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Abstract

An active noise control (ANC)
scheme for suppressing duct noise based
on the Ho control synthesis are
proposed. The proposed approach is a
hybrid controller that incorporates a
feedback compensator. The controller

are designed in terms of performance,

stability, and robustness by using a
general framework of the o robust
control theory. In addition to the fixed
controller, the system 1s further
enhanced by introducing an adaptive
compensator based on the least-mean-
algorithm. Youla

square (LMYS)

parameterization i1s  employed in



designing the adaptive compensator so
that the resulting system 1s internally
stable. Experimental investigations
demonstrate that the proposed methods
are effective i suppressing broadband
random noises and transient noises in a
finite-length duct.
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Active noise control (ANC)
techniques have attracted much research
attention because it provides numerous
advantages over traditional passive

methods 1n attenuating low-frequency

noises In ANC applications to date,
feedforward control has been widely
used. The filtered-x least-mean-square
(FXLMS) method and its variants have
been regarded as one of the most
mportant feedforward ANC algorithms
Aside from the difficulty of obtaining an
upstream correlated reference, acoustic
feedback has been a plaguing problem
that usually anses in feedforward
structure. The anti-sound output to the
loudspeaker not only cancels noise
downstream by minimizing the error
signals measured by the error
microphone but also radiates upstream
to the reference microphone Whenever
acoustic feedback is present, a positive
feedback loop will exist between the
canceling  loudspeaker and  the
feedforward microphone, which tends to
destabilize the ANC system.

This paper adopts a new approach
to tackle the acoustic feedback problem
i the ANC application domain. Semi-
adaptive Heo controllers based on a
hybrid scheme is proposed. The H.,
synthesis automatically incorporates the

acoustic feedback path into the control

design. To alleviate the problem, the



hybrid structure is employed to improve
its robustness Youla parameterization 1s
employed in the design of the adaptive
compensator so that the resulting system
1s internally stable
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The Fixed H _ Controllers

The general input-output relation can be
expressed as

{V(z)}{&(z) PH(Z)MW(Z)}
E()] [A(2) By()]LU@&]
_ W (2)

_PV(Z)|:U(Z):| ©)

The rationale of the H_ control is to

minimize the infinity norm of the

transfer function 7,,(z) Hence, the

mathematical statement of the optimal

H_ problem reads

Tww (QJH)H :

min ||T‘,W(z)||oo =min sup
) C(=) 0<6<2

m
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However, instead of the optimal solution,
only the suboptimal solution can be
analytically obtamned and this becomes
the so-called standard Hoe problem:
finding C(2) such that ||TW (z)||oo <l1.

The He algorithms are by large
the model

divided into two classes:

matching algorithms and the two Riccati

equation algorithms. In the study, we
adopt the latter approach because it has
better numerical properties than the
former.

As mentioned previously, acoustic
feedback generally causes detrimental
effects to the ANC systems. The
positive feedback loop must be taken
mto account in the design of controllers.
Indeed, the beauty of the H, general
framework lies in the fact that it needs
no special treatment insofar as acoustic
feedback 1s concerned.

Although the feedforward
controller is effective in broadband noise
attenuation, its performance could vary
drastically with system perturbations It is
then desirable to develop an ANC
controller capable of accommodating
these detrimental effects. To this end,

we ntroduce another  feedback

controller to the feedforward system in
order to improve the system robustness,
while on the other hand the advantages
of the

feedforward controller are

preserved. This is what we term the
hybrid  structure that has Dbeen
mvestigated in some literature  The

block diagram of the hybnd structure



with acoustic feedback 1s illustrated in
Fig. 1. To find a Hw controller, we
weight the error signal e(k) by m;(z),
the control mput u(k) by w,(z), and the

downstream sensor output y(k) by W3(z2).

The input-output relation of the

augmented plant corresponding to the

hybrid structure can be expressed as

Z42)]
ZH2)
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The suboptimal condition of the Hw

hybrid controller.

In H, control synthesis, the optimal
tradeoff between performance and
stability 1s achieved by tuning the
weighting functions
W,(z),W,(z),and W,(z) that generally
chosen to be low-pass, constant, and

high-pass, respectively.

The Semi-Adaptive /7  Controllers

In practical applications, ANC

schemes with more flexibility should be
sought

performance of the system. Nest an

to  further enhance the

adaptive compensator based on LMS
algorithm to the original fixed controller.
Because of the coupling between the

fixed controller and the adaptive

compensator, we refer the scheme as the
semi-adaptive controller.

The semi-adaptive hybrid structure
A3 shown m the block diagram of Fig. 2.
o) heart of the semi-adaptive design,

U(z)

W), represents the adaptive

compensator that is aimed to fine-tune
the fixed controllers. With this setting,
the model-matching problem can be

expressed as
(C+W)-PC,
1-F(C,+IW)+SC,

Q)

2>

T[P+S ]

min
W

Note that 7(z), acts like a weighting
function. In practice, 7(z)may not be
measurable so that analytical modeling

or heuristic guess is needed.

The compensator W(z) must be
designed with care under the constraint

that the resulting system is internally



stable. For a stable SISO plant K(z), the

Youla’s theorem states that the

controllers W(z) that guarantee the
mternal stability of the closed-loop

system can be parametrized as

_XEHMEPE) 6)

W) ,
Y(@)-NGEX(E)

where the parameter O(2) is some stable,

proper, and real-rational function

(denoted as Q(z ) URH ™),

K((z)=N(z)M(z)

_ - F(2)
1-Cy(2)F(2)*C(2)S(2)

is the coprime factorization of K (7),
and X(z)URH® and Y (z)URH®

satisfy the Bezout identity

NEX(E)+M(EY ()=1.00)
If the plant is proper and stable, as 1t 1s
Im our case, simply let

M(z)=1, N(z)=K(z), X(2)=0,

one may

and V' (z) =1. Then the compensator in

Eq. (10) turns out to be

= 7
W(:):—I—KQ(E)Q)Q(:)' @
Substituting Eq. (7) into the

minimization problem in Eq. (4) leads to

min|[T[P+S
QORH"

(I_KQ)(q —PC, )+Q 1
(1-KQ)(1-FC, +8C,)+FQ

®)
The Q

. (Z), can be obtained by using

the LMS algorithm, in that O(z) is an
FIR filter. With this choice, the
requirement mn the Youla’s
parameterization that (O(z) must be
proper and stable 1s automatically
satisfied. The update formula for the
LMS algorithm 1s derived as follows.
The update equation for the parameter

filter O(k)
Q(k +1) =0(k) —p x' (k) e(k),(9)

where x'(k) =m(k) * x(k) 1s the filtered
mput signal. After Q,pt (z) 1s obtamed

from the LMS iteration, the optimal

controller W,

0,
7R 6o, @)

(z) can be recovered by

(10)

As pomted out by the reviewer, the
neglected terms in the gradient and the
use of truncated impulse response might

weaken somewhat the stability, although

this 1s not evidenced in the study.
WA R A
The semi-adaptive hybrid active

noise controller has been developed for



suppressing duct noise. The controller

design 1s based on a general framework
of the H, theory that takes into
account performance, stability, and
robustness of the control system. The
Ho synthesis procedure automatically
mcorporates the acoustic feedback path.
These ANC system was implemented by
using a floating-point DSP. However, it
1s justified in the experimental results of
a finite-length duct obtained by using the
semi-adaptive H, hybrid control, the
performance has been improved by
mtroducing the feedback compensator
and the LMS compensator, where the
Youla parameterization is employed in
designing the adaptive compensator.
Even in the presence of serious acoustic
feedback, the proposed method show
potential 1in

suppressing not only

stationary noises but also transient
noises that are commonly encountered in

mdustrial applications.
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Hybrid ANC

Figure 1. structure

mcluding an acoustical feedback path.
(a) Experimental setup; (b) control block
diagram.
Figure 2.  Block diagram of the semi-

adaptive H_, hybrid controller.
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Fig 2
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