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Feedforward Active Noise Controller Design in Ducts
Without Independent Noise Source Measurements

Jwusheng Hu and Jyh-Feng Lin

Abstract—Feedforward control architectures have been widely R —
used in active noise control systems to achieve broad-band noise re- C
ductions. The basic principle of the control algorithm requires that Upstream f »
the feedforward signal, usually the noise source, be independent boundary 2
from the actuator's output. Failure to meet this requirement im-

plies that the overall system contains an acoustic feedback loop and Noise == Ek O
stability and robustness issues become important. This paper inves- A} 7
tigates this problem in a one-dimensional sound field (e.qg., ducts) Reflection Acoustic feedback
using a unidirectional sound wave as the feedforward signal. Con-
troller design based on a distributed parameter model is studied.
Several experiments are conducted to illustrate the design proce-
dure as well as verify the effectiveness of broad-band noise reduc-
tions.

Fig. 1 A schematic diagram of the feedforward noise control in ducts.

Index Terms—Acoustic noise, distributed parameter systems,
feedforward systems, frequency domain analysis, propagation.

N . T I >
d x
I. INTRODUCTION «— —

HE idea of active noise cancellation (ANC) was first raised upstream P Ps) downstream

by Lueg in 1936 [15] and has received much attention _ _ S _
since the 1980's due to the availability of fast and cost-eﬁecti\fﬁ-s)z-ang Pt‘z"g')”;ferotﬁre‘oi‘;pgsgigﬁggﬁ;s‘r‘o}f‘tﬁg%‘:{gﬁ?:hogzﬁ‘j;éfh;"here
electronics [16]. To achieve a broad-band performance, feggliance between microphones;”(s) is the wave propagating downstream
forward control architectures are usually employed. A typicat microphone 1's location, arfd, (s) is the wave propagating upstream at
schematic diagram of feedforward duct noise control is shoWrophone 2's location.
in Fig. 1.

If the feedforward signal is independent of the control signalirement directly (called feedback neutralization [21]) or com-
(i.e., /1), many feedforward types of control algorithms can bgensate for its influence (the Filter-U algorithm [3]). The latter
applied [e.g., least mean squares (LMS) [22], or model matchigge requires knowing the dynamics of the feedback path. An
[11]]. However, when an independent signal is difficult to obtaign-jine identification is not easy since the measurement con-
(e.g., wind noise), the most commonly used approach is to iins the noise signal, which highly depends on the input (i.e.,
stall feedforward sensors at upstream locations (i¢.Asare- the actuator's output) to the path. Second, the parameter space
sult, from a control system viewpoint, the structure is no long@gsociated with these algorithms is usually quite large which
a pure feedforward one because the feedforward signal contqirmsy induce problems such as slow convergence and parameter
the feedback part from the control signal (called acoustic feegkift (see [14]).
back). Therefore, modifications to the control algorithm must a¢first glance, obtaining a unidirectional sound measurement
be made in order to maintain stability. does not solve the acoustic feedback problem completely be-

Removing the influence of acoustic feedback is a very pragayse the wave generated by the actuator also propagates down-
tical problem. Earlier work was geared toward generating a Uikream (j.e., reflection from the boundary, see Fig. 1). It can only
directional sound wave either from microphone measuremegifminate the first path. However, it has been shown [10] that
or a multiple actuator arrangement [4], [2], [13], [19]. Anothegnger ideal conditions, the reflection has no effect on the cancel-
direction is to apply digital signal processing techniques to &jtion principle. Second, there are limitations to generate unidi-
ther subtract the acoustic feedback signal from the sensor mg&stional sound measurements by using ordinary microphones.

Consider a two-microphone measurement in a one-dimensional
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wherec is the speed of sound. Then both upstream and down- x=
stream propagating waves can be solved as

A
Y

A

Pi(s) — e 45 Py(s Xa ’: '
Hi () = =R ~
Py(s) — e £2Py(s) 0 : i | 66)

H5 (s) = =T . (1.2) * T
e Mo @s)

Equation (1.2) shows that at certain frequencies = B
nc7r/d, n=12-- _), the transfer functions are unstable (OFig. 3. _A finite-length du_ct with lengtlL, N(s) the noise signal (primary
. . . source),U(s) the control signal (secondary source), #@ds) andé.(s) the

marginally stable). In practice, the distantean be selected t0 oyndary reflection coefficients.
constrain the control bandwidth belawy = ¢ /d, much like
the scenario in digital control. However, as shown in this paper,
this does not guarantee stability unless a modification is dor!
The analysis can be easily extended to an arbitrary number of EET.
sensors. Essentially, singularities occur at integer-multiples of (1 = fo(s)01(s)e” )Y(x’ 5)
the distances of all sensor pairs. Unless the distances are all — (GB(g:,xdjs) + Gp(z, x4, 5))N(s)
irrational numbers, the situation cannot be avoided. + — -

The term “feedforward” in ANC usually means the control + (G0, 2o, ) + Gyl 20, s))Uils) - (2.1D)

signal is synthesized from the noise measurement before,jfsere Ui(s) = Qus(s)U(s), and Qus(s) denotes the dy-

arrival at the actuator's location. However, if independeptmics of the sensors (e.g., microphones), actuators (e.g.
feedforward signals cannot be obtained, the overall Contrs%eakers) and electronic components, and

architecture is actually a very delicate feedback system regard-

less of the types of algorithms applied. Unfortunately, there is Gh(a 2, s) = [_eff(acfac’) + eo(s)eff(a;+m'):| (2.1¢)
not much work in the control field to analyze these problems. by

Most research applying standard control design techniques for

ANC tend to focus on designing feedback controllers [9], [7],

d whene, > = > z4 (Upstream segment)

[12], [18], [5]. Roughly speaking, the feedforward algorithms Gz, 2, s) = [9 (3)(;%(2&%30’)
. . . D ) ’ 1
mentioned above have a fundamental difference in the plant's )
model. The approach of generating unidirectional waves ob- —Bo(s)0y (s)e™ = 2L+ _’”)} (2.1d)

serves the wave propagation properties, which are characterized
by distributed dynamics. On the other hand, lumped parameter
dynamics are treated when applying digital signal processing . ,
techniques. An interesting point about generating unidirectional G$(w,w’, s) = [90(5)(3_?(”9C )
waves in ducts is that, theoretically, the control law and its (2Lt
performance is independent of the boundary conditions and —Oo(s)p1(s)e™ = )} (2.1¢)
duct's length. It implies that the control method should have a
certain degree of robustness (e.g., under different boundaries).

In this paper, we will discuss the limitations and modifica- ~(z,2',5) = [_e_g(m_m') + el(s)e_g(u_m_m')} (2.19)
tions of using unidirectional wave signals for noise cancellation ¥’

in ducts in a more rigorous control system design manner. W\e notations on the left-hand sides of (2.1c) to (2.1f) are de-

simplify the prpblem, atwo-sensor configuration (Fig. 2) is 4%igned to represent the physical meanings of the right-hand sides
sumed. Experimental results are also presented to demonSté%qgordingly. Namely, subscripf?” means a downstream loca-

the effect of noise reduction and the robustness of the contﬂ%ln (the duct's section af > 2/) while “U” means an upstream

system. one(z < z'). Second, the superscript" means wave prop-
agating in the downstream direction and™in the upstream
Il. SYSTEM MODELING direction. The representation can be easily checked by investi-
Consider an active duct noise control system as shown 9ating the delay operators. Finally, it can be verified that (2.1c)
Fig. 3. Using the one-dimensional approximation, the duct's #-(2.1f) satisfy the following relations:
sponse can be modeled by solving for the Green's function of " " "
the wave equation as (see [8] for more detail) Gp(x,2a,8)GD (Y, 0a, 8) — G (@, %0, )G (Y, 20, 8) = O
whenz > z, (downstream segment with regarditg) (2.2a)

(1 _ 90(3)91(3)672#) V(x,s)
= (G5 (x,24,8) + Gp(w,74,5))N(s) Gr(z,24,8)GE(Y, %0, ) — Gr(z, 20, 8)GH(y, 4, 8) = 0
+ (Gh (@, @4, 8) + Gp(w,240,8)U1(s)  (2.18) (2.2b)
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x=0 L Combining (3.1) and (3.2), the control signal satisfies the fol-
< > lowing equation:
e Xa > : _ _
P X, . i Qus(s)U(s)
' n | | = et
a0s) ; ; ] 8) ( (21, %0, $)Qus(8)U(s) + G (w1, 24,5)N(s))
— — 2s
i o) | T W g (1= bo(s)6s(s)e%1)
l (3.3)
o] | Qe Further, it can be verified from (2.1e) that
The feedforward f 2s [ 4
controller + - s 1= fo(s)f(s)e” =" —e¢ e ml)G (21,24, 8)
e © =1- 90(8)6720_51“1
1 — i) (_e—f(y—wa) 1 90(3)6—%<y+wa>)
_ f(z —Ta) ¥t
lxz—)q N SN _ The unidirectional = —e=t¥ GD(y’ Tay5), VY > Za (3.4)
l-e ° signal Combining (3.3) and (3.4) and using the fact that

G—iD—(yvxdv 8) = Ci(yiml)S/cG—iD—(xlvxdv 8)7 \V/y > T

Fig. 4. The feedforward control system using a two-micropho

"ve have an alternative representation of the controller as
measurement.

Gty s
Qus(s)U(s) = —Gp(y za,5)

N(s), Yy, y>z4 (3.5
I1l. THE FEEDFORWARDCONTROL SYSTEM GB(vaa,S) ()

An ideal structure of feedforward control, as shown in Fig. &quation (3.5) shows that the control law of (3.1) equivalently
consists of a unidirectional signal a delay element and ancancels the downstream propagating wave of the noise. Ap-
ideal compensation filte@;fs(s). Fig. 4 is nothing but feeding plying (3.5) to (2.1a) and using the properties of (2.2a) and
a delayed downstream propagating wave (recovereg)ahto (2.2b), the downstream response becomes
the actuator/(s) directly. It is easy to see that if the boundary 2\ o
reflection coefficienty(s) is zero (i.e., a semi-infinite duct), the (1 — bo(s)b1(s)e™ ) Y(y,s)=0, Vy>uwz, (3.6
acoustic feedback signal from the actudtds) has no effect on
7. Therefore, the principle of cancellation is applied. To expla
that this configuration still works for a nonzefg(s) is a little
bit subtle. To begin with, assume first th@f5(s) exists. The
controller of Fig. 4 takes the following form:

ﬁecond the upstream response after applying the controller is
as shown in (3.7) at the bottom of the page (please see [10]),

Vg < y < x,. |t can be verified that (3.7), shown at the bottom

of the page, is exactly the solution of a duct whose lengthy is

and boundary reflection coefficients aftg(s) aty = 0 and1

- aty = z,. In other words, a total reflection is achieved at the

U(s) . ;
o > s (mama1)] o (@ama1) actuator's location.
_ [Y(x1,s) = Y(ag,s)emslmemo)] emalramm O (s) Equations (3.6) and (3.7) give the ideal closed-loop response
1— ¢ lwama) Ms from disturbance to output. Therefore, to guarantee both

(3.1) performance and stability, the characteristic roots of both
1 — 6o(s)01(s)e= /9L = 0 and1 — fp(s)e /)% = 0
Using (2.1b), the recovered downstream propagating wave ¢aost lie on the left-hand side of the complex plane. These in
be written as turn are satisfied if the following assumptions were observed.
_ _ . Assumption 3.1:6,(s) andé,(s) are stable, proper rational
[V(1,5) = V(sz, 8)e” =] transfer functions, and
[1 - e—%z—m]
+ 9 7 + \
GG S)Ql\qs(s)U(s)GDQ(fl’xd’ SIN(5)) (3.2) This assumption applies to passive boundaries where the
(1 - 90(3)91(3)677L) impedance functions are strictly positive real (see [17]).

16o(jw)| <1 and |6;(jw)| <1, Vw > 0.

—e u—za4) + 90( )eff(y+w4) + e sQra—za—y) _ 90(3)@*§(2Wa+1‘d*y) _

Y(y,s) = - 90(3)6_275% N(s). (3.7
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Fig. 6 The block diagram for the stability analysis of Fig. 5.

Fig. 5. Block diagram of the feedforward control system. - . .
9 9 Y For stability we need to consider the dynamics enclosed by the

dotted line in Fig. 5 (see Fig. 6). The input—output map of Fig. 6
IV. STABILITY ANALYSIS AND CONTROLLERMODIFICATION ~ Can be derived as
Although the effectiveness of the simple control law can b

justified theoretically, it faces several challenges when impl’ei } =(1-F(s)Py(s)™*
mented. The main issue is the stability problem induced from

measurement noise and model uncertainty. From (3.1), the pa- I Pu(s) Py (s) N
rameters required to calculate the control law are two delay pe- x [F(s) F(s)Py(s) F(s)PU(s)} - (4.7)
riods and the compensation filter. In this paper, we only consider €

the uncertainty of the filter because it is unlikely to implement

a precise inverse dPms(s) (e.g., identification errors or non- |n the absence of model uncertainty (i&(s) = 0in Fig. 6), the
minimum phase zeros). Lét andé; be the measurement errorsclosed-loop system is bounded input-bounded output (BIBO)
of Y(z1,s) andY (2, s), respectivelyy the input noise (e.g., stable if and only if(1 — F(s)Py (s))~'F(s) is BIBO stable
quantization error), an@(s) a stable approximation 6f;,5(s) (sincePy (s) is stable by Assumption 3.1). Now

with a stable additive uncertaingys) as

. (1-F(s)Pu(s)) " F(s)
C(s)Qus(s) =1+ 0(s). (4.1) 1 — Bo(s)81(s )C—ZTSL e~ 2(za—w1)
. . . 1-— 90(8)672751"‘1 1— 6725 (w2 —x1)
The closed-loop control system described in the preceding sec- T
tion can be arranged in the block diagram shown in Fig. 5. From % [ J(lx . )} ) (4.8)
(2.1a) and (2.1b), each composition of the block diagram can be —e e
found to be

Dueto poles located on the imaginary axis, the closed-loop feed-

1 GH(y, a,s) + G5y, x4, 5) back block diagram in Fig. 6 is not stable. As stated in Section |,
Pn(s) = X GH(x1,24,8) + Gp(@1, 34, 5) (4.2) these poles are singular points when constructing unidirectional
(5) G (22,24, 8) + Gp(x2, 34, 5) waves. Obviously the performance at those frequencies have to
be sacrificed. From (4.8), the controll®¥s) is modified by
adding a “notch filter,"R. (s), i.e.,
1 _
PD(S) - A(S) (GD(y7 .Z‘a,S) +GD(y7 xa,s)) (43) Fnl(S) _ F(S)RC(S) (49)

1 [GH(xyr,24,8) + Gy (x1, 24, 5)
Py(s) = yAtlyFay UrroTe 4.4
’ (8) |:G£|;(J}2,J;a,$) +GL (‘7;27-7;0«73) ( ) 1 _6_26_5(1,2_301)
R.(s) = 5 . Real{e(jw)} >0,
1-(1- ks(s))c_T(“’Z_’“)

k>0 and ||ke(s)| < 1. (4.10)

(4.5)

T 1 Zamm) | —emEl@em)

e~ fa—mz1) |: 1 :| T
It is obvious thafF',,(s) is stable if the following condition is

satisfied:
and

1
0<k<Inf

A(s) = 1= Bo(s)b1(s)e™ = T (4.6) Gw) + (=) (4.11)
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By makingF,,,(s) a stable filter, the closed-loop system of Fig. ¢

is stable if and only i1 — F.,,(s)Py(s)) ! is stable, i.e., — (1—(l—ke(s))e%(""“’)r(s):’T; >
“2"‘(3'1.“1) J

(1—Fn(s)Pp(s) ™t (- ke(s)T(s))e
- (1 (- ke(s))e—zﬂwz—m) 7(s)
) 1 (4.12) Fig. 7 A closed-loop block diagram equivalent(to— F,..(s)Py(s)) 1.
[1 —(- kE(S)T(s))C_ZTS(mZ_m)} 4 Imaginary
where ’ Supl@y(jo)
el Nao 4 Real
_ = =G - >
T(s) = Lo foh(s)e 7 (4.13) S/ swiaga) 6o
1—6p(s)e e N
v Tt

For analysis, (4.12) can be arranged as Fig 7. Sifice)

is stable by Assumption 3.1, using the small-gain thesg. 8. The possible maximum difference betweer(l — 8,(jw)

orem the closed-loop system of Fig. 7 is BIBO stable if~®“7/®*¢) and (1 — 8o(jw)1 (jw)e2I/)F),

|11 — ke(s)T(s))|] < 1 where]| - || denotes the infinity norm.

This requires that(jw)T'(jw) lies in the right-hand side of A sufficient condition to satisfy the equation above is shown

the complex plane. In other words(s) is responsible for graphically in Fig. 8 and this results in the following constraint

compensating the phase Bfs). DenotingZ.(s) = «(s)T(s), 0n boundary reflection coefficients:

the upper bound of, denoted byk, can be easily found as .
sin ™ [|6o(w)I| + sin ™ (|60 (jw)BL(jw))) = a1+ < Z.

2
_ 4.16
0<k<k, k=min Inf#—i—; ( )
w0l e(jw)  e(—jw) , : : ,
1 1 Equation (4.16) is always true iffo(jw)|| < 1/+/2 since
Inf [T St }} (4.14) ||6o(4w)|l < 1 by Assumption 3.1. In other words, making
w>0[Te(jw) — Te(=jw) f0(jw) small (i.e., more absorption of reflected wave) limits

the phase ofl'(jw) and consequently reduces the effort of
We summarize the stability analysis in the following lemma. designinge(s). Second, a better robustness property can be

Lemma 4.1:Under Assumption 3.1, the closed-loopobtained when the application requires downstream boundary
system of Fig. 7 is BIBO stable iReal{e(jw)} > 0, changes (e.g., outlet airflow control of an air conditioning
Real{e(jw)T(jw)} > 0 and (4.14) hold. duct).

Remark 4.1:A model-based design of the compensation Remark 4.2: To determind’(s) experimentally, observe first
filter £(s) may not be easy sincE(s) is distributed in nature. that the transfer function at a downstream locatiois shown
Alternatively, if the phase off’(jw) is confined in a small in (4.17) at the bottom of the page [see (2.1a)] Taking measure-
region, we can desiga(s) by using a simple phase lead/lagnents at two distinct locations; andz», we have
filter. Notice that if the following condition holds [see (4.13)],

we haveReal{T(jw)} > 0: cin ein ] [yT(s)] | [—e e B
e T2 o2 77(8) - —sg, H(wo,s) | - (418)
¢ Quisls)
51;18(4 (1 — fo(jw)br(jw)e L) As long as the matrix on the left-hand side of (4.18) is well-
o _zei, - conditioned (e.g., frequency range between zeromanfic; —
—Z (1 — bo(jw)e” < ")) < R (4.15) x32]),1/T(jw) can be estimated. If more measurements were
Y (z, 5) —e 7 (r=%a) (1 — 90(5)6_273”3‘1) (1 — 91(8)6_2%”’_'73) B
H(z,s) = — = - Qms(s)
U(s) (1 - 90(3)91(3)6—7’)
s s 257 s 1
L (e—zw - 91(3)6_7Le?’”) T st (4.17)
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taken, optimal estimation such as the least-squares method where

be applied.
Remark 4.3: The performance degradation depends on the k= Sup{ 1 ( re(w)
size of||ke(s)|| [(4.10)]. Specifically, the residual downstream W UTeGw)?
noise can be calculated by replaciB¢s) with F,,,(s) in Fig. 5 -
as Y repIaciicy) wih £ () Fi VG ~ L)) | and
_ _ - . 1 1
Y(z,s) =Yulz,s) x &(s) + &(s), x>z, k = Min Igf m + m )
where Inf [; <R (w
S zGaye \ o)
v (GB(x,xd,s)+G_(x,xd,s)) ; 2
Yo(z,s) = s + |Ta((7w)|27‘ -1 5(“")2 .
d(fl’ 3) 1_ 90(8)91(8)6_7LI \/ k T
£(s) = ke(s)T(s)e™ < (= 2—:;1) Lemma 4.2 summarizes the stability conditions in the presence
1—[1— ke(s)T(s)]e < (2=20) of model uncertainty.

Lemma 4.2:Under Assumption 3.1, the closed-loop

and &> (s) is a stable signal proportional to the measuremesystem of Fig. 9 is BIBO stablReal{e(jw)} > 0,
noise. The signal,(z, s) represents the noise before cancelldReal{s(jw)T(jw)} > 0 and (4.21) and (4.22) hold.
tion. Clearly, the degradation ratig(s) also depends of'(s)
[(4.13)]. V. EXPERIMENTAL VERIFICATION

For a nonzero model uncertaingy(s) [Fig. 6], it can be
shown that the stability of the modified control law depends
(4.19), shown at the bottom of the page. This equation can |
further arranged as Fig. 9 similar to Fig. 7. Similarly, using the
small-gain theorem the BIBO stability of Fig. 9 can be ensured
if Real{T.(jw)} > 0 whereT.(s) = e(s)T(s) and

An experiment was conducted to verify the feedforward con-
I law. The experimental procedure is summarized in the fol-
ﬁ/ing steps:
Step 1) Determine the combined dynamics of speaker and
microphoneQys(z71).
Step 2) Determine the transfer functi@ifs) using (4.18).
If Real{T(jw)} < 0, design a filter(s) such that

1= KLl < 1= 2l o)IT(s) — 1. (4.20) Real{e(jw)T(jo)} > 0.
Step 3) Usez(s),T(s) and (4.21) to find the uncertainty
The value o1 — k7.(jw)| in terms ofk is plotted in Fig. 10. bound|o(s)].

Clearly, to establish the inequality of (4.20), we must have Step 4) Solve the inverse filte€(»~) by the model

matching techniques (as explained latter).

| Iz, (w)] Step 5) Determine the estimated uncertainty bour(de.,

IT.(jw)| 7) usi_ng (5.6)._ This bound can be lowered by in-

for everyw wherel.(jw) = Ry (w) + jlp-(w). creasing the distance of, — 1.

Step 6) Use and (4.22) to find the upper and lower bound
of k£ and determine an appropriate value (i.e., mid-
point).

Step 7) Use (5.4) to implement the control law.

1=2[lo()IIT(s) — 11| >

Or

le(s)|l < 1- Sup |ITC(w)|> . (4.21)

a1
2||7(s) = 1]] T (jw)

Denoting s the estimated uncertainty bound afngd = 1 —
25||T(s) — 1/|, the bounds ok can be derived as

A. ldentification and Design

Fig. 11 shows the experimental setup. The duct's dimensions
are 18 cmx 18 cmx 200 cm and its cutoff frequency g0, 1)
or (1,0) mode is about 945 Hz. For frequency smaller than 945
Hz, only the plane-wave mode is propagating. A digital signal
kE<k<k (4.22) processor (DSP)-based system was used to perform real-time

[1 = Fu(s)Pr(s)(1 + o(s)]
= [1 —(1- ke(s))e_%s(xz_ml)} 1(s)
1

: [1 — (1= ke(s)T(s))e™ ¥ @=221) — 5(s) (1 _ e_z_s<m2_ml>) (T(s) — 1)} . (4.19)
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v

—» {1 -q -kg(s))e'T""*)]f(s) ave!

Yi-n) | g

(1-ke(s)T(s))e * <

2
2 (xy-x,)

o(sl-e < )T(s)-1) -

Fig. 9. A closed-loop block diagram equivalenf{lo— F.,.(s)P¢ (s)(1 + o(s))] 1.

A -k, (jo)

1\

1-2o(jo)|T(jw)-1|

| £r, (@)
T,(jo)

» k
R, (@)
T,(jo)|"

Fig. 10. The plotofl — k7. (jw)| vs,k for everyw whereRr.(w) andIr.(w) denote the real and imaginary partbfjw).

calculations and the sampling rate was chosen to be 5000 Hecurate beyond 800 Hz. The mismatch between this value and
The loudspeaker's diameter used in this experiment was 16 ¢he theoretical one (945 Hz) is probably due to the short distance
The design was implemented directly in the digital domain Hyetween the sound source and measurement points where some
matching various frequency domain criteria described in prevanescent modes still have strong influences. Notice/hiat
vious sections. selected such that — z, < z, — 22 (See Fig. 11). Therefore,
The cutoff frequency represents the control bandwidth of they limiting our control bandwidth to 800 Hz, the plane wave
system approximated by a one-dimensional (1-D) wave equaedel should be an accurate representation to investigate the
tion. Although it can be calculated (945 Hz), we are interestdéeedforward control law.
to see if it can be found experimentally. To begin with, notice The next step is to determine the combined dynamics of
that pure delay operations characterize the wave propagationggeaker and microphon@{;s(s) of (2.1). Placing the speaker
havior in the 1-D model. Therefore, if three measurements weaed microphones in a reflection-free environment (i.e., a full
taken aty;, yo, andys whereys — 71 = y3 — 72 > 0, we have anechoic chamber)ws(s) is approximated digitally (at 5
kHz) by a standard least-squares procedure as (see Fig. 13),
e (¥ (y1,8) + Y (y3,9)) = (L+e )Y (1, 9)
(1 —1.48202" +0.96352~2)

o
or @uis(z™) = (1 — 1.45982—1 + 0.93712~2)
P, s) + Vs, s) 142 « (1—1.71412"1 4+ 0.965922)
Tl =— (1—1.19992—1 + 0.65632—2)
2’ — —
_ T 4 e = 2cos(wr) (5.1) « (1 — 1.854621 4-0.944622)
(1= 1.7097z + 0.95962~2)
wherer = (y» — 11)/c. The left-hand side of (5.1) can be s 4.332027" +2.5328-7%)
determined experimentally. Fig. 12 shows the verification of this (1—1.8777271 +0.9384272)

equation by setting; = 181.4 cm, y> = 188.3 cm andyz = —0.01287278
195.2 cm. Clearly, the 1-D model approximation is no longer X (1—1.82752"14+0.9325272)"

(5.2)
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Fig. 11 Block diagram of the control system,(= 50.3 cm,z, = 57.2 cm andz, = 140 cm).

N

magnitude

-

t
i
i
i

] 1 1 ! ]

] ] 1 i 1

3 t 1 t 1

] ] 1 i ]

1 1 1 1 i 1,
0 100 200 300 400 500 600 700
frequency (Hz)
100 T T T — T T T T T

50

phase(degrees)
o

-100 . s L ' 1 ' - L 4
0 100 200 300 400 500 600 700 800 900 1000

frequency (Hz)

Fig. 12. Experimental verification of the delay operation in the duct described by (5.1) (solid line: experimental data; dashed line theoestical val

To determine the transfer functidfi(s) [(4.13)], we used the lag at low frequency region. Fig. 15 shows the phase response
measurements aji, y2, and ys again. By solving (4.18) at of the filterse(s) ande(s)Z'(s). A digital filter to match this
each frequency, the frequency respons&@f) is calculated as response is selected as

shown in Fig. 14. The three results match very well between

50 and 800 Hz. Below 50 Hz, the results are not consistent ~1-0.95271

1
due to the performance limitation of the loudspeaker used (7)) = 1—-0.852"1" (6:3)
in this experiment. However, Fig. 14 shows that, within the
bandwidth, the phase &(s) is confined within-90°except Rewrite again the control law
in two small regions. The phase compensation fitter) can B B . .
be easily found to makBeal{c(jw)T(jw)} > 0 (see Lemma 0(s) = [Y (w1, 5) = Y (22, 5)e™ s (r27m)] = (amm) oy

4.1 and Remark 4.1). From Fig. 1#,s) should provide phase 8 1—[1— ke(s)]e= = (w2mm0)
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y2 andys; dash-dot liney, andys).
Under 5 kHz samplingz, — 1) /c equals 13 digital delay stepswhereC(>~1) is a stable inverse aDyis(2~1) [(5.2)]. Before
and (z2 — x1)/c equals one delay step where~ 345 m/s. calculatingC(~~1), the uncertainty bound of (4.21) is found
Therefore, the control law is implemented digitally as first to access the inversion accuracy within the control band-
width. Using the frequency responses0f) ande(s)T'(s), the
G [V (a1, 2Y) — 27 F (w0, 2~ 1)z~ 13 - bound is calculated as
z = * =4
1—1[1—ke(z1)]22 llo(s)]| < 0.0055. (5.5)
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Fig. 16. Broad-band results of the feedforward active control in the duct (open-ended at the downstream boundary).

C(z71) is then solved by the model matching techniqueshere || - || denotes the infinity norm and(»~!) =
[1], [6]. Notice that (5.4) contains 13 steps of delay, allowing=*3*C(z~1). The optimal solution ofC(>~1) is then calcu-
C(z71) to be noncausal with a maximum 13 steps of previelated as

[20] [11]. Therefore, the matching formulation is devised as

J =Mincrcra [l = Qus(z7)C" (71| (5.6)

(1—2.24672"1 +13.2152272)
(1 —1.482021 + 0.963522)

C(z™1) = 0.12242"13
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Fig. 18. Broad-band results of the feedforward active control in the duct (downstream boundary covered with a wind screen).

(14 5.8820~1 + 13.2152272

)

(1 —1.7141271 + 0.96592~2)

y (1—1.45982"1 4+ 0.9371277)

(1 —1.854621 +0.944622)

(1—1.19992! +0.65632~2)
(1 —0.6967~~1)

x (1 —1.709727" +0.95962~2)

x (1— 18777271 +0.93842" %)

x (1—1.8275271 +0.9325272). (5.7)

The optimal value of/ in this case is 0.001 575 which is below
the uncertainty bound given in (5.5). This value is then used as
the estimated uncertainty bound, i@+~ 0.001 575 [see (4.21)
and (4.22)}1t Finally, the upper and lower bound b{(5.4)) can
be calculated from (4.22) ds= 0.023 86 andk = 0.146 75.

1In this experiment, we did not consider the model uncertainty induced from

identification errors. There is a chance that (5.5) will be violated. In that case,
one can redesign(s) in (5.3) to give a more relaxed upper bound.
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Fig. 19. Broad-band results of the feedforward active control in the duct (250 cm duct’s length).
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Fig. 20. Magnitude response from primary source to the upstream sensor with different boundary conditions, (solid line) boundakyisapen, (dashed)
the duct's length is changed, (dash dot) boundasy=at L is filled with bubble floss, (dot) boundary at= L is filled with wind screen.

B. Experimental Results The robustness of the control law is dependent upon the phase

Equation (5.4) was implemented on the duct Fig. 11 by setti® the transfer functio'(s) [(4.13)]. Further, as explained in

k = 0.0853 (the mid-point betweeh andk). A pseudo random emark 4.1, the phase could possibly remain in the acceptable

noise was generated to test the effect of noise reduction. Fig.'§§10n when the downstream boundary changes. In other words,
shows the noise spectrum measured at a downstream locali§controller designed in the experiment may still work for dif-

(see Fig. 11). The result indicates a significant broad-band fg/€nt boundaries at the ducts outlet. One can repeat the same
duction within the control bandwidth. procedure as described in Section IV for a precise check. In this
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paper, we simply present the results directly, i.e., changing thgg]
boundary condition and duct's length as follows:

1) the boundary at = 200 cm is covered with bubble floss;

2) the boundary at = 200 cm is covered by a wind screen;

3) the duct's length is changed from 200 cm to 250 cm an?m]

the boundary at outlet is open.

Figs. 17-19 show the cancellation performance, all using thée1
same controller. As a final note, the changes made in 1)— )1 ]
could drastically change the behavior of the dynamic if the mea-
surement is taken at a single point. Fig. 20 shows the transfé}l
functions between the control input and the microphone 1 (see
Fig. 11) of the cases tested. The difference at certain frequency
range could be quite large. Therefore, from the control systeri#3]
viewpoint, the two-sensor measurement has the effect of rey,
ducing the uncertainty. This advantage, however, does not ap-
pear in the design process if the wave propagation propertid®]
were not observed (e.g., using a lumped parameter model). [16]

(9]

V1. CONCLUSION [17]

A study of active noise cancellation in finite-length ducts [18]
using a feedforward structure is presented in this paper. The
feedforward signal is the unidirectional wave obtained by gigj
two-sensor measurement. Since the feedforward signal contains
the influence from the actuator, the overall system can be cast
a feedback control problem from the time-domain perspective.
It is shown that the ideal control law needs modification inf21]
the presence of measurement noise and model uncertainP(2
A frequency-domain based design procedure is proposed to
calculate the modified control law. An experimental procedure
is described to implement the proposed design and results are
demonstrated. Further, experiments with different boundary
conditions and duct lengths were conducted to verify tt
robustness of the control law.
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