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Improving robustness of active noise control in ducts

Jing Yuan?
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 controlléANC) is proposed here for finite ducts. While tHe 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 reldkesconstraints 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 ducRO@3 Acoustical Society

of America. [DOI: 10.1121/1.1579005

PACS numbers: 43.50.HKAC]

I. INTRODUCTION The first improvement is related to nonminimum phase
. (NMP) transfer functions from actuators to usually uncollo-
ANC has been proven by many researchers as a V|abl(e ) . o y )
> : L cated sensors in ANC applications. These transfer functions
method-? for noise suppression in low frequency ranges . .
. . . . do not have stable inverses. The use of pseudoinverses pre-
where traditional passive noise control devices become . y . .
. vents “perfect” ANC cancellation. It may complicate the
massy, bulky, or less effective. Many ANC schemes synthe; terbed effect” i bust feedback ANEWhil
size feedforward signals to suppress noise at measured loc fraterbed efiect: in some robust Teedbac e
ere is no complete solution to the NMP problem for con-

tions. A feedforward ANC usually depends on an accuraté

secondary path model to adjust its control transferventional ANC structures, perfect ANC cancellation is ana-

function®~° Feedback ANC schemes, if properly designed,lytica"y possible by an extra actuattr.More importantly,

are able to introduce active damping to sound fi@lHigbrid the extra actuator introduces more DOF to improve robust-
feedforward and feedback ANC is an active researcH€SS as to be shown here. This is a new feature of the pro-
topic.”~° Most of the ANC schemes are based on an assumpposed robust ANC and it does improve performance as veri-
tion that acoustical paths are linear time invariant. fied by experiment and numerical results.

In reality, acoustical paths, while linear, are not neces-  Itis well known that transfer functions in lightly damped
sarily time invariant. Online variance of acoustical paths€nclosures are rational with numerator and denominator
could affect stability of an otherwise stable ANC. Design of Polynomials. There are many sophisticated algorithms iden-
robust ANC schemes attracts attentions of many reIifying rational transfer functions with solid bounds on the
searcherd®12A common practice of robust ANC design is parameter error$. For the same level of uncertainties in a
to fit an ANC scheme into the standard four-port frameworklightly damped finite duct, it can be shown, analytically and
of robust control theory?** and solve a robust controller experimentally, that thél.. constraints are less restrictive if
subject to a set oH., constraints. TheH., constraints for expressed in terms of error bounds of numerators and de-
robust ANC’s are commonly in terms of error bounds of nominators instead of error bounds of transfer functions. A
transfer functions, with more weighting outside the controlnew formulation is derived for robust ANC in finite ducts.
band than the in-band regidh. The resultant ANC has an improved experimental perfor-

Since parameters dfl.. controllers are usually numeri- mance. This is another improvement over existing robust
cal solutions of objective functions subject to certain ANC schemes.
constraints>®it is difficult to predict the performance of a For a hybrid ANC, it is important to design a finite di-
robust controller when one designs the structure and formumensional feedback part to control an infinite dimensional
lates the control objective artd.. constraints. Some general acoustical field without spillover. There are important results
design principles would bél) specifying a control objective on spillover effects and truncation erréfs22This study im-
as achievable as possibl@) allowing more DOF in control-  proves the available results by including actuator/sensor dy-
ler parameters; an(B) relaxing, wherever possible, the.  namics in the model and tolerating other errors, such as on-
constraints without sacrificing robustness. This article willjine variance of path parameters. The new ANC achieves this
show that there is room to improve a robust ANC by adopt-pjective using error polynomials to represent a wide variety

ing the above principles. of uncertainties whose effects may be within the frequency
range of interest. This is a more practical method for a con-
3Electronic mail: mmjyuan@polyu.edu.hk trol engineer with little background in acoustics to design
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ANC. Its advantages are explained here with experimental Np(2) 1
and numerical verifications. (2)= A2 S(z)= ﬁ[nsl(z) Ns2(2)],
and (23
Il. ANALYTICAL GROUNDS OF THE PROPOSED ANC
Figure 1 plots a typical feedforward ANC system in a n,1(2)

finite duct, with a primary source, a secondary source, an R(z)= dz)

upstream reference sensor, and a downstream error sensor.

The acoustical paths are modeled®§z), R(z), F(z), and

S(z) for the primary, reference, acoustical feedback, and secthe degrees of polynomiati(z), n,(2), ns1(2), nsx(2), and
ondary paths, respectively. The reference sign@) is n,(z) are 2n and 2n—1 if the model is truncated to the first
mixed with acoustical feedback when the ANC is active. AMm modes. A properly designed diagonal transfer matrix
common way to cancel acoustical feedback is to subtracde(2) =Diagci(2),c2(2)] will translate objective function
E(2)u(2) from the measured signal, whef€z) is an iden-  ||P(2) T S(2)C(AR()] into

tified version of F(z). As the result, one can express the

error signale(z) as Inp(2)R™1(2) + ng1(2)c1(2) +ngz(2)Co(2)||

S(2)C(2)R(2) =0 or a minimum value. (2b)

1-AF(zC(»)|" @ @

e(z)=|P(2)+
This is a Bezout equatidn'* solvable if ng,(z) does not

share roots withng;(z), which is not a problem for most

where AF(z)=F(z)— F(2) is the model error of acoustical AN applications® There exists scalar polynomiats (2)
feedback path. The ANC system is stablgAfF(2)C(2)]|.. andc,(z), with a finite degree & and bounded coefficients,

<1 by the small game EheoryA. A typicaIA approach for robustsuch that Eq(2b) equals zerd®
ANC desigrt®~*?is to fit P(z), R(z), andS(2) into the four- For robust ANC, the solution of Eq2b) is subject to
port framework of theH., control theory, and solve for a |AEC(2)||l..<1 that means a tradeoff between performance
stableC(z) that minimizes||P(z) +$(z)C(z)R(z)|| subject and robustness. The objective function may not necessarily
to [[AeC(2)|..<1 if the model errorAF(z) could be be zero if subject to thél.. constraint. However, since Eq.
bounded byAr. (2b) has a zero solution in the unconstrained case, it is rea-
A problem with the above approach is the NMP distor-sonable to expect its constrained solution be better than what
tion caused by transfer functions from actuators to usuallys achievable by the constrained solution of a traditional
uncollocated sensors in ANC applications. This means aNC, as to be shown in this paper. It will also be made clear
unstableS™(z) and makes it impossible to solMiP(z) that the extra actuator improves ANC robustness by allowing
+S(2)C(2)R(2)||=0 with a stableC(z) even without any more DOF in the controller parameters.
constraints. If subject to [|ArC(2)|.<1, [P(2) Another way to improve ANC performance is to reduce
+S(z)C(2)R(2)| is definitely non-zero and no smaller than A when an ANC is subject to the same environment condi-
what it could be without constraints. It means a sacrifice otions. Being a bound of uncertaintie’sy should bound two
performance for robustness when the best achievable perfatypes of possible errors. The initial identification error and
mance is an uncertainty in the first place. the potential online variance d¥(z). For a rational path
It is desirable to improve robustness and performancéransfer function, the input-output relation can be expressed
simultaneously. A possible way is to modify the ANC struc- by an autoregressive and moving aver&§BMA) model
ture by adding an extra secondary source. According to the
modal theory, path transfer functions in a resonant sound _ .
field are rational functions with a common denominafor, §i-duyi =0y dpYtp
namely =NqUi—g+NoUi—g—1+"Np_1Ui—d—p+1,
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whereu; andy; are the input and output signals of a path suggested by Eq3). Since a properly designed feedback
model. There are many available algorithf® identify pa-  controller is able to introduce active damping to a sound
rameters{d;}P_, and {A;}P~. Identification errors and on- field,° the proposed ANC includes a pole placement control-
line variance of a transfer function may be described byler. Its objective is to reduckl/d(z)|..<1/1—y by shifting
Ad(z) andAn(z), respectively. all roots ofd(z) into a disc with radiusy,,<7.

In theory, acoustical path transfer functions in a duct
have infinite degrees. The identified transfer functions, how-
ever, can only haye numerators and denominators with finit§, Anc DESIGN PROCEDURES
degrees. Uncertainty polynomiaisd(z) andAn(z) also de-
scribe the effect of model truncation in the design of arobust  The proposed ANC structure is depicted in Fig. 2, where
ANC scheme, especially when the ANC includes a feedbackhick lines represent the paths of vector signals. The actua-
control part. Expressingd., constraints in terms of error tion signal is a vector synthesized by
polynomials enables an ANC to tolerate truncation error be-
tween a finite model and an infinite field. While the exact u(z)=C(2)f(z2)+G(2)y(z), (4)
forms of Ad(z) and An(z) are not known, it is possible to
estimate solid bounds on these polynomidiBor a rational ~where y(z) represents the feedback signal from the error
transfer functionF(z) =n;(z)/d(z), the error polynomials sensor, or optionally plus the signal from the reference sen-

imply AF(2)=n¢(z)Ad(z) —d(z)An(z)/d?*(z) and sor. For the sake of simplicity, only the error signal is used
1 here as the feedback. The ANC design can be carried out in

AFOC‘ 2—‘ (|Ad|+]An¢]) (3)  two steps. The first step is design of a robust feedback gain
d“(2)| . G(z) and the second one is the design of a robust feedfor-

as a conservative bound farF (z). Similar bounds can be Ward gainC(z).

derived for all paths including secondary paths. A. Design procedures for the feedback part
The same level of identification errafsd(z) andAn(z)

may have different impact toAF(z) depending on ) ; X . :
11/d(2)]l.., as suggested by E€B). For an acoustical field, without being distracted by other transfer functidinsatri-

d(2)=0 is the system characteristic equation. This mean§®9 iN the ANC system. Robust pole placement for a path

large ||[AF(2)|| or ||AS(2)| for lightly damped ducts when m(i)qlel tS(tZ)t;]S similar totrgfbust st?bi_liztati%n of a pla%_z)l
both |Ad(z)| and |An(z)| are small. If a robust controller SUPJ€Ct 10 th€ Same Set Bl constraints. Being a multipie-

can be formulated to toleratAd(z)| and|An(z)| instead of mput—multlple-outqu(MIMO) t_ran;ferlérlnatr_lx,S(z) has a

IAF(2)| or [AS(z)], then the robust constraints are Iesslgft' and a nght—coprlme factorizatior,** which are identi-

restrictive to the main objective function like E@b). This fied from offline data as

idea leads to a new ANC design strategy in the present study.
If the cross section of a duct is small enough and the

duct length is equivalent to a propagation delkp$ampling

intervals, then it is not difficult to see

d(2)=1— yoyu(2) va(2)Z~ %, and

where 0<y,~1 is the round-trip attenuationy,(z) and
v4(2) represent, respectively, the up- and down-stream re-
flections of the duct. The resonant condition is characterized
by a round-trip phase condition y,y,(e ')
X yq(e~ e 2kiei= 5. with positive real numbers; and
1<i<k;. The ith resonant peak is proportional to 1/(
—1v;). Let y=maxy}, then|1/d(z)|..=<1/(1— 7). An at- A .
tempt to reduce\ is linked to the attempt to reducg as d(2)Ng (2)=Ng(2)D*(2). (6)

For robust pole placement, one may only work $(z)

1
(2)

S(2)= ——[Ag1(2) Pgp(2)]=d"X2)Ng(2) (58

o>

S(z)=|h%(2) A%(2)|D* X2)=NZ(2)D* (2),
(5b)

whereD* (z) is a 2x 2 polynomial matrix. The coprime fac-
1 torizations relate to each other By
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There are many sophisticated algorithms to identify thesel,(z)=0 are in a disc with radius 1; an@) the following
transfer matrices with sufficient accuracy. constraint is satisfied:

Aga(z)+Ag01(2)+Agby(2) H

As stated previously, robust pole placement is very simi-
lar to robust stabilization. There exists a feedback con- <1. 11
(11)
troller314 dp(2) l..
—1 |boy(2)| —1 If such a controller exists, then the closed-loop poles will
Go(2)= 7 2 | bo(2)] = mBo(Z) remain stable as long as the uncertainties remain bounded by
0 (0}

their respective weighting functions.

whose elements are scalar polynomials, with finite degrees, There are available algorithdts®to solve a robust con-
solved from a Bezout equation troller from the family described by E8). For ANC appli-

- N o cations, the open-loop poles $fz) are always in a disc with

d(2)a5(2) +Ms1(2)bo1(2) + As2(2)bo2(2) =p(2).  (7)  p556 y<1. The objective of a feedback controller is to
This controller is able to force the closed-loop characteristiqplace these poles in a smaller disc with radigs<y. The
equation tod,(z)=0, but is not necessarily robust with re- design conditions are modified (o roots ofd,(z) =0 are in
spect to the uncertainties. a disc with radiusy,,<v, and(ii) the left-hand side of Eq.

An important feature of the proposed ANC is more DOF (11) is smaller thany,,<y with y,, as small as possible. In
in its parameters, thanks to the extra actuator. There exists atiew of Eg. (3), weighting functionsAy, Ag;, andAg, are
arbitrary  finite-degree  polynomial  matrix x(2) generally much smaller thajd S(z)| or Ag, especially for
=[x1(2) x2(2)]" to parametrize a family of infinitely many lightly damped ducts. The closed-loop poles will remain in-

controllerg®4 side a disc with radiusy,,<7y as long as uncertainties

1 Ad(z), Ang(2), andAng,(z) remain bounded by weighting

G(@)= (B2~ D" (9x(®)] s solvable'by csaiable fimerical algorthEeA expert
ao(2) +Ng (2) x(2) y 9 ' P

mental and numerical example will be presented to demon-

-1 @ @® strate the advantages of the proposed feedback control part.
=——B(2).
a(z)
All controllers described by Eq8) will place the closed- B- Whatis new in the proposed ANC
loop poles as roots adl,(z)=0.*'* An ANC designer has As stated in the introduction, many researchers have
ample freedom to choose the most robust controller from theéaken advantage of the potential of hybrid ANC schemes to
above family. enhance performance. A possible approach of hybrid and ro-

Due to initial identification errors, environmental vari- pust ANC design was proposed to fit relevant transfer func-
ance, and model truncation, the real secondary path transfebns into a standard four-port frame work 6f,, control
matrix is given byS(z)=d *(z)Ng(z) that deviates from theory” The controller minimizes selective signals in the
Eq. (53 by closed-loop. It is expected that minimization of those signals
improves robustness with respect to model uncertainties.

d(2)=d(z)+2d(2) (%a) Other robust ANC schemes are designed with similar strate-
and gies.
. The proposed ANC is designed with a different strategy
Ng(z)=Ng(z)+ANg(2) in that (1) the objective of the feedback part is pole place-
=[Ns1(2) +ANng(2) N(2) +Ang(2)]. (ob) ~ment instead of direct noise suppression; @y the H..

_ _ _constraints are specified with respect to error polynomials.
When the feedback controller is switched on, the ContrlbU-ThiS enables an ANC to tolerate small error po|ynomia|s

tion of the secondary sources may be described by Ad(z), Ang(z), andAng,(z) that could mean a significant
1 AS(2) in lightly damped ducts in view of Eq3). The new
S:(2)C(2)f(2)= ——=——=—=—S(2)C(2)f(2) strategy and structure enable the feedback controller to place
1-S(z2)G(2)

closed-loop poles inside a small disk as long &d(z),
in view of Eg. (4). The closed-loop secondary path has aAng(z), andAng(z) are bounded by weighting functions
transfer matrix Ay, Ag, andAg,. This control part will reduce uncertain-
ties in all transfer functions, as to be demonstrated by nu-
merical examples in the Sec. IV.
When a finite dimensional feedback controller, like the
a(2) . 10 Ipliopos(;ad oncra], is a;tj)[l)lied tfo andir:finite dimensioc;lal s;lystem
= Ng(z 1 ike a duct, the problem of model truncation and spillover
dp(2)+4 da(z)+ANSB(2) becomes important. There are methods or stability conditions
upon substitution of Eq$5)—(9). If the uncertaintiead(z), to deal with spillover or ensure stability with respect to trun-
Ang(2z), andAng,(z) are bounded respectively by weight- cation error€®-22The actuator and sensor dynamics, which
ing functionsAy, Ag, andAg,, then one would like to find  play important roles in ANC control, are absent in those
a controller from the family of Eq(8) such that(i) roots of = models. Inevitable errors in parameters of model matrices or

1
S(2)= ms(z)
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online variance of plant parameters are not considered in Ner(2)

Refs. 20—22 that focus on flexible structure with relatively ~— Re(2)=

e - dc(2)

invariant plants. For ANC applications, however, errors _ _
caused by online variance of path parameters may be equalf@ replace those given by E¢2a). The correspondingi..

if not more, threatening to ANC stability since their effects constraint is]AC(2)[|..<1. This problem |?6solvable by the
may be within the frequency band of interest. availableH., controller design algorithms:

On the other hand, bounds on error polynomials are con-
servative enough to include the effects of a wide variety ofV. EXPERIMENTAL AND NUMERICAL VERIFICATION

errors in transfer functions identified from input—output The proposed ANC is tested in an experimental duct
datal® The actuator/sensor dynamics are integrated in thesgith a length 62 m and a cross section of X115 cn?. The
transfer functions. The proposed feedback controller is sulsrimary source locates at one end of the duct while the two
ject to a set ofH.. constraints given by Eq11) thatis i secondary sources are, respectively, 80 cm and 120 cm away
terms of bounds on error polynomials. It enables the neWyom the primary source. The reference sensor is 20 cm away
ANC to tolerate a wide variety of errors including model fom the primary source and the error sensor 40 cm away
truncation errors and errors within the frequency band ofom the outlet. The ANC system has a sampling frequency
interest due to online variation of path parameters. In Secyf 2 4 kHz. The dynamics of actuators, sensors, amplifiers,
IV, the proposed ANC will be shown to work well in a finite anq anti-alias filters are integrated in the transfer functions
duct. It also tolerates a set of conservative parameter variggiinout any separate treatment.
tions in simulations. These data show that the new design ap important feature of the proposed ANC is robust
strategy makes thél., constraints less restrictive without requction of resonant peaks in the path transfer functions via
sacrificing robustness. It is an important feature for robusteedpack control. The experiment verifies such effect in a
ANC schemes. wide frequency range as shown in Fig. 3. The feedback con-
trol reduces the magnitudes of the resonant peaks of all path
] transfer functions inside the duct. This reduc&s and
C. Design procedures for the feedforward part [AS(2)| in view of Eq.(3). Another feature of the proposed
Before designing the feedforward part, the primaryANC is the use of Eq(2b) to deal with the NMP secondary

source should be shut-off and the feedback part of the AN@ath transfer functions for broadband cancellation. The can-
should be activated with a control signal cellation effect of the proposed ANC is illustrated in Fig. 4

where the noise is suppressed in a wide frequency range, as
shown by the gray-dashed and black-solid curves, respec-
wherev(z) is substituted by a pseudorandom noise signaltively.

By measuring sound signals from all the sensors, one should The experimental result demonstrates the ANC perfor-
be able to identifyS,(z) and F.(z), respectively. The sub- Mance in the presence of model truncation and identification
script “c” indicates that the transfer matrices are “closed- errors. The ANC is also able to tolerate online variance of
loop” ones when the feedback part of the ANC is switchedPath parameters. A numerical study is conducted to demon-
on. Alternatively, one may shut-off(z) and turn on the pri- Strate this featu_re. A du_ct with a length bf=3.4 m is simu-
mary source to identifyl5c(z) and éc(z) with u(2) lated with _the f|r_st 10 lightly damped modes in the model.
—G(2)y(2) active. These transfer functiorimatrices are The damping ratios are chosen in such a way that the open-

the design basis for the feedforward part of the propose&fmp poles have ma_gnitudes 0'994 when the ”a”SfeF func-
ANC scheme. tions are converted into discrete-time models. In the simula-

tion, the primary source locates a,=0; the secondary
sources locate axg;=0.5L andxs,=0.6 L, respectively.
dThe reference sensor and the error sensor are placed at
=0.2 L andx,=0.7 L, respectively.

One way to model the online variance is to let the coef-
ficients of Ad(z) andAn(z) be zero-mean random numbers
with 0=0.05 for a transfer function with denominatd¢z)
and numeraton(z). This test may not be realistic, yet it
Pdz) S.(2) helps to assess the robustness of the ANC whdsecon-
R(2) Ed2) : _straints are_set conservatively to tolerate uncertaintie_s includ-

¢ ¢ ing the variance used here. In order to assess the impact of

The feedforward control part is synthesized tfz) Ad(z) andAn(z) generated this way, a Matlab script is writ-
=C(2)r(2). Its objective is given in Eq(2b). In this case, ten to compute and plot the frequency responses of a set of
one should substitute scalar polynomialg(z), ncy(2), AF(2)’s given by
N.s1(2), N.(2), andng,(z) as elements of transfer matrices

u(z2)=G(2)y(2) +Vv(2),

Starting from this stepu(z) becomes invisible to the
design ofv(z) = C(2)r(z) thoughu(z) remains active and its
effects are included in transfer functions/matrices identifie
by the above process. One may focusn{m) as the exog-
enous input and(z) as the control input. The proposed ANC
structure fits well into the framework of a four-port system
for the H,, control theory, with a transfer matrix

T(2)=

Nf1(2)  Nua(2) +ANg(2)

AF(z)=
Nep(2) 1 ! d(z d(z)+Ad(z
P2)=g o D= g g [Neal® Nea(2)] (2 d@rad)
¢ ¢ Each member of this set represents a possible distortion
and caused by a particular version of the variance. The results are
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shown in Fig. 5 where the lightly damped resonant causes & EachAF_;(z) is computed subject to the same level of
very small||d(2)||.. that magnifies the impact afd(z) and  variance ad\F,(z) is. Comparing Figs. 5 and 6, one can see
An(2) to |AF1(2)]|=. that|AF.,(2)|| is reduced significantly by the feedback con-
The effect of feedback damping can be evaluated byrol part. The weight functiom\g can be reduced by 20 dB

comparing any closed-loop transfer function with its open-approximately in the entire frequency of interests.

loop counterpart. For demonstratioAF.;(z) is compared Since the proposed ANC is subject to a set of less re-
with AF,(z) when subject to the same level of variances.strictiveH., constraints and does not have the NMP problem,
Frequency responses of a set\d¥.;(z)’s are plotted in Fig. it is expected to have a better cancellation result when sub-
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ject to the same level of variances. This is verified by theV. CONCLUSION

numerical results shown in Fig. 7. The gray-dashed curve

represents the spectrum of a noise without ANC control. The A new robust ANC scheme is proposed for finite ducts.
black-solid curves represent the spectra of a set of noise sidt uses an extra actuator to achieve “perfect cancellation” of
nals with ANC control and subject to a small level of vari- a broadband noise and introduce extra DOF in robust ANC
ances in the duct. The ANC is shown able to suppress noisgesign. Another advantage of the proposed ANC is a new
in a wide frequency range subject to the online variance oflesign strategy for its feedback control part. The new struc-
path parameters. ture and the new strategy enable the ANC to tolerate a cer-

40

20

Magnitude (dB)
o

-20
-40 ' !
-60
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1 FIG. 6. Frequency responses of a set
. Normalized Frequency (xr rad/sample) of AF¢(2)'s (with feedback contro)
! when coefficients of Ad(z) and
100 An;y1(z) are zero-mean random num-

bers witho=0.05.

Phase (degrees)

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Normalized Frequency (xr radsample)

216  J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003 Jing Yuan: Robust active noise control in ducts

00:65:80 G20z Areniged 9z



o i
2 K FIG. 7. Cancellation performance of
'§ the proposed ANC subject to a small
= level of variances: a gray dashed curve
? represents uncontrolled noise spec-
= trum and the thin-black curves repre-
Y sent controlled noise spectra.
-60!
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalzed Frequency (xn radsample)

tain level of uncertainties and truncation errors to keep®E. Esmailzadeh, A. Alasty, and A. R. Ohadi, “Hybrid active noise control
closed-loop poles in a disc with a small radius. This reduces of & one-dimensional acoustic duct,” ASME J. Vibr. Acoub24, 10-18
the ANC sensitivity to uncertainties in path transfer functionslo(zooz‘

ianifi v. Th d ANC h . d B. Rafaely and S. J. Elliott, “K/H,, active control of sound in a headset:
significantly. € propose __SyStem ‘?‘S an lmprove_ Design and implementation,” IEEE Trans. Control Syst. Techrigl.
performance and robustness, verified numerically and experi-79_g4(1999.

mentally. 13.Y. Lin and Z. L. Luo, “Internal model-based LQC/Hlesign of robust
active noise controllers for acoustical duct systems,” IEEE Trans. Control
ACKNOWLEDGMENT Syst. Technol8, 864—872(2000.

12M. R. Bai and P. Zeung, “Synthesis of a robust broadband duct ANC
The work described in this paper was substantially sup- Systém using convex programming approach,” J. Acoust. Soc. Hrh.
ported by a grant from the Research Grants Council of thegl751_1757(2003'

. . ) . . B. A. Frances, “A course irH,. control theory,” in Lecture Notes in
Hong Kong SpeC|aI Administration Reglo(‘PrOJect No. Control and Information Sciencegdited by M. Thoma and A. Wyner
PolyU 5175/01k (Springer-Verlag, New York, 1987

M. VidyasagarControl System Synthesis: A Factorization Appro&dir

1 . ) . Press, Cambridge, MA, 1985
E.gg.zl'\lelson and S. J. ElliotActive Control of Soun@Academic, London, 158, M. Chen,Robust and H Control (Springer, London, 2000
2C. H. Hansen and S. D. Snydétive Control of Noise and VibratiofE 16p_ Gahinet, A. Nemirovski, A. J. Laub, and M. Childliil Control Tool-
and FN Spon, London, 1997 box (The.MathWorks, _Inc., Massaghusetts, 1})95 _
33, M. Kuo and D. R. MorganActive Noise Control Systems—Algorithms M. R. Bai and H. H. Lin, “Comparison of active noise control structures
and DSP Implementatior@Viley, New York, 1998. in the presence of acoustical feedback by usingHhesynthesis tech-
4L. J. Eriksson, “Development of the filtered-U algorithm for active noise _nique,” J. Sound Vib206, 453-471(1997).
control,” J. Acoust. Soc. Am89, 257—-265(1997). 183, Yuan, “Relaxed condition for ‘perfect’ cancellation of broadband noise
5D. H. Crawford and R. W. Stewart, “Adaptive IIR filtered-v algorithms ~ in 3D enclosures,” J. Acoust. Soc. Arti07, 3235-32442000.
for active noise control,” J. Acoust. Soc. Ari01, 2097—21031997. 19G. C. Goodwin and K. S. Sirdaptive Filtering, Prediction and Control
6J. Yuan, “Global damping of noise or vibration fields with locally synthe-  (Prentice-Hall, Englewood Cliffs, NJ, 1984
sized controllers,” J. Acoust. Soc. Am11, 1726-17332002. 20\, J. Balas, “Feedback control of flexible systems,” IEEE Trans. Autom.
’S. J. Elliott and T. J. Sutton, “Performance of feedforward and feedback Control 23, 673—679(1978.
systems for active control,” IEEE Trans. Speech Audio Procés214— 2IM. J. Balas, “Trends in large space structure control theory: fondest
223(1996. hopes, wildest dreams,” IEEE Trans. Autom. Con2@) 522—-5351982.
8W. Tseng, B. Rafaely, and S. J. Elliott, “Combined feedback-feedforward??M. J. Balas, “Stable feedback control of linear distributed parameter sys-
active control of sound in a room,” J. Acoust. Soc. A4, 3417-3425 tems: time and frequency domain conditions,” J. Math. Anal. A@25
(1998. 144-167(1998.

J. Acoust. Soc. Am., Vol. 114, No. 1, July 2003 Jing Yuan: Robust active noise control in ducts 217

00:65:80 G20z Areniged 9z



