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Improving robustness of active noise control in ducts
Jing Yuana)

Department of Mechanical Engineering, The Hong Kong Polytechnic University, Hung Hom, Kwoloon,
Hong Kong, People’s Republic of China

~Received 5 July 2002; revised 30 March 2003; accepted 14 April 2003!

A robust active noise controller~ANC! is proposed here for finite ducts. While theH` control theory
provides theoretical ground and numerical algorithms to design robust controllers, it is important for
an engineer to design and formulate a robust controller so that the objective is more achievable and
theH` constraints less restrictive without sacrificing robustness. A new robust ANC is designed this
way with an extra actuator to improve achievable performance and introduce more degrees of
freedom to controller parameters. The new strategy relaxesH` constraints without sacrificing
robustness and enables the ANC to tolerate a wide variety of errors and uncertainties including
truncation errors between a finite model and an infinite field. Theoretical analysis, numerical
examples, and experimental results are presented to demonstrate the improved performance of the
proposed ANC when subject to a certain level of uncertainties in a duct. ©2003 Acoustical Society
of America. @DOI: 10.1121/1.1579005#

PACS numbers: 43.50.Ki@KAC#
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I. INTRODUCTION

ANC has been proven by many researchers as a vi
method1,2 for noise suppression in low frequency rang
where traditional passive noise control devices beco
massy, bulky, or less effective. Many ANC schemes synt
size feedforward signals to suppress noise at measured
tions. A feedforward ANC usually depends on an accur
secondary path model to adjust its control trans
function.3–5 Feedback ANC schemes, if properly designe
are able to introduce active damping to sound fields.6 Hybrid
feedforward and feedback ANC is an active resea
topic.7–9 Most of the ANC schemes are based on an assu
tion that acoustical paths are linear time invariant.

In reality, acoustical paths, while linear, are not nec
sarily time invariant. Online variance of acoustical pat
could affect stability of an otherwise stable ANC. Design
robust ANC schemes attracts attentions of many
searchers.10–12A common practice of robust ANC design
to fit an ANC scheme into the standard four-port framewo
of robust control theory13,14 and solve a robust controlle
subject to a set ofH` constraints. TheH` constraints for
robust ANC’s are commonly in terms of error bounds
transfer functions, with more weighting outside the cont
band than the in-band region.12

Since parameters ofH` controllers are usually numeri
cal solutions of objective functions subject to certa
constraints,15,16 it is difficult to predict the performance of
robust controller when one designs the structure and for
lates the control objective andH` constraints. Some genera
design principles would be~1! specifying a control objective
as achievable as possible;~2! allowing more DOF in control-
ler parameters; and~3! relaxing, wherever possible, theH`

constraints without sacrificing robustness. This article w
show that there is room to improve a robust ANC by ado
ing the above principles.

a!Electronic mail: mmjyuan@polyu.edu.hk
210 J. Acoust. Soc. Am. 114 (1), July 2003 0001-4966/2003
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The first improvement is related to nonminimum pha
~NMP! transfer functions from actuators to usually uncoll
cated sensors in ANC applications. These transfer functi
do not have stable inverses. The use of pseudoinverses
vents ‘‘perfect’’ ANC cancellation. It may complicate th
‘‘waterbed effect’’ in some robust feedback ANC.17 While
there is no complete solution to the NMP problem for co
ventional ANC structures, perfect ANC cancellation is an
lytically possible by an extra actuator.18 More importantly,
the extra actuator introduces more DOF to improve robu
ness as to be shown here. This is a new feature of the
posed robust ANC and it does improve performance as v
fied by experiment and numerical results.

It is well known that transfer functions in lightly dampe
enclosures are rational with numerator and denomina
polynomials. There are many sophisticated algorithms id
tifying rational transfer functions with solid bounds on th
parameter errors.19 For the same level of uncertainties in
lightly damped finite duct, it can be shown, analytically a
experimentally, that theH` constraints are less restrictive
expressed in terms of error bounds of numerators and
nominators instead of error bounds of transfer functions
new formulation is derived for robust ANC in finite duct
The resultant ANC has an improved experimental perf
mance. This is another improvement over existing rob
ANC schemes.

For a hybrid ANC, it is important to design a finite d
mensional feedback part to control an infinite dimensio
acoustical field without spillover. There are important resu
on spillover effects and truncation errors.20–22This study im-
proves the available results by including actuator/sensor
namics in the model and tolerating other errors, such as
line variance of path parameters. The new ANC achieves
objective using error polynomials to represent a wide vari
of uncertainties whose effects may be within the frequen
range of interest. This is a more practical method for a c
trol engineer with little background in acoustics to desi
/114(1)/210/8/$19.00 © 2003 Acoustical Society of America



FIG. 1. A typical feedforward ANC
system.
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ANC. Its advantages are explained here with experime
and numerical verifications.

II. ANALYTICAL GROUNDS OF THE PROPOSED ANC

Figure 1 plots a typical feedforward ANC system in
finite duct, with a primary source, a secondary source,
upstream reference sensor, and a downstream error se
The acoustical paths are modeled byP(z), R(z), F(z), and
S(z) for the primary, reference, acoustical feedback, and s
ondary paths, respectively. The reference signalr (z) is
mixed with acoustical feedback when the ANC is active
common way to cancel acoustical feedback is to subt
F̂(z)u(z) from the measured signal, whereF̂(z) is an iden-
tified version ofF(z). As the result, one can express t
error signale(z) as

e~z!5FP~z!1
S~z!C~z!R~z!

12DF~z!C~z!Gn~z!, ~1!

whereDF(z)5F(z)2F̂(z) is the model error of acoustica
feedback path. The ANC system is stable ifiDF(z)C(z)i`

,1 by the small game theory. A typical approach for rob
ANC design10–12is to fit P̂(z), R̂(z), andŜ(z) into the four-
port framework of theH` control theory, and solve for a
stableC(z) that minimizesi P̂(z)1Ŝ(z)C(z)R̂(z)i subject
to iDFC(z)i`,1 if the model error DF(z) could be
bounded byDF .

A problem with the above approach is the NMP disto
tion caused by transfer functions from actuators to usu
uncollocated sensors in ANC applications. This means
unstableS21(z) and makes it impossible to solveiP(z)
1S(z)C(z)R(z)i50 with a stableC(z) even without any
constraints. If subject to iDFC(z)i`,1, iP(z)
1S(z)C(z)R(z)i is definitely non-zero and no smaller tha
what it could be without constraints. It means a sacrifice
performance for robustness when the best achievable pe
mance is an uncertainty in the first place.

It is desirable to improve robustness and performa
simultaneously. A possible way is to modify the ANC stru
ture by adding an extra secondary source. According to
modal theory, path transfer functions in a resonant so
field are rational functions with a common denominator18

namely
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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P~z!5
np~z!

d~z!
, S~z!5

1

d~z!
@ns1~z! ns2~z!#,

and ~2a!

R~z!5
nr1~z!

d~z!
.

The degrees of polynomialsd(z), np(z), ns1(z), ns2(z), and
nr(z) are 2m and 2m21 if the model is truncated to the firs
m modes. A properly designed diagonal transfer mat
C(z)5Diag@c1(z),c2(z)# will translate objective function
iP(z)1S(z)C(z)R(z)i into

inp~z!R21~z!1ns1~z!c1~z!1ns2~z!c2~z!i

50 or a minimum value. ~2b!

This is a Bezout equation13,14 solvable if ns2(z) does not
share roots withns1(z), which is not a problem for mos
ANC applications.18 There exists scalar polynomialsc1(z)
andc2(z), with a finite degree 2m and bounded coefficients
such that Eq.~2b! equals zero.18

For robust ANC, the solution of Eq.~2b! is subject to
iDFC(z)i`,1 that means a tradeoff between performan
and robustness. The objective function may not necessa
be zero if subject to theH` constraint. However, since Eq
~2b! has a zero solution in the unconstrained case, it is r
sonable to expect its constrained solution be better than w
is achievable by the constrained solution of a traditio
ANC, as to be shown in this paper. It will also be made cle
that the extra actuator improves ANC robustness by allow
more DOF in the controller parameters.

Another way to improve ANC performance is to redu
DF when an ANC is subject to the same environment con
tions. Being a bound of uncertainties,DF should bound two
types of possible errors. The initial identification error a
the potential online variance ofF(z). For a rational path
transfer function, the input-output relation can be expres
by an autoregressive and moving average~ARMA ! model

yt2d1yt212d2yt222¯dpyt2p

5n1ut2d1n2ut2d211¯np21ut2d2p11 ,
211Jing Yuan: Robust active noise control in ducts



FIG. 2. The proposed ANC system.
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whereut and yt are the input and output signals of a pa
model. There are many available algorithms19 to identify pa-
rameters$d̂i% i 51

p and $n̂i% i 51
p21. Identification errors and on

line variance of a transfer function may be described
Dd(z) andDn(z), respectively.

In theory, acoustical path transfer functions in a du
have infinite degrees. The identified transfer functions, ho
ever, can only have numerators and denominators with fi
degrees. Uncertainty polynomialsDd(z) andDn(z) also de-
scribe the effect of model truncation in the design of a rob
ANC scheme, especially when the ANC includes a feedb
control part. ExpressingH` constraints in terms of erro
polynomials enables an ANC to tolerate truncation error
tween a finite model and an infinite field. While the exa
forms of Dd(z) andDn(z) are not known, it is possible to
estimate solid bounds on these polynomials.19 For a rational
transfer functionF(z)5nf(z)/d(z), the error polynomials
imply DF(z)5nf(z)Dd(z)2d(z)Dnf(z)/d2(z) and

DF} I 1

d2~z!
I

`

~ uDdu1uDnf u! ~3!

as a conservative bound forDF(z). Similar bounds can be
derived for all paths including secondary paths.

The same level of identification errorsDd(z) andDn(z)
may have different impact toDF(z) depending on
i1/d(z)i` , as suggested by Eq.~3!. For an acoustical field
d(z)50 is the system characteristic equation. This me
large iDF(z)i or iDS(z)i for lightly damped ducts when
both uDd(z)u and uDn(z)u are small. If a robust controlle
can be formulated to tolerateuDd(z)u anduDn(z)u instead of
iDF(z)i or iDS(z)i , then the robust constraints are le
restrictive to the main objective function like Eq.~2b!. This
idea leads to a new ANC design strategy in the present st

If the cross section of a duct is small enough and
duct length is equivalent to a propagation dely ofkl sampling
intervals, then it is not difficult to see

d~z!512gogu~z!gd~z!z22kl,

where 0,go'1 is the round-trip attenuation,gu(z) and
gd(z) represent, respectively, the up- and down-stream
flections of the duct. The resonant condition is characteri
by a round-trip phase condition gogu(e2 j v i)
3gd(e2 j v i)e22 jklv i5g i with positive real numbersg i and
1< i<kl . The i th resonant peak is proportional to 1/(
2g i). Let g5max$gi%, then i1/d(z)i`}1/(12g). An at-
tempt to reduceDF is linked to the attempt to reduceg, as
212 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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suggested by Eq.~3!. Since a properly designed feedba
controller is able to introduce active damping to a sou
field,6 the proposed ANC includes a pole placement contr
ler. Its objective is to reducei1/d(z)i`}1/12g by shifting
all roots ofd(z) into a disc with radiusgm,g.

III. ANC DESIGN PROCEDURES

The proposed ANC structure is depicted in Fig. 2, whe
thick lines represent the paths of vector signals. The ac
tion signal is a vector synthesized by

u~z!5C~z! r̂ ~z!1G~z!y~z!, ~4!

where y(z) represents the feedback signal from the er
sensor, or optionally plus the signal from the reference s
sor. For the sake of simplicity, only the error signal is us
here as the feedback. The ANC design can be carried ou
two steps. The first step is design of a robust feedback g
G(z) and the second one is the design of a robust feed
ward gainC(z).

A. Design procedures for the feedback part

For robust pole placement, one may only work onS(z)
without being distracted by other transfer functions~matri-
ces! in the ANC system. Robust pole placement for a pa
modelS(z) is similar to robust stabilization of a plantS(z)
subject to the same set ofH` constraints. Being a multiple
input–multiple-output~MIMO ! transfer matrix,S(z) has a
left- and a right-coprime factorization,13,14 which are identi-
fied from offline data as

S~z!5
1

d̂~z!
@ n̂s1~z! n̂s2~z!#5d̂21~z!N̂s~z! ~5a!

and

Ŝ~z!5 bn̂s1* ~z! n̂s2* ~z!cD̂* 21~z!5N̂s* ~z!D̂* 21~z!,
~5b!

whereD̂* (z) is a 232 polynomial matrix. The coprime fac
torizations relate to each other by13,14

d̂~z!N̂s* ~z!5N̂s~z!D̂* ~z!. ~6!
Jing Yuan: Robust active noise control in ducts
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There are many sophisticated algorithms to identify th
transfer matrices with sufficient accuracy.19

As stated previously, robust pole placement is very si
lar to robust stabilization. There exists a feedback c
troller13,14

Go~z!5
21

ao~z!
Fbo1~z!

bo1~z!G5 21

ao~z!
Bo~z!

whose elements are scalar polynomials, with finite degr
solved from a Bezout equation

d̂~z!ao~z!1n̂s1~z!bo1~z!1n̂s2~z!bo2~z!5dp~z!. ~7!

This controller is able to force the closed-loop characteri
equation todp(z)50, but is not necessarily robust with re
spect to the uncertainties.

An important feature of the proposed ANC is more DO
in its parameters, thanks to the extra actuator. There exis
arbitrary finite-degree polynomial matrix x(z)
5@x1(z) x2(z)#T to parametrize a family of infinitely many
controllers13,14

G~z!5
21

ao~z!1N̂s* ~z!x~z!
@Bo~z!2D̂* ~z!x~z!#

5
21

a~z!
B~z!. ~8!

All controllers described by Eq.~8! will place the closed-
loop poles as roots ofdp(z)50.13,14 An ANC designer has
ample freedom to choose the most robust controller from
above family.

Due to initial identification errors, environmental var
ance, and model truncation, the real secondary path tran
matrix is given byS(z)5d21(z)Ns(z) that deviates from
Eq. ~5a! by

d~z!5d̂~z!1Dd~z! ~9a!

and

Ns~z!5N̂s~z!1DNs~z!

5@ n̂s1~z!1Dns1~z! n̂s1~z!1Dns1~z!#. ~9b!

When the feedback controller is switched on, the contri
tion of the secondary sources may be described by

Sc~z!C~z! r̂ ~z!5
1

12S~z!G~z!
S~z!C~z! r̂ ~z!

in view of Eq. ~4!. The closed-loop secondary path has
transfer matrix

Sc~z!5
1

12S~z!G~z!
S~z!

5
a~z!

dp~z!1D da~z!1DNsB~z!
Ns~z! ~10!

upon substitution of Eqs.~5!–~9!. If the uncertaintiesDd(z),
Dns1(z), andDns2(z) are bounded respectively by weigh
ing functionsDd , Ds1 , andDs2 , then one would like to find
a controller from the family of Eq.~8! such that~i! roots of
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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dp(z)50 are in a disc with radius 1; and~ii ! the following
constraint is satisfied:

IDda~z!1Ds1b1~z!1Ds2b2~z!

dp~z!
I

`

,1. ~11!

If such a controller exists, then the closed-loop poles w
remain stable as long as the uncertainties remain bounde
their respective weighting functions.

There are available algorithms15,16to solve a robust con-
troller from the family described by Eq.~8!. For ANC appli-
cations, the open-loop poles ofS(z) are always in a disc with
radius g,1. The objective of a feedback controller is
place these poles in a smaller disc with radiusgm,g. The
design conditions are modified to~i! roots ofdp(z)50 are in
a disc with radiusgm,g, and ~ii ! the left-hand side of Eq.
~11! is smaller thangm,g with gm as small as possible. In
view of Eq. ~3!, weighting functionsDd , Ds1 , andDs2 are
generally much smaller thanuDS(z)u or DF , especially for
lightly damped ducts. The closed-loop poles will remain
side a disc with radiusgm,g as long as uncertaintie
Dd(z), Dns1(z), andDns2(z) remain bounded by weighting
functionsDd , Ds1 , andDs2 . Robust pole placement desig
is solvable by available numerical algorithms.15,16A experi-
mental and numerical example will be presented to dem
strate the advantages of the proposed feedback control

B. What is new in the proposed ANC

As stated in the introduction, many researchers h
taken advantage of the potential of hybrid ANC schemes
enhance performance. A possible approach of hybrid and
bust ANC design was proposed to fit relevant transfer fu
tions into a standard four-port frame work ofH` control
theory.17 The controller minimizes selective signals in th
closed-loop. It is expected that minimization of those sign
improves robustness with respect to model uncertaint
Other robust ANC schemes are designed with similar str
gies.

The proposed ANC is designed with a different strate
in that ~1! the objective of the feedback part is pole plac
ment instead of direct noise suppression; and~2! the H`

constraints are specified with respect to error polynomi
This enables an ANC to tolerate small error polynomi
Dd(z), Dns1(z), andDns2(z) that could mean a significan
DS(z) in lightly damped ducts in view of Eq.~3!. The new
strategy and structure enable the feedback controller to p
closed-loop poles inside a small disk as long asDd(z),
Dns1(z), andDns2(z) are bounded by weighting function
Dd , Ds1 , andDs2 . This control part will reduce uncertain
ties in all transfer functions, as to be demonstrated by
merical examples in the Sec. IV.

When a finite dimensional feedback controller, like t
proposed one, is applied to an infinite dimensional syst
like a duct, the problem of model truncation and spillov
becomes important. There are methods or stability conditi
to deal with spillover or ensure stability with respect to tru
cation errors.20–22 The actuator and sensor dynamics, whi
play important roles in ANC control, are absent in tho
models. Inevitable errors in parameters of model matrice
213Jing Yuan: Robust active noise control in ducts



ly
rs
a
ts

o
o

ut
e
u

e
el
o
e

e
r
ig
t
us

ry
N

a
ou
-
d-
ed

se

e

C
m

s

uct

two
way

way
ay
cy
rs,
ns

st
via
a

on-
path

d
y
an-
4
, as
ec-

or-
tion
of
on-

el.
en-
nc-
la-

at

ef-
rs

it

lud-
ct of
t-
t of

tion
are

 26 February 2025 08:59:00
online variance of plant parameters are not considered
Refs. 20–22 that focus on flexible structure with relative
invariant plants. For ANC applications, however, erro
caused by online variance of path parameters may be equ
if not more, threatening to ANC stability since their effec
may be within the frequency band of interest.

On the other hand, bounds on error polynomials are c
servative enough to include the effects of a wide variety
errors in transfer functions identified from input–outp
data.19 The actuator/sensor dynamics are integrated in th
transfer functions. The proposed feedback controller is s
ject to a set ofH` constraints given by Eq.~11! that is in
terms of bounds on error polynomials. It enables the n
ANC to tolerate a wide variety of errors including mod
truncation errors and errors within the frequency band
interest due to online variation of path parameters. In S
IV, the proposed ANC will be shown to work well in a finit
duct. It also tolerates a set of conservative parameter va
tions in simulations. These data show that the new des
strategy makes theH` constraints less restrictive withou
sacrificing robustness. It is an important feature for rob
ANC schemes.

C. Design procedures for the feedforward part

Before designing the feedforward part, the prima
source should be shut-off and the feedback part of the A
should be activated with a control signal

u~z!5G~z!y~z!1v~z! ,

wherev(z) is substituted by a pseudorandom noise sign
By measuring sound signals from all the sensors, one sh
be able to identifyŜc(z) and F̂c(z), respectively. The sub
script ‘‘c’’ indicates that the transfer matrices are ‘‘close
loop’’ ones when the feedback part of the ANC is switch
on. Alternatively, one may shut-offv(z) and turn on the pri-
mary source to identify P̂c(z) and R̂c(z) with u(z)
5G(z)y(z) active. These transfer functions~matrices! are
the design basis for the feedforward part of the propo
ANC scheme.

Starting from this step,u(z) becomes invisible to the
design ofv(z)5C(z)r (z) thoughu(z) remains active and its
effects are included in transfer functions/matrices identifi
by the above process. One may focus onn(z) as the exog-
enous input andv(z) as the control input. The proposed AN
structure fits well into the framework of a four-port syste
for the H` control theory, with a transfer matrix

T̂c~z!5F P̂c~z! Ŝc~z!

R̂c~z! F̂c~z!
G .

The feedforward control part is synthesized byv(z)
5C(z)r (z). Its objective is given in Eq.~2b!. In this case,
one should substitute scalar polynomialsdc(z), ncp(z),
ncs1(z), ncs2(z), andncr(z) as elements of transfer matrice

Pc~z!5
ncp~z!

dc~z!
, Sc~z!5

1

dc~z!
@ncs1~z! ncs2~z!#,

and
214 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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Rc~z!5
ncr~z!

dc~z!

to replace those given by Eq.~2a!. The correspondingH`

constraint isiDFC(z)i`,1. This problem is solvable by the
availableH` controller design algorithms.15,16

IV. EXPERIMENTAL AND NUMERICAL VERIFICATION

The proposed ANC is tested in an experimental d
with a length of 2 m and a cross section of 11315 cm2. The
primary source locates at one end of the duct while the
secondary sources are, respectively, 80 cm and 120 cm a
from the primary source. The reference sensor is 20 cm a
from the primary source and the error sensor 40 cm aw
from the outlet. The ANC system has a sampling frequen
of 2.4 kHz. The dynamics of actuators, sensors, amplifie
and anti-alias filters are integrated in the transfer functio
without any separate treatment.

An important feature of the proposed ANC is robu
reduction of resonant peaks in the path transfer functions
feedback control. The experiment verifies such effect in
wide frequency range as shown in Fig. 3. The feedback c
trol reduces the magnitudes of the resonant peaks of all
transfer functions inside the duct. This reducesDF and
iDS(z)i in view of Eq. ~3!. Another feature of the propose
ANC is the use of Eq.~2b! to deal with the NMP secondar
path transfer functions for broadband cancellation. The c
cellation effect of the proposed ANC is illustrated in Fig.
where the noise is suppressed in a wide frequency range
shown by the gray-dashed and black-solid curves, resp
tively.

The experimental result demonstrates the ANC perf
mance in the presence of model truncation and identifica
errors. The ANC is also able to tolerate online variance
path parameters. A numerical study is conducted to dem
strate this feature. A duct with a length ofL53.4 m is simu-
lated with the first 10 lightly damped modes in the mod
The damping ratios are chosen in such a way that the op
loop poles have magnitudes 0.994 when the transfer fu
tions are converted into discrete-time models. In the simu
tion, the primary source locates atxp50; the secondary
sources locate atxs150.5 L and xs250.6 L, respectively.
The reference sensor and the error sensor are placedxf

50.2 L andxe50.7 L, respectively.
One way to model the online variance is to let the co

ficients ofDd(z) andDn(z) be zero-mean random numbe
with s50.05 for a transfer function with denominatord(z)
and numeratorn(z). This test may not be realistic, yet
helps to assess the robustness of the ANC whoseH` con-
straints are set conservatively to tolerate uncertainties inc
ing the variance used here. In order to assess the impa
Dd(z) andDn(z) generated this way, a Matlab script is wri
ten to compute and plot the frequency responses of a se
DF1(z)’s given by

DF1~z!5
nf 1~z!

d~z!
2

nf 1~z!1Dnf 1~z!

d~z!1Dd~z!
.

Each member of this set represents a possible distor
caused by a particular version of the variance. The results
Jing Yuan: Robust active noise control in ducts
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FIG. 3. Magnitude responses of a pa
from a secondary source to the erro
sensor with~black-solid! and without
~gray-dashed! feedback damping.
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shown in Fig. 5 where the lightly damped resonant caus
very smallid(z)i` that magnifies the impact ofDd(z) and
Dn(z) to iDF1(z)i` .

The effect of feedback damping can be evaluated
comparing any closed-loop transfer function with its ope
loop counterpart. For demonstration,DFc1(z) is compared
with DF1(z) when subject to the same level of variance
Frequency responses of a set ofDFc1(z)’s are plotted in Fig.
J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
a

y
-

.

6. EachDFc1(z) is computed subject to the same level
variance asDF1(z) is. Comparing Figs. 5 and 6, one can s
that iDFc1(z)i is reduced significantly by the feedback co
trol part. The weight functionDF can be reduced by 20 dB
approximately in the entire frequency of interests.

Since the proposed ANC is subject to a set of less
strictiveH` constraints and does not have the NMP proble
it is expected to have a better cancellation result when s
e
FIG. 4. Magnitude responses of th
primary path to the error sensor with
~black-solid! and without ~gray-
dashed! active control.
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FIG. 5. Frequency responses of a s
of DF1(z)’s ~without feedback con-
trol!, when coefficients ofDd(z) and
Dnf 1(z) are zero-mean random num
bers withs50.05.
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ject to the same level of variances. This is verified by
numerical results shown in Fig. 7. The gray-dashed cu
represents the spectrum of a noise without ANC control. T
black-solid curves represent the spectra of a set of noise
nals with ANC control and subject to a small level of va
ances in the duct. The ANC is shown able to suppress n
in a wide frequency range subject to the online variance
path parameters.
216 J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003
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V. CONCLUSION

A new robust ANC scheme is proposed for finite duc
It uses an extra actuator to achieve ‘‘perfect cancellation’
a broadband noise and introduce extra DOF in robust A
design. Another advantage of the proposed ANC is a n
design strategy for its feedback control part. The new str
ture and the new strategy enable the ANC to tolerate a
et

-

FIG. 6. Frequency responses of a s
of DFc1(z)’s ~with feedback control!,
when coefficients of Dd(z) and
Dnf 1(z) are zero-mean random num
bers withs50.05.
Jing Yuan: Robust active noise control in ducts



f
ll
e
c-
-

FIG. 7. Cancellation performance o
the proposed ANC subject to a sma
level of variances: a gray dashed curv
represents uncontrolled noise spe
trum and the thin-black curves repre
sent controlled noise spectra.
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tain level of uncertainties and truncation errors to ke
closed-loop poles in a disc with a small radius. This redu
the ANC sensitivity to uncertainties in path transfer functio
significantly. The proposed ANC system has an improv
performance and robustness, verified numerically and exp
mentally.
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