation of ejkl)=exp(w7) is not

causal, which is a practical problem if one wishes to predict

a causal version b, . A possible solution is to rewrite Eq.
(13) into

A(jw)elk 1 1 _ plk(xp=xp)
[B(J w)ejkxz} = _1_ ezjk(xz—xl) _ eik(xz—xl) 1
P1
Xl | 14
D, (14

whereA(j w)exp(kx;) andB(j w)exp(—jkx,) can be used to
predict a causal version @f =A(j w)e+B(jw)e % in

the range ofx;=Xx,=X,. It involves delay operations
exf jk(x,—x1)] and expjk(X,—x,)], respectively. The imple-

(@)

m@ L

®

(c)

,d

T)“p

FIG. 2. (a) Another ANC configuration(b) acoustic circuit of the secondary
field, and(c) acoustic circuit of the primary field.

where B(jw)exdjk(Ax—x,)] can be used with
A(jw)exp(kx;) to predict a causal version ofp,
=A(j0)e*+B(jw)e % in the range ofk;=x,=Xx,.
Theoretically, Eq.(14) is as exact as Eqs(153
and (15b). Both methods use delay operators equivalent
to exp(—jwr,) and expljwAr), respectively, wherer;,
=(x;—Xp)/c andAr=Ax/c. If there is an errorsc in the
speed of sounds;, and A7 contain errorsér,, and SAr,

mentation of Eq.(14) is causal because it contains a delayrespectively. Sincedr,=(x,—X;)dc/c? is significantly
operator exfjk(x—x;)]. This method requires accurate larger than §A7=Axdc/c? if x,—x,>Ax, the second

knowledge of the speed of sourd

Since the delay operator is equivalent to expfr;,)
with 71,= (X1 —X5)/c, an errorsc in the speed of sound will
cause an error im;,, denoted bys7,,= (x,—x,) c/c?. One

method is less sensitive to errors in the speed of sound. Be-
sides, the effect of possible sensor mismatch can be reduced
by averaging the results obtained with multiple sensor-pairs.

may reduce the distance between the two sensors to reduma A DIEFERENT CONFIGURATION

the effect of671,=(X,—X;) dc/c?. A possible method is to
place a pair of microphones iy andx;=x,;—AX, respec-
tively, to measure pressure signalsandp; . A replacement
of X, by x;=x;—Ax in Eq. (14) leads to

Adjw)elk 1 1 —el
B(jw)ejk(AXixl) = 1— e 2IKAX — g ikax 1
« P (153
P1

The ANC configuration in Fig. 1 is similar to those ex-
amined and tested by some researchéré.In many appli-
cations, the secondary source is placed between the primary
source and the duct outlet as shown in Fig. 2. If virtual sens-
ing is applied to such an ANC configuration, the proposed
method must be modified.

A. Secondary path transfer function

The main difference between Figs. 1 and 2 is the loca-

where A(j w)exp(kx;) can be used to predict a causal ver-tion of the secondary source, which causes a different spatial

sion of p, in the range ofx;=Xx,=x,, by a simple delay
operation exgk(x,—x;)]. However, B(jw)exd—jk(x;
—AX)] can only be used to predig, in the range ofx;

distribution of the secondary field. The acoustical circuit for
Fig. 2(@) is shown in Fig. 20) when the primary source is
off. It is equivalent to a secondary source driving two paral-

=x,=x;—AXx. For this reason, another pair of sensors islel duct segments, though in reality this is a serial of up- and
placed inx, andx,— AXx, respectively, to measure pressuredown-stream segments connected at the location of the sec-

signalsp, and p;. Replacingx; with x, in Eq. (153, one
obtains

Ajw)el 1 1 el
B(jw)ejk(Axfxx) :m _e—jkAX 1
P2
X| o, 15b)
pz} (150

936  J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004

ondary source.

The two segments of the duct are terminated by imped-
ancesZ, andZy, respectively, wheré&, is the impedance of
the primary source andy is the impedance of the duct out-
let. Similar to the derivation of E¢2), one can derive

ZyCytiZoSy - Z4CqtjZoSy

R T R

Z = .
4 T0Z0ca+iZysq

Jing Yuan: Virtual sensing for broadband noise control
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where c,=coskl,), s,=sinkl,), cq=coskly), and sy

=sin(kly) respectively. Impedances, and Z, describe the Gg=— AZp -
loading effects ofZ, and Z4 to the secondary source. The ZZy+Zy(Zs+2Zp)
parallel of Z, andZy is Z,=24Z,/(Z4+Zp). The signal at s independent of. Spatial distribution of the secondary
the location ofZ, is given by field is now completely available as a function xin Eq.
A (19 or Eq.(21), depending on the values afandl,,.
z, 242,
ps|up=0:Z Y7 Us=—— — Us. (17 _ -
sT41 ZZo+Zy(Zs+2Zp) B. Primary path transfer function

Unlike the configuration of Fig. 1, a secondary path The transfer function of the primary path is derived by
transfer function to a point meters away from the primary turning off the secondary source. As a result, the configura-
source has two different expressions, depending on the vation of Fig. 2a) is now represented by an acoustical circuit
ues ofx andl,. For the case<l,, the secondary sound shown in Fig. 2c). The down-stream segment, terminated by

propagate upwards to reaghwhich means impedanceZ,, is equivalent to an impedanég shown in
cogk(ly—x)] —iZosiMk(l,—x)] the second equation qf EqL6). The parallel oZ4 andZ is
Py _ i an impedanceZ,=7.74/(Zs+Z4), whose effects is an
Dy = . sink(l,—x)] cogk(l,—x)] acoustical load to the primary source with an impedance
u,=0 u
" Zo 5 _ Z,Cy+jZosy (22)
Ps 2 OZOCU+jZZSU '
x| ps _ (18) Similar to the development of Sec. Il, the pressure signal
— in front of the primary source is denoted Ipy, which is
Zp up=0 given by
Let c x=cogk(,—X)] and s ,=sink(l,—x)], then one can Zzup
substitute Eq(17) and write Pplu=0= — (23
Zy+Z,
T Z4(ZpCux—1ZoSux) when the secondary source is off.
Xup=0 22+ 24(Zs+2,) * The microphone sensor, placgdneters away from the
P P primary source, measures pressure signal which is re-
= Gy(ZpCux—1ZoSu) s, (19  lated top, by
where Cx  —ZoSx|| Pp
p
2, { | L =k 0
Gy=— N N Ux ug=0 _JZ_ Cx S
ZZy+Zy(Zs+2Zp) 0 Z;
is independent of. wherec, = coskx) ands,= sin(kx). Substituting Eq(23) into

Similarly, for the case ok=l,, the secondary sound the above equation, one obtains

propagate downwards to reaghwhich means

| _ 22C><_J.ZOS>< “H_ (jo) (25)
cogk(x—1)]  —iZosik(x—1,)] Prdug=0= 7 e T Fmd @)Uy
Px . T2
vy - i sink(x—1y)] cogk(x—1,)] When both primary and secondary paths are available ana-
Up=0 Zo ! lytically, one can write
Ps px:px|u5:0+px|up:O:pr(jw)up+st(jw)us
x| ps . (20) =a(jo)e!+ B(jw)e I, (26)
zd o where

p
Let c,,=cogk(x—1,)] and s,,=sink(x—I,)], then one can *U®)

use Eq.(17) again to write 5-7, . Gue ik
u

(Z,+Zo)ug, x<I,

_ Zp(ZgCxy= 1 ZoSxu) 2(Z +22) P 2
pxlup=0_ = = — Ug _ p
ZZy+Zy(Zs+2Zp) Zz_zo Gde_ik|u R
. —UpT (Zq—Zg)ug, x=1,
:Gd(zdcxu_jzosxu)usr (21) Z(Zp+22) 2
where (279
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and y(j o) 1 e ikxa  _ gikxg
B(jw) {n(jw) ~ KX kO x| _gikxa @ik
p1—Hgu
7,47, G el { ek (3
- (Zp—Zo)ug, X<l P2~ Hsals
) 22+ 2y) 2 which is very similar to Eq(13). It can be re-written in a
h 5 17 G.elkly form similar to Eq. (14) for causal prediction ofp,
2000 (2 Zoug, x>, = Y(jo)e" %+ y(jo)e Mo+ Hg,(jw)us, which requires
2(Zp+2y) 2 the same number of sensors as Egl) does.

(27b

can be derived from Eqg19), (21), and (25). These two V. SOUND FIELD IN A 3D ENCLOSURE

signals are independent rf similar toA(j w) andB(jw) in o .
Sec. 1. Similar to the 1D case, locations of sources affect the

spatial distributions of signals in a 3D sound field. Spatial

relations between the virtual signal and physical signals may

be descried analytically by path transfer functions between
C. Modified scheme sources and sensors.

Although a(j w) andB(j w) look more complicated than A path transfer functions
A(jw) and B(jw) in Sec. Il, the two signals need not be o )
available analytically. Instead, they can be obtained from sig-  For @ sound field in a lightly damped 3D enclosure, path
nals of the physical sensors. Sina¢jw) and 8(jw) have transfer functions between sources and sensors may be mod-

different expressions in Eq§27a and (27b), these signals eled with the modal theory. The eigenfunctions of the sound

need separate estimations for the casedf, andx=|,, field are denoted ag;(x) with spatial coordinate vector
respectively. It means a double number of sensors and cond mode index &i<m for the firstm modes. Lek,, andxs
putation load. represent spatial coordinates of the primary and secondary

One may reduce the number of sensors by separating tHRPUrces with strengths, andus, respectively. For a sensor
primary and secondary fields. In an ANC operation, thePlaced at coordinate, the measured pressure signal is a
strength of the secondary souncgis always available. It is Ilnear superposition of two fields, with transfer functions
also possible to identify a path transfer functibhy,(jo)  91Ven by
from offline data®~>*!*therefore Puluy—0=Hs,(jo)us is

m
. p &i(X) $i(Xp)
available accurately. Only, |, - o needs prediction from sig- Hpx(j @) =u—x =§l oo .w2+ zlj g-pww- (32
nalsp; andp,. Before predicting, |, -0, one may separate Plug=0 ' e
the primary field by and
m
P1lu—o=P1—Hsa(jo)us, P2y -0=P2—Hs(jw)us, N _ &i(X) di(Xs)
: : Holjw) =" = o 33
(28) SX(Jw) us "o izl wlz_w2+ 2] giwwi ( )
p

whereH g (j w) andHg,(j ) are transfer functions from the wherew; and¢; are resonant frequency and damping ratio of

secondary source to the two physical sensors, available eith mode. In some applications, the primary source does

offline identification. not locate at a single spa,. Letw,(x,t) model the primary
Equation (25) describes the spatial distribution of the source as a spatial and temporal functiorxaindt, then it

primary pressure field as a functionxfit may be expressed may be expressed as,(x,t) =f (x)up(t), wheref,(x) de-

as scribes the spatial distributiony,(t) the temporal effect.

One may rewrite Eq(32) as

pxluS:O: ¥(j w)ejkx+ n(jw)eijkxy (29
Px u di(X)f;
Holjw)=— = : , 34
where px(j @) Unly o 241 o= 0?1 2 G 0w (34
Z,~Z Z,+2 (o i -
Hjw)= 2 Ao Uy, jo)= 2 Ao U W_r':ﬁrterz]fl_thfxqﬁ,(xf)fp(?)dx flihthe _mnefz_r Izrodnl;jct offp(x)t
2(Zyt2,) 22,4 2,) wi eith eigenfunction of the noise field; andrepresents
P P the boundary of the sound field. Similar to the 1D fields,
are valid in the entire duct. This implies Hsx(j @) andHp,(jw) share the same denominator in a 3D
" " resonant field. Their difference in the numerators is due to
pl} _[p1i—Hgug] gl g7l V(jw)} the different source locations, and x5, which vanishes if
P2 u :0_ p2—HgoUg B elkxe  g7ikxg 77(] w)| Xp=Xs.
S (30) In most ANC applications, digital controllers are imple-
mented and path transfer functions are identified in the
and hence Z-transform domain as

938  J. Acoust. Soc. Am., Vol. 116, No. 2, August 2004 Jing Yuan: Virtual sensing for broadband noise control
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’ ) Py Npx(2) C. The proposed method
Z)=— = ; . . .
prl Upl, ., D(2) The proposed method avoids Eg8) to avoid the insta-
° bility of Np(2). It uses two physical sensors to predict a
H _ Px Nsx(2) 35 virtual signal. These sensors are installed judiciously in a
SX(Z)_U_S . 70_ D(z) ' (39 noise field with coordinates; andx,, such thaiN,,(z) and
o=

Np2(2) do not share any zeros. This is ensured if the spectra

where all transfer functions share a same denomiria{aj; of p, andp, do not have the same antiresonant frequencies,

and they differ from each other in the numerators. The subwhen both are measured in the absence of the secondary

scripts of the numerators indicate the source-destination afource.

the paths. WhenN,;(z) andN,,(z) do not share any zeros, there
exist two polynomiald=4(z) andF,(z), such that

B. Separation of primary and secondary signals

In this study, spatial coordinates of the two physical sen- Npu(2)=Np1(2)F1(2) +Np2(2)F2(2), 39
sors and the virtual sensor are denotedkasx,, andx,, which implies
respectively. Transfer functions from the primary source to
the two physical sensors and the virtual sensor are denoted, H,,(2)=H1(2)F1(2) +H2(2)F2(2). (40

respectively, asd,,(2), Hpx(2), andH,,(2); and transfer _ _ _ .
functions from the secondary source to the sensors are d&guation(39) is known as the Bezout equatidhwhich has
noted asH(2z), He(2), and He,(2) respectively. These @ matrix-vector expression
transfer functions are assumed available accurately by offlin -
identification. Letp,, p,, andp, denote, respectively, pres- Myo
sures of the two physical sensors and the virtual sensor, thegev1
signals are linear combinations of the primary and secondar
fields, such ap;=H,;(2)up,+Hgi(2)us. Due to the differ- Nym.
ent spatial distributions of the primary and secondary fields, " n n A
it is important to separate the two fields in predicting the 10 20
virtual signal. Ny Ny N21 Noo

Since the strength of the secondary source is always :
available to the controller, it is relatively easy to predict the
part of the virtual signal contributed by the secondary source.
This part is simplypv|up:0= He,(2)ug, where transfer func- Nim Nig Nom N1
tion Hg,(2) can be identified from offline measurement data. :
The focus is the prediction of the other part of the virtual

nll . I’l21

Nim . Ny Npp . Ny

n n
signal, contributed by the primary source. For this reason, - m am
signals measured by the physical sensors should be pro- f1o
cessed first to remove the contributions of the secondary f11
source by :
p1|uS:O:p1_Hsl(Z)us (36 « fflm , (a1)
20
before used to predict the virtual signal. foy
Some researchers used filters to recover a virtual signal :
from the signal of a physical sensdr**Let F(z) denote the ‘|
m-

transfer function of such a filter, then broadband recovery of o
a virtual signal at location, is mathematically equivalent to \yhere Npo(2) =200z, Npi(2) == ongiz', Npo(2)

N, (2) Npx(2) =20 ongz ", Fi(2)=2fyz"',  and  Fy(2)
Hpo(2)= Do Hpx(2)F(2)= D(2) F(z), (37 =3=M,fyz ', respectively. The matrix in Eq41) is known
as the Sylvester resultant matrix, which is nonsingular if
which requires Np1(2) andNp,(2) do not share zerdS. This is ensured if
N, (2) the two physical sensors are installed judiciously.
F(z)= va—(z) (38) The Bezout equation establishes the existence of the so-
px lutions in the entire frequency range of interest. It is valid
in a frequency range of interest. when Ng;(z) or Ng(z) is nonminimum phase. This is an

In many ANC applications, path transfer functions areimportant difference between the proposed method and those
nonminimum phase, which means some rootdlgf(z) are by Popovich® and Kammet* Practically,F(z) and F,(z)
unstable and outside the unit circle in tAeglane. The filter can be obtained adaptively, because the product,(d) to
in Eq. (38) is unstable in such a case, which is very likely to both sides of Eq(40) leads to
be true in an ANC application if the physical sensors do not
collocate with the primary source. P.=F1(2)P1+F2(2)P2 (423
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FIG. 4. Comparison of uncontrolled noigdashed-black curyewith con-
trolled real signalthick-gray curve and controlled virtual signdthin-black
(&) curve.
FIG. 3. (a) Experiment setupb) block diagram of the experiment system.
=1.5m andx,=0.7 m into Eq.(14). The virtual signap, is
supposed to predict the pressure signait x,=1.1 m with
X1Z=X, =X,
Since there may be implementation errors in the system,

it is possible that the virtual signal, is well suppressed

m while the real signap is not suppressed by the same amount.
“pv(k)zzo [f1iPa(k—i)+ T Pa(k—=i)]. (42b For this reason, a real sensor was places,ab check the

{=

where p,=H,,(2)u,, P1=Hpi(2)uy, and Po=Hy,(2)u,
are measured whems=0. The time domain version of Eqg.
(429 is a regressive form

difference betweemp and p,. The signal paths to the real
It may be used for the identification &f,(z) andF,(z) bya  sensor are depicted in Fig(t8 by the gray-lines, to show
LMS algorithm whenu,=0. Once F,(z) and F,(z) are thatthese paths were not related to the control system.
available from Eq.(42b), the two polynomials are imple- The experimental results are plotted in Fig. 4 in three
mented as FIR filters to predict the virtual signal by curves. The dashed-black curve, labeled “controller off,”
represents the normalized power spectral den§R$D
P, =F1(2)[P1—Hs1(2)Us]+ F2(2)[p2— Hs2(2) Us] Ip(2)/uy(2)| of the uncontrolled noise. The other curves
+Hg,(2)ug (43 ~ were collected when the controller was active. The thick-

gray curve, labeled “real signgb,” plots the normalized
whereHg;(2), Hs(2), andHs,(2) are available by offline  pSD |p(z)/uy(z)|. The thin-black curve, labeled “virtual
identification. signal p, ,” represents the normalized PSP, (2)/up(2)|.
The difference between the two closely spaced curves are
|p(2)/up(z)] (real signal versus|p,(z)/uy(z)| (virtual sig-
V. EXPERIMENTAL VALIDATION nal). o _ o
The objective of the controller is to minimize
An experiment was conducted to verify the analytical|p(z)/up(z)| without placing a real sensor gf. Sincep was
results. A feedforward ANC was implemented in a duct withnot available to the controller, the controller had to minimize
a cross-sectional area of %14.5 cnf as depicted in Fig. |p,(2)/up(2)| without any information orp. The experiment
3(a). The primary and secondary actuators were 4 in loudverifies the effectiveness of the virtual sensor because the
speakers placed at the opposite ends of the duct. Two physirinimization of|pv(z)/up(z)| indeed leads to the minimiza-
cal sensorgrepresented by thick-black linewere placed in  tion of|p(z)/up(z)|, though| pU(z)/up(z)| appears to be bet-
the duct to predict the virtual sensor sigfiepresented by a ter than|p(z)/u,(z)| in some frequencies. Such a difference
thick-gray ling. All sensor signals were low-pass filtered was due to implementation errors in the system.
with a cutoff frequency 1 kHz. Another way to verify the virtual sensing method is to
A block diagram of the experimental system is shown incomparep, with either p; or p,. For this reason, the pri-
Fig. 3(b), whereP,(z) andS,(z) represent the paths to the mary and secondary sources were placed at the opposite ends
virtual sensor. The primary noise was a broadband pseud®f the duct. At convergence, the ANC created a quiet zone
random signal. The virtual secondary p&}(z) was identi- nearx,, which included neithek; nor x,. Both p; andp,
fied offline first, and then used by a filtered-MS ANC [not ~ were collected in the experiment. Orgy is plotted in Fig. 5
shown in Fig. 8b) for brevity] to suppress virtual signad, to compare withp, . Sincep, was measured approximately
=A(jw)e+B(jw)e v, where A(jw)exp(kx;) and halfway between the secondary source apdits magnitude
B(jw)exp(—jkx,) were calculated by substitutingk; is significantly different from that op, , as shown in Fig. 5.
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