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Plant uncertainty is one of the major contributing factors that could affect the performance as well
as stability of active noise contréANC) systems. Plant uncertainty may be caused by either the
errors in modeling, computation, and measurement, or the perturbations in physical conditions.
These factors lead to deviations of the plant from the nominal model, which will in turn affect the
robustness of the control system. In this paper, the effects due to changes in physical conditions on
the ANC system are investigated. The analysis is carried out in terms of performance and robustness
by using a general framework of thé, robust control theory. Thsize of plant uncertainty is
estimated according to the infinity norm of the perturbations to physical conditions, which provides
useful information for subsequent controller design that accommodates both performance and
stability in an optimal and robust manner. The guidelines for designing the ANC systems with
reference to plant uncertainties are also addressed19@3 Acoustical Society of America.
[S0001-496608)02007-4

PACS numbers: 43.50.H{GAD]

INTRODUCTION In this paper, the effects due to changes in physical con-
ditions on the ANC duct silencer are investigated. With the

Active noise control(ANC) has received persistent re- change of various physical conditions taken into account, the
search attention since Lueg filed his patemtdvances in  mathematical model of a low-frequency duct is established.
fundamental theories, control algorithms, and practical appliPerformance and robustness analysis is then carried out by
cations of the ANC field have been achieved and can besing a general framework of thél, robust control
found in much literature, e.g., Refs. 2 and 3. The potential otheory*=° The sizeof plant uncertainty is first estimated ac-
this emerging technology masks somewhat the limitationgording to the infinity norm of the perturbations to various
that prevent the technology from full commercial use. One ofphysical conditions. This provides useful information in
the limitations of the ANC techniques is the robustness probehoosing appropriate weighting functions for designing an
lem of the control systems in the face of plant uncertaintiespptimal feedback controller that accommodates both perfor-
Plant uncertainties influence the performance and even th@ance and stability in a robust manner. The guidelines for
stability of closed-loop feedback control systems so severdesigning the ANC systems with reference to plant uncer-
that ANC methods are sometimes viewed as unreliable againties are also addressed. It should also be remarked that
proaches in comparison with conventional passive means. the discussions of this paper are limited to fixed, feedback

Plant uncertainties generally arise because of the erroystems only. The results do not always apply to other ANC
in modeling, computation, and measurement. In additionmethods such as feedforward structures.
plant uncertainties may be caused by the change of environ-
mental factors. For example, modeling errors are inevitable
prior to an ANC design of a low-frequency duct siIencer," MATHEMATICAL MODELING OF THE LOW-

. EREQUENCY DUCT

where high-frequency modes are usually truncated so that a
controller of reasonable order can be implemented. Aside |n this section, the mathematical models of the sound
from the modeling error, perturbations of the duct systenfields in a rectangular duct subject to various physical con-
may also occur due to variations of physical conditions, e.g.ditions are derived. A duct of lengthis schematically shown
temperature, viscosity, boundary conditions, and so forth. Iin Fig. 1(a). It is assumed that the duct is open at one end and
this sense, plant uncertainties are referred to aspthat  terminated at the other. Below the cutoff frequency, the
variationsdue to changes in physical conditions. These facsound field in the duct can be treated as one dimensional
tors result in deviations of the plant from the nominal model,with spatial coordinatex, 0<x<I. A monopole source is
which in turn affects the robustness of the closed-loop syslocated atx=x,, while the sensor is located &t x,,.
tem. A good feedback ANC system needs a reasonably ac- To begin with, we consider the joint effects due to lin-
curate nominal model for the acoustic plant, which is is asing, viscosity, temperature, and flow. Knowing that, similar
sumed to be linear time-invariagt.Tl). In many control to the loss mechanism due to viscosity of the medium, the
problems encountered in ANC applications, plant uncertaineffect of duct lining is to dissipate acoustic energy at the
ties can be so severe that any attempt to employ stable feedeundaries. As shown in pp. 26—30 of Ref. 12, lining duct
back controllers results in unacceptable performance. walls results in attenuations in the axial direction and the
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terminated microphone d 1D
ac X0 T 147 V2p(x,0) = ¢ gz PO +d(x.) (5
e;f loudspeaker
Xs with the material derivative
Dt dt ~ ox’
@ whereu is mean flow velocityp is the sound pressure, and
- po is the density of acoustic medium. It is assumed that a
loudspeaker microphone open at monopole sourcé is located ak=Xxs.
x=0 m
05 control d(x,t) =vg(t) 8(X—Xs), (6)
x=0.5m loudspeak . .
ouTe wherevg is the volume velocity. Assume further that the
x=0.9m boundary conditions of the duct are

(®) (0t)=0 atx=0 (7)

ax P
FIG. 1. (a) Modeling configuration of the low-frequency duéh) the ex-
perimental configuration of the low-frequency duct. and

p(l,t)=0 at x=I. (8
plane-wave number becomes complex. By the same toke
rather than modeling the duct lining precisely as a boundar
condition, we take a simpler approach to model this attenu-  p(x,t)=q(t)v(x), 9
ation effect by arad hocrelaxation constant, which corre-
sponds to the complex wave number

;ﬁy separation of variables

Eq. (5) can be written into a modal form

sz; (1) d(t)+QiQi(t)+Zl w0 () + G (1) + X\ q; () =bjug(t),
C Vitjwr lj;&i
(10
where w is angular frequency and is sound speetf By h
substituting the definition where
kEB_ja (2) biEVi(XS)1 U(t)Epol}(t),
into Eq. (1) and by collecting real and imaginary parts, the QizlE [(-1)—1],
attenuation constant is obtained
K ~(2j=Lm [cod(i+j—-1)w]-1
a=— [V (wrP- 11 @ T -1
cog(j—i)m]—1
In the following simulation, the attenuation constant or + B 11
equivalently the relaxation constant for each case can be
obtained from the method described in p. 510 of Ref. 11. , |(2i=1)m 2
Following the procedure described in pp. 503-510 of Ref. gi=c(T)"r | '
11, we further assume the normal acoustical impedance of
the lining to beZ=1f x(0.471-)0.392), wheref is the fre- o, L@l 2
quency in Hz. Ai=(c"—u%) | :
Next the temperature is assumed for simplicity to be
uniformly distributed inside the duct. Therefore the effect of With
temperature variation would be to alter the speed of sdfind. 2 (2i—1)7
That is, vi(X)=c¢c(T) \[I_ cosT X (12
c=C /1+l 4) Hence the sound pressuyg, measured by a microphone
0 273 located atx= Xy, is

whereC, is sound speed at 0 °C afdis Celsius tempera- i

ture. Y1) =P(Xm 1) = 2 0j(D)0;(Xp). (13)
It can be shown that the dynamic equation that incorpo- =t

rates the effects due to lining, viscosity, temperature, and o obtain the state-space model, we retain onigodes and

flow for the sound field in the duct’$ let
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x(H)=[9; 9, - a ql whereZ,(s) is the Laplace transform of the specific acoustic
impedance. The relationship between the sound pressure and

y()=ym(t) the particle velocity satisfies the momentum equation
so that ap(x,s) |
(H)=Ax(t)+Bug(t), y(H)=Cx(1), (14) ox - posul.s). (16)
where Thus the problem is formulated as the following modified
j=i+1: A =1 wave equation and boundary conditions:
Lo . © M
| i1s odd: [others: A;=0 1 d 3
N s?+2us — +u? —|p(x,s)
A~ =it A=Qip c(T)? ax ax? |
U] is even: {17V TE Au=hie | 9
others: |1 1S 0dd: A =0 = (1475) -3 P(X,5) + poSu($) S(X—Xy)
J IS even. Aij:wi/Zj/Z
B=[0 b; -~ 0 b,]" such that
r y
ap(0,
C=[Valkw) O+ Vilkw) OJ. PO o,
The second half of the section is focused on the model- (17

ing of the sound field in the duct subject to the radiation 1 ap(l,s)
impedance at the open end. This boundary condition can be p(l,s)=- % Zy(s) ax
described by an impedance functtén

wherec(T) is the speed of sound as a function of tempera-
p(l,s) tureT. It can be shown by some manipulations that the trans-

2i(8)= u(l,s)’ x=l, (15 fer function between any source point and field poift is

[ X<¢

C(T)Z()\Ze)\zx_kle)q)()[e)\z(l—:f)_e)\1(1—§)+(zl /Spo)()\zeﬂz(l—@_)\le)\l(l_§))]

e\, — N )[U— (14 75)C(T) I[N~ N 182+ (Z; /Spo) N\ p(€M1—€22) ]

xX>§& )
C(T)z()\zexlg_)\leng)[exﬁ)\zx_e>\2+>\1x+(zl /Spo)()\le)\l+}\2x_)\ze)\2+}\1X)]

L €M, — N )[UP— (14 75)c(T)?I[N €M1 — N 182+ (Z) [Spo) N A o(€M1— €*2) ]

G(x,&,5) =1

where\ (s) and\,(s) are two roofs of Il. H, ROBUST CONTROL ANALYSIS AND
SYNTHESIS
\2 2us N s? o _ _ o
WZ— (11 5)c(T)2 (1t rs)c(mZ A brief review of theH., robust control theory is given

in this section. Because thd, theories can be found in
(18) : i
much control literatur&;® we present only the key ones
needed in the analysis of our problem. The rest are men-
tioned without proof.

In modern control theory, all control structures can be

(19 described by using a generalized control framework, as de-

picted in Fig. 2. The framework contains a control@fs)
. ) and anaugmented plant [{'s). The controlled variable(t)
whereQ(Xxs,8) is the Laplace transform gfpv¢(t). It should corresponds to various control objectivegt), z,(t), and
be noted that the above solution gives an exact description %fg(t), and the extraneous inpw(t) consists of the reference
the system without truncating any high-order terms. Thusg t), the disturbancel(t), and the noise(t). The signals
Eqg. (18) can be used to calculate the frequency response ar|g§(t) and e(t) are the control inputs to the plant and the

provides complete information about plant uncertainties,easured output from the plant, respectively. The general
However, it is generally difficult to produce dynamic re- input—output relation can be expressed as
sponses, as required in a numerical simulation, based on Eq.

In terms ofG(X,£,s), the Laplace transform of sound pres-
sure at any location in the duct can be expressed as

p(X,S) = G(X!§15)|§:XSQ(XS YS)I

(18) that are not a rational transfer function. To obviate the P1i(s) PiiS)

problem, we simply curve-fit the frequency response of Eq. P(s)= Poy(s) Poys)]’ (20)
S . 21 2

(18) and convert it into a more tractable rational transfer

function by using aMATLAB routine INVFREQS!® where the submatricel3;;(s), i,j=1,2 are compatible par-

239  J. Acoust. Soc. Am., Vol. 104, No. 1, July 1998 M. R. Bai and H. Lin: Plant uncertainty in a duct 239



d(1) 4 so-called standard H, problem finding C(s) such that

A0 T (9)]<1.
w(t)= n1) [ ——> Augmented——% v(t=| Zyt) Insofar as the solution of the suboptimal problem is con-
rt) Plant P, Zs(t) cerned, we would like to remark that th&, algorithms are
by large divided into two classes: the model matching algo-
ut) e(t) rithms (the 1984 approaghand the two Riccati equation al-
Controller gorithms (the 1988 approagh The details are omitted for
c(s) brevity. The interested reader may consult Refs. 4 and 7.
In the sequel, an analysis is carried out for the feedback

structure (Fig. 3 on the basis of the generalized control
FIG. 2 Generalized control frameworR.(s) is the augmented plant and framework. The symbol®,(s) andP,(s) correspond to the
C(s) is the controller. primary (disturbancg path and the secondatgontro) path,

respectively. To find am., controller, we weight the sensi-
titions of the augmented pla?,(s) and the symbols are tivity function S(s) by W(s), the control inputu(t) by
capitalized to represent the Laplace transform variables. Thé/,(s), and the complementary sensitivity functidiis) by
main idea of theH., control is to minimize the infinity norm  W,(s), where the sensitivity function and the complemen-
of the transfer functiorT ,,,(s) betweeny(t) andw(t) that tary sensitivity function are defined, respectively‘’as
can be expressed by theear fraction transformatioLFT)

~ 1
T,u(S)=LFT(P(s),C(s)) S(8)= TP sCis) P,(5C(s) (23)
=P14(S)+ P1AS)C()[ 1= Px(s)C(5)] 'P2y(S). and
21
(@ = P,(s)C(s)
Hence the optimaH.. problem can be stated as T(s)= 17 P,(5C(s)" (24)
EISTHTVW(S)HDCZQL? _wililleTVw(lw)H- (22) Note thatS(s)+T(s)=1. To achieve disturbance rejection

and tracking performance, the following nominal perfor-
However, instead of finding the optimal solution, which is mance condition must be satisfied

generally very difficult, one is content with the suboptimal

solution that can be analytically obtained. This becomes the ||§(s)Wl(s)Hw< 1. (25
= - I =
~ primary patt microphone
le=——— secondary path———=»{
noise >|j loudspeaker
source
controller |
(@
Augmented Plant G(s)
ST T T T T T T T T T T T |
[ !
d(r) — £ L Wi 20
' |
+ .
r(t) Wacs) p—2> 7,01

: ) u(t) + '

|

Controller

FIG. 3. System diagrams of the active silencer diagrgasDuct arrangementb) block diagram of the feedback control.
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TABLE I. The mathematical models of the sound field in the duct subject toyyaterbed effeatflictate the performance and robustness of the
different physical conditions. feedback design. This classical trade-off renders the so-
called mixed sensitivity problefh

Radiation
Model Flow Temperature impedance Lining ~ =
[[S()Wa(9)] +[T(5)Wa(s)] <1 (28
1
2 X which is also a necessary and sufficient condition for the
3 X controller to achieve robust performance.
4 X X In terms of the generalized control framework, the
2 ; N input—output relation of the augmented plant corresponding
7 X to the feedback structure is
8 X X
Z4(s) Wi(s) —W;y(s)Py(s)
Zys)| | © Wo(s) D(s) X
On the other hand, for system stability against plant pertur- Zis)| | o W;(S)Py(s) U(s) (29
bations and model uncertainties, the robustness condition de- E(s) 1 P.(s)
— 2

rived from thesmall-gain theorerhmust also be satisfied
Hence it can be shown by LFT that the suboptimal condition

IT(8)Wa(s)]l..<1. (26) of the feedback controller is

The choice ofWj;(s) is determined by the size of uncertainty ~

A that is defined in W1(s)S(s)
~ W,(s)S(s)C(s) <1. (30
P,=(1+A)P,, 2 >~

o0

whereP, and P, are the nominal and the perturbed plants,

respectively. The idea behind this definition of uncertainty is;;; \UMERICAL SIMULATION

that A is the plant perturbation away from the nominal one

and soA(jw)| provides the uncertainty profile and the peak ~ Numerical investigations were carried out to explore the

of which (evaluated by the infinity norprenders the size of characteristics of the forgoingi..-based active controller

uncertainty. subject to various plant perturbations. In the simulation, a
In the common practice of loop shaping;(s) is cho-  rectangular duct with 0.280.25-m cross sectiorfcutoff

sen as a low-pass function ai;(s) is chosen as a high- frequency=690 H2 and of lengh 1 m isselected. A mono-

pass function. The guidelines for choosing weight functiongole source is located at one end of the duct, while the duct

can be found in pp. 255-268 of Ref. 8. It is well known thatis left open at the other er{€Fig. 1(b)]. Another loudspeaker

the trade-off betweef(s) andT(s) in conjunction with the located atx=0.5 m is used as the actuator. The sensor is
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FIG. 4. Frequency response of the derived model and a real m(dfieived model:

; real muffler: -x- (a) Magnitude(dB); (b) Phase(degree.
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TABLE Il. The system poles and zeros of model 1. The asterisk denotes nonminimal phase zeros.

Primary path

Secondary path

Zeros (X 10°)

Poles (x 1C°)

Zeros (X 10°) Poles (x 10°)

*2.2725+1.5081
—0.0004+-3.5118
—2.2731+1.5076

—0.0005-0.5341
—0.0005-1.6022
—0.0005+2.6703
—0.0005+3.7384

gain=—2.7876

—0.0005-0.5341
—0.0005+1.6022
—0.0005+-2.6703
—0.0005+3.7384
gain=5.5771

*1.8564+1.3748
—0.0005+3.4732
—1.8573-1.3742

TABLE Ill. The system poles and zeros of model 2. The asterisk denotes nonminimal phase zeros.

Primary path

Secondary path

Zeros (X 10°) Poles (x 10°) Zeros (X 10°) Poles (x 10°)
*2.2599+1.5705 —0.0202+0.5336 *1.8403+1.4189 —0.0202+0.5336
—0.1094+3.5101 —0.0412+1.6017 —0.1074-3.4716 —0.0412+1.6017
—2.2848+1.4459 —0.0675+-2.6695 —1.8726+1.3305 —0.0675+-2.6695

—0.1253+3.7364

gain=—2.7876

—0.1253+3.7364
gain=5.5771

TABLE IV. The system poles and zeros of model 3. The asterisk denotes nonminimal phase zeros.

Primary path

Secondary path

Zeros (X 10°)

Poles (x 10%)

Zeros (X 10°) Poles (x 1C°)

*1.4423+2.5471

*1.5192
—1.9499
—2.7569+2.7680

—0.0216+0.5332
—0.0276+1.6020
—0.0321+2.6678
—0.0463-3.7372

gain=—2.7876

*1.3320+2.1803
—0.4164+3.0452
—1.7659-2.6509

—0.0242+-0.5299
—0.0276+1.5902
—0.0321+2.6510
—0.0463-3.7577
gain=5.5771

TABLE V. The system poles and zeros of model 4. The asterisk denotes nonminimal phase zeros.

Primary path

Secondary path

Zeros (x 10°)

Poles (X 10%)

Zeros (X 10°) Poles (X 10°)

*1.3320+2.1803
*1.5192
—1.9499
—1.7659+ 2.6509

—0.0242+-0.5321
—0.0469+1.6004
—0.0714-2.6413
—0.1329+-3.7331

gain=—2.7876

—0.0242+-0.5321
—0.0469+1.6004
—0.0714+2.6413
—0.1329+3.7331
gain=5.5771

*1.4560+2.2013
—1.2504+1.9087
—1.8106+2.6430
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60 ' ' ' ' ' T T stationary mediunfmodels 1 and 2 in Table kare listed in
Tables Il and Ill, respectively. The system poles and zeros of

40t 1 the unlined duct and the lined duct for the moving medium
(mean flow velocity=30 m/s; models 3 and 4 in Tablgdre
20l ] listed in Tables IV and V, respectively. Before showing the

result, a brief note regarding duct lining is in order. The
importance of passive lining that has often been overlooked
in ANC design lies in not only high-frequency attenuation
but also the robustness of active control with respect to plant
uncertainties® With proper damping treatment, the plant can
be gain-stabilized even when the flexible modes are poorly
of . modeled. Another benefit of passive lining is that a lower
order of plant model can usually be obtained than the lightly
, , , , , , , damped plants so that numerical error is reduced. The impor-
10 20 00 400 50 S0 700 800 tance of passive treatment can be seen by noting the effect of
requency (Hz)

flow subject to different lining conditions. By comparing the
FIG. 5. _Plant gncertainty due to n_ﬁc_)ving mediymean-flow velocity=30 nominal model 1 and the perturbed model 3, the plant uncer-
m/s). Without lining: ; with fining: ---. tainty due to flow calculated for the unlined duct is shown by
a solid line in Fig. 5. Similarly, by comparing the nominal

located atx=0.9 m. In what follows, a series of numerical Model 2 and the perturbed model 4, the plant uncertainty due
experiments will be conducted to explore the effects of flow,[0 flow calculated for the lined duct is shown by a dashed
temperature, and radiation impedance on the system. To althe in the same figure. The peaks of uncertainty appear at
the comparison, the models used in the simulation unddihe resonances and antiresonances of the nominal perturbed
various physical conditions are summarized in Table I. plants. However, as seen in Fig. 5, the peaks of the lined duct
To show how well the derived model matches a reaj@re lower than those of the unlined duct. This implies that the
duct silencer, the frequency response magnitude and phase[gﬁssive lining ind.eed has the desirable .effect of neutr'alizing
model 2 is compared with a real silencer with lining in p. 27 SyStém perturbation. The smaller the size of uncertainty is,
of Ref. 12. The comparison shown in Fig. 4 indicates that thdh€ less the requirement of robust stability and the more
derived model agrees reasonably well with a real silencer. 00m for achieving performance in the control design. On
In the first experiment, the effect of flow on the duct the basis of the plant uncertainty due to flow, optimal con-
silencer is examined. In addition, it is demonstrated in thigrollers can be obtained for both the unlined duct and the
experiment that the size of uncertainty due to flow relies orlined duct by using the aforementionetd. design procedure
whether the duct is lined or not. In the lined duct, the walls(Fig. 6). The resulting loop shaping of sensitivity functions
of the duct are lined with absorbing material. The lining Versus weight functions for the unlined duct and the lined
thickness and the flow resistance of the absorptive liningluct are shown in Figs. 7 and 8. The active control results in
material are 0.025 m and 4000 mks rayls, respectively. Th&rms of the power spectrum of sound pressure at the sensor
cross section of the lined duct is intentionally chosen to bé0sition are shown in Fig. 9. It can be observed that the
the cross section of a duct in p. 503 of Ref. 11. Using theperformance of the lined duct is better than the unlined duct
mathematical model derived in the last sections, the systedl2 dB versus 7 dB at the peak of 85 Hand also the
poles and zeros of the unlined duct and the lined duct for th&ffective control band of the lined duct is wider than the
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FIG. 6. Magnitude(dB) of frequency responses of thd.. controllers  FIG. 7. Loop shaping for the unlined duehean-flow velocity=30 m/s. (a)
(mean-flow velocity=30 m/9. (a) Unlined duct;(b) lined duct. Wi (s): - versusS(s): ——; (b) W5 (s): -+ versusT(s): ——.
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perturbation is concerned. In fact, for the unlined duct, the
control band of the unlined duct. It is noteworthy that Fig. 9plant uncertainty is so severe that virtually no controller can
shows good control at low frequency down to 0 Hz becauséneet the requirements of thid,, design. Hence only the
the acoustic sources used in the simulation are ideal poirtontroller for the lined duct is calculated on the basis of the
sources. Practical acoustic actuators should have poor rg!ant uncertainty. For brevity, we omit the frequency re-
sponse at the very low-frequency range. sponse of the controller and show only the result of active
In the second experiment, the effect of temperaturecontrol in Fig. 11. Noise attenuation is achieved by using the
variation on the silencer is examined. It is assumed that théned duct in the band 0—-150 Hz. Nevertheless, noise ampli-
temperature is changed from 25 to 90 °C for both the unlinedication around the second peak at 280 Hz indicates the dif-
duct and the lined duct. By comparing the nominal model 1ficulty in designing the controller to accommodate the per-
and the perturbed model 5, the plant uncertainty due to teniurbation due to temperature variation.
perature variation calculated for the unlined duct is shown by  In the third experiment, the effect of radiation imped-
a solid line in Fig. 10. Similarly, by comparing the nominal ance at the open end of the duct is examined. The Laplace
model 2 and the perturbed model 6, the plant uncertainty duansform of radiation impedance is assumed to Ze
to flow calculated for the lined duct is shown by a dashed= —0.01s*+100s that is intentionally made larger than that
line in the same figure. The plant uncertainty shows stron@f an open end. This situation may happen, for example,
peaks(maximum 45 dB for the unlined duct, while the plant when the open end of the silencer is near a wall. Because the
uncertainty of the lined duct shows only moderate variationsimportance of passive lining against plant uncertainty has
This sharp contragtvhich is even more pronounced than the been manifested in the previous cases, we now explore the
forgoing case of flow effegtindicates again the need of pas- effect of radiation impedance on only the lined duct. Taking
sive lining, insofar as the system robustness against systemodel 2 as the nominal case and model 8 as the perturbed
case, the corresponding plant uncertainty is shown in Fig. 12.
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TABLE VI. The system poles and zeros of model 5. The asterisk denotes nonminimal phase zeros.

Primary path

Secondary path

Zeros (X 10°) Poles (x 10°)

Zeros (X 10°) Poles (x 10°)

*1.5114+2.4650 —0.0005+0.5950

*1.7214 —0.0005-0.7851
—2.1520 —0.0005+2.9752
—1.9453+2.9362 —0.0005+-4.1653

gain=—2.7876

1.4876+2.5214
1.2390-3.7165
1.9416-2.9247

0.0005+0.5950
0.0005+1.7851
0.0005+2.9752
0.0005+4.1653
gain=5.5771

TABLE VII. The system poles and zeros of model 6. The asterisk denotes nonminimal phase zeros.

Primary path

Secondary path

Zeros (X 10°) Poles (X 10%)

Zeros (X 10°) Poles (x 10°)

*1.5114+2.4650
—1.7214+2.1520
—1.9453+2.9362

—0.0202+0.5950
—0.0412+1.7851
—0.0675-2.9752
—0.1253-4.1653
gain=—2.7876

*1.4892+2.4319
—1.6754+-2.2347
—1.8892+2.8764

—0.0202+0.5950
—0.0412+1.7851
—0.0675-2.9752
—0.1253+4.1653
gain=5.5771

TABLE VIII. The system poles and zeros of model 7. The asterisk denotes nonminimal phase zeros.

Primary path

Secondary path

Zeros (X 10°) Poles (x 10°%)

Zeros (X 10°) Poles (x 1C°)

*1.6763+2.5082 —0.0005-0.5162

*1.4182 —0.0005+ 1.5486
—1.8490 —0.0005+2.5811
—1.2425+2.0380 —0.0005+3.6135

gain= —2.7876

*1.6043+2.5732
—1.1432:2.1746
—1.2226+2.0457

—0.0005-0.5162
—0.0005+1.5486
—0.0005+-2.5811
—0.0005+3.6135
gain=5.5771

TABLE IX. The system poles and zeros of model 8. The asterisk denotes nonminimal phase zeros.

Primary path

Secondary path

Zeros (X 10°) Poles (X 10%)

Zeros (X 10°) Poles (X 10%)

*1.2113+1.9981 —0.0202-0.5158

*1.3855 —0.0412+1.5451
—1.8884 —0.0675-2.5784
—1.2113+1.9981 —0.1253+3.6012

gain=—2.7876

*1.2145+1.9972 —0.0202-0.5158

*1.4255 —0.0412+1.5451
—1.8912 —0.0675-2.5784
—1.2318+1.9841 —0.1253+3.6012

gain=5.5771

245  J. Acoust. Soc. Am., Vol. 104, No. 1, July 1998

M. R. Bai and H. Lin: Plant uncertainty in a duct

245



60 T T T

@
S

~
=]

400

[o:3
=]
T

o
t=]
T

200

-20r \

400

IS
(=3
T

Magnitude (dB})
o

Pressure Power Spectra (dB)
N w
(=] =

-
o
T

=

A
=)

-60
0

20 . . . . ‘ ‘ .
100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
Frequency (Hz)

Frequency (Hz)

FIG. 12. Plant uncertainty due to radiation impedance at open end. Without|G. 14. The active control results for the lined duct subject to the effect of
lining: ; with lining: ---. radiation impedance in terms of the power spectrum of sound pressure at the
sensor positioricontrol off: ; control on: --}.
The plant uncertainty due to radiation impedance appears . . . .
less drastic than the temperature effect. On the basis of ﬂ%ﬂ}ﬁi‘g;‘j approximate the delay with a rational functlon
plant uncertainty, optimal controllers are obtained for the® :[1_(.0'016—5/2)]/[1+(0'016—'5/2)]' The active
lined duct by using theéd., design procedure. The resulting control results in terms (.)f the power spegtrum of sound pres-
loop shaping of sensitivity functions versus weight functions>""® at the sensor position are shown in F'g.' 15. It can pe
is shown in Fig. 13. The active control results in terms of the>SeN that the performar_me of the system without delay is
power spectrum of sound pressure at the sensor position aPc%tter than the syste_m with delgl0 versus 2 dB at the peak_
shown in Fig. 14. It can be observed that the effective controf 87 HZ)‘ The effective coniro| band of the former system is
bandwidth is approximately 140 Hz and the first peak Ofalso wider than that of the latter system.
sound pressure at 82 Hz is attenuated by approximately 1
dB. The poles and zeros of models 5—8 are shown in TabIeR/' CONCLUSIONS
Vi=IX. The effects on stability and performance due to pertur-
In the last experiment, the effect of time delay is inves-Pations in physical conditions on ANC systems are investi-
tigated. The microphone is originally located 0.9 m  gated. The analysis is carried out by using a general frame-
and the control source is locatedxat 0.5 m, which gives a Work of the H.. robust control theory. The size of plant
time delay of 0.0167 s. Then, the control source is moved ta/ncertainty is assessed according to the perturbations in
Xx=0.9m. This Corresponds to the so-calBmllocated con- phySical conditions. Optlmal controllers that accommodate
trol. In doing so, the waterbed effédn conjunction with  both performance and stability are designed vid.asynthe-
nonminimal phase zeros and time delay can be alleviatéd. Sis procedure. The term optimal controller means that the
Except the delay, all physical conditions in the duct are simi-controller is optimally comprised to achieve maximum noise
lar to those in model 1. The Pade’s approximatios em-  reduction under the constraint of robust stability.
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