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A feedforward active noise control (ANC) system combined with the passive silencer is built to reduce the
acoustic noise propagating through the ventilation duct. The passive silencer consists of two layers which
are made of aluminum plate and the perforated panels respectively, the cavity between the two layers is
filled with the melamine foam. To overcome the two issues encountered in the active noise control for
ventilation duct, i.e., the turbulent flow noise and the acoustic feedback, the emphasis of ANC system
is the internally placed microphones module. The module is made of a perforated panel shell filled with
the melamine foam, the reference and error microphones are both placed in the melamine foam. The real
experiments show that the passive silencer has more than 20 dB noise attenuation at frequencies above
600 Hz, ANC can obtain more than 10 dB noise attenuation from 70 Hz to 200 Hz (the maximum 17 dB at
150 Hz) when the wind speed increases from 5 m/s to 10 m/s. In addition, the module is easy to install
and maintain, and its manufacturing cost is also acceptable.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

In many modern environments such as the hotel and office, the
ventilation is handled by a mechanical ventilation duct system,
which often generates the broadband noise due to the fan and
motor. The noise propagates along the duct, radiates into the room
at the outlet and annoys the occupiers [1–4]. The passive silencer is
often used to effectively attenuate the high frequency noise but
tends to be relatively large and bulky for control the low frequency
noise. One method to improve the low frequency noise attenuation
in the duct with acceptable size and weight is active noise control
(ANC) [5–8]. The single channel feedforward ANC system is often
used in the ventilation duct system due to its good stability and
noise attenuation performance, it comprises an upstream micro-
phone (reference microphone) to detect the noise propagating in
the duct and generate a reference signal for the ANC controller that
steers a loudspeaker (secondary source), a downstream micro-
phone (error microphone) to monitor the residual noise and let
the controller adjust itself to minimise the residual noise [9–11].

However, adequate attenuation of the ANC system in the venti-
lation duct is difficult if the following two issues are not solved.
The first issue is the turbulent flow noise, i.e., both the reference
microphone and error microphone sense the sound propagating
through the duct as well as the turbulent flow noise generated
by the airflow around the microphones [3]. The turbulent flow
noise reduces the coherence between the reference microphone
and the error microphone, results in degraded performance of
the feedforward ANC system. Several microphone installation
methods are presented to reduce the influence of the turbulent
flow noise, such as the windscreen [12,13], the probe tube [14],
and outer microphone cavity [3]; The second issue is acoustic feed-
back, i.e., the secondary signal generated by the loudspeaker will
travel upstream to the reference microphone, it may lead to the
performance degradation and stability problems of the feedfor-
ward system [3,4,7,10]. There were mainly two kinds of methods
to mitigate the acoustic feedback, one is by the adaptive algorithm,
such as the feedback neutralization algorithm [10] and the robust
controller design methods [15,16], the other is by acoustic arrange-
ments, such as the dual reference microphones sensing [17], par-
ticular secondary loudspeakers [4,18] and the passive silencer [3].

Considering the ease of applying ANC in the practical ventila-
tion duct, there may be some shortcomings in the above methods,
for instance, if the microphones are installed with the probe tube
inside the duct, the location inside the duct brings difficulties to
the accessibility and maintenance of the microphone setup. If the
microphones are installed in the cavity outside the duct and con-
nected to the inside of the duct through a small slit on the duct
[3], certainly it is easy for maintenance and to protect the micro-
phone from air pollution and moisture, but milling the slit and
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mounting the cavity requires new manufacturing processes and
may damage the original structure, these are negative to integrate
the ANC system into the ventilation system.

In this paper, a hybrid active and passive noise control system is
built for the ventilation duct system, where the passive silencer is
designed to attenuate high frequency noise, the feedforward ANC
system is integrated into the passive silencer to further reduce
the low frequency noise. The emphasis is the design of the inter-
nally placed microphones module by taking three practical
requests into consideration, the first is that the module should
solve the above two issues to ensure the good ANC performance;
the second is that the module can not damage the original duct
and is easy to install and maintain; the third is that the module
should not increase the manufacturing cost too much and be con-
venient for tuning the position of the reference and error micro-
phones in field.
Fig. 2. The schematic diagram (a) and the actual photo (b) of the internally placed
microphones module.
2. The hybrid active and passive noise control system for the
ventilation duct

2.1. The passive silencer

Fig. 1 shows the longitudinal and cross section of the hybrid
active and passive noise control system for the ventilation duct
which includes the passive silencer and the internally placed
microphones module. The passive silencer mainly adopts the
design of resistance silencing and consists of two layers, the length
of the passive silencer is about 1000 mm. The outer layer is made
of aluminum plate and its width and height are 360 mm and
250 mm respectively. The inner layer is built with the perforated
panels and its width and height are 200 mm and 100 mm respec-
tively. The melamine foam is filled in the cavity between the two
layers, which is a type of sound absorption, environmental protec-
tion and fire protection material. A secondary source (loudspeaker)
is installed near the outlet of the passive silencer for active noise
control.
2.2. The internally placed microphones module

Fig. 2 illustrates the internally placed microphones module, its
length is about 700 mm and the diameter of the cross section is
about 60 mm. Its shell is made of the perforated panels and con-
sists of three segments, the middle segment is cylindrical and the
other two segments are approximately hemispherical which are
connected with the middle segment using the retaining ring and
screws. The inside of the shell is fully filled with the melamine
Fig. 1. The longitudinal section (a) and cross section (b) view of the hyb
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foam, and the reference and error microphones are both placed
in the melamine foam.

The module is deliberately divided into three segments for ease
of installation and maintenance, for example, when the end seg-
ments are disassembled, it is very convenient to tune the position
of reference and error microphones in field, it is also easy to
increase or decrease the amount of the filled melamine foam.
The materials used to build this module are common and less
expensive, also the manufacturing process is not complicated, so
the cost of this module is completely acceptable from the view-
point of practical application. As shown in Fig. 1, the module is
fixed inside the passive silencer only using the two metal supports
and some screws, so the module does not destroy the original
structure of the passive silencer and is easy to install and maintain.

The reference and error microphones are hidden in the mela-
mine foam, which is similar to be protected by a large size wind-
screen, in addition, the perforated panel shell can further reduce
the air flow speed around the microphones, thus this module is
expected to eliminate the influence of the turbulent flow noise
and enhance the coherence between the reference microphone
and the error microphone when the wind is flowing. On the other
hand, when the sound emitted by the secondary source travels
upstream, it will be attenuated by the passive silencer firstly, then
further be attenuated by the module due to the absorption of the
perforated panel shell and the melamine foam, hence the acoustic
rid active and passive noise control system for the ventilation duct.



Fig. 3. The block diagram of the single channel feedforward ANC system using the
FxLMS algorithm with acoustic feedback neutralization.
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feedback may be suppressed by this module. In brief, the turbulent
flow noise and acoustic feedback issues can be solved to ensure the
good ANC performance via this module.

The main body of the passive silencer is about 1000 mm long in
Fig. 1, the internally placed microphones module is about 700 mm
long. The location of the error microphone is close to the outlet of
the passive silencer and is nearly in front of the secondary source;
the reference microphone is close to the upstream of the passive
silencer, the distance between the reference microphone and the
error microphone is about 500 mm, so the acoustic delay from
the reference microphone to the error microphone is about 500
(mm)/340 (m/s)�1.47 ms, the electrical delay of the ANC controller
is less than 0.2 ms with 10000 Hz sampling rate, so the ANC system
is a really feedforward system.
Fig. 4. The experimental setup of the hybrid active and passive noise control system
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2.3. The filtered-x least mean square algorithm with acoustic feedback
neutralization

Fig. 3 is the block diagram of the single channel feedforward
ANC system using the filtered-x least mean square (FxLMS) algo-
rithm with acoustic feedback neutralization (FxLMS-AFN) [10]. It
includes: an error microphone to measure the residual noise e(k),
a reference microphone to obtain the reference signal u(k); a sec-
ondary sound source to generate the canceling signal y(k) for
attenuation of the primary noise d(k); the primary path, the sec-
ondary path, the estimated secondary path and the estimated

acoustic feedback path is denoted by P(z), S(z), ŜðzÞ and F̂ðzÞ respec-
tively; the control filter W(z) is an L taps finite impulse response
(FIR) filter, i.e., w(k) = [w0(k), w1(k),. . .wL-1(k)]T.

Here the feedback neutralized reference signal x(k) is obtained
by subtracting the estimated acoustic feedback from u(k), i.e.,
xðkÞ ¼ uðkÞ � yðkÞ � f̂ ðkÞ ð1Þ

f̂ ðkÞ is the time domain impulse response of F̂ðzÞ and ‘‘*” means
the linear convolution. Then the update equation for w(k) by using
x(k) becomes
wðkþ 1Þ ¼ wðkÞ � leðkÞx0ðkÞ ð2Þ
where l is the step-size and x’(k) is the filtered reference signal vec-
tor which element is the linear convolution of x(k) and the time

domain impulse response of ŜðzÞ.
for the ventilation duct, (a) the schematic diagram and (b) the actual photo.



Fig. 5. The power spectral density curves of the signals captured at the inlet and
outlet of the passive silencer.

Fig. 7. The power spectral density curves of the signals captured at the error
microphone under the conditions: ANC off, the FxLMS and FxLMS-AFN algorithms.
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3. Experiments and discussions

Experiments were carried out to examine the performance of
the hybrid active and passive noise control system for the ventila-
tion duct. Fig. 4 illustrates the experimental setup, where the fan is
fixed in the acoustic shield to reduce the influence of the vibration
and direct sound emission on the performance test. When the fan
is on, the wind flows, as well as the noise propagates along the
duct. In order to compare the performance of the hybrid active
and passive noise control system under the ‘‘wind” (the fan is
on) and ‘‘without wind” (the fan is off) conditions, a primary source
(loudspeaker) is installed between the outlet of the acoustic shield
and the inlet of the passive silencer. The sampling frequency of the
ANC system is 10000 Hz, and the ANC controller is implemented on
a field programmable gate array.

The noise attenuation performance of the passive silencer is
measured by using two calibrated microphones located at the inlet
and outlet of the passive silencer respectively, the white noise is
played with the primary source and the power spectral density
(PSD) curves of the two microphone signals are shown in Fig. 5.
It is found that the passive silencer has effective noise attenuation
at high frequencies, especially above 600 Hz, more than 20 dB
Fig. 6. The magnitude squared coherence between the reference signal and the
error signal under ‘‘without wind”, wind speed is 5 m/s and 10 m/s conditions.

Fig. 8. The estimated feedback paths under ‘‘Without module” and ‘‘With module”
conditions: (a) impulse response, (b) frequency response.
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Fig. 9. The power spectral density of the sound measured at the outlet of the duct
with ANC off and ANC on under three wind speeds: (a) 5 m/s, (b) 10 m/s, (c) 15 m/s.

Fig. 10. The power spectral density of the sound measured outside the duct (about
2 m away from the outlet of the duct): (a) 5 m/s wind speed, (b) 10 m/s wind speed,
(c) 15 m/s wind speed.
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attenuation is achieved, but the noise attenuation from 100 Hz to
300 Hz is less than 5 dB, thus there is a need to further reduce
the low frequency noise via active control.

In order to investigate whether the internally placed micro-
phones module can eliminate the effect of the turbulent flow noise
on the reference and error microphones, the signals of the refer-
ence and error microphones are recorded simultaneously under
three conditions: ‘‘Without wind”, the wind speed is 5 m/s and
the wind speed is 10 m/s. For all the three conditions, the white
noise is played using the primary source. Then the magnitude
squared coherence between the reference signal and the error sig-
nal are plotted in Fig. 6, where ‘‘Without wind” means that the fan
is off and there is no wind in the duct, ‘‘5 m/s” and ‘‘10 m/s” mean
that the fan is on and tuned to make the wind speed in the duct is
5 m/s and 10 m/s respectively. The magnitude squared coherence
is a function of frequency with values between 0 and 1, which indi-
cates howwell the reference signal u(k) is coherent to error signal e
(k) at each frequency. Eq. (3) is the definition of the magnitude
squared coherence (here f denotes the frequency), it is a function
of the power spectral densities of u(k) and e(k) (Puu(f), Pee(f)), and
the cross power spectral density of u(k) and e(k) (Pue(f)):

Cueðf Þ ¼ Pueðf Þj j2
Puuðf ÞPeeðf Þ ð3Þ

It is found in Fig. 6 that when the wind speed increases, the
coherence between the reference signal and the error signal above
250 Hz drops very clearly, but if zoomed in to the 50–150 Hz and
150 Hz–200 Hz frequency band, the coherence between the refer-
ence signal and the error signal is still larger than 0.99 and 0.9
respectively. It is known that the coherence can give a simple mea-
sure to estimate the maximum noise reduction of an ANC system
[10], if the coherence is 0.99 or 0.9 at some frequency, a maximum
of 20 dB or 10 dB attenuation can be obtained. Therefore, it is con-
firmed that the influence of the turbulent flow noise at low fre-
quency band can be mitigated by the internally placed
microphones module.

Experiments are carried out to verify the ability of the internally
placed microphones module to reduce the acoustic feedback,
where the white noise is played with the primary source, the
ANC performance is tested using the FxLMS-AFN (shown in Fig. 3
and the FxLMS algorithms respectively. The PSD curves of the error
microphone signal with ‘‘ANC off”, the FxLMS-AFN and the FxLMS
algorithms are shown in Fig. 7. It is shown that the curves of the
‘‘FxLMS” and ‘‘FxLMS-AFN” algorithms are very close and 10–
20 dB noise reduction can be achieved from 50 Hz to 250 Hz fre-
quency band. The results indicate that the FxLMS algorithm can
be used directly in the hybrid active and passive noise control sys-
tem for the ventilation duct via the internally placed microphones
module if the computation ability of the ANC controller is limited.

The reason that the internally placed microphones module with
the passive silencer can reduce the acoustic feedback is demon-

strated in Fig. 8, where the feedback paths F̂ðzÞ in Fig. 3 are esti-
mated under two conditions ‘‘Without module” and ‘‘With
module”. ‘‘With module” means that the internally placed micro-
phones module is installed in the passive silencer as shown in
Fig. 1, ‘‘Without module” means that the reference and error
microphones are installed in the passive silencer directly but with-
out the protection of the perforated panels and melamine foam. It

is evident that F̂ðzÞ amplitude of ‘‘With module” is smaller than
that of ‘‘Without module” and the effect of the acoustic feedback
may be neglected if the module is used. It has been reported that
the passive silencer can partly reduce the acoustic feedback in
the ventilation duct, because it can be found from Fig. 1 that when
the secondary signal emitted by the secondary source propagates
6

upstream to the reference microphone, the secondary signal will
be absorbed due to the existence of the perforated panels and mel-
amine foam [3]. The internally placed microphones module can
further reduce the acoustic feedback because the reference micro-
phone is installed inside the perforated panels and melamine foam.

The ANC performance using internally placed microphones
module is tested with three different wind speeds: 5 m/s, 10 m/s
and 15 m/s, the FxLMS-AFN algorithm is employed in the ANC con-
troller. The signal of the evaluation microphone at the outlet of the
duct is firstly used to evaluate the ANC performance, as shown in
Fig. 4, a segment of duct (about 1200 mm long) is connected to
the outlet of the passive silencer, and the evaluation microphone
is located near the outlet of the duct. The PSD curves with ANC
off and ANC on are illustrated in Fig. 9. The controller filter is a
1500 taps finite impulse response (FIR) filter, the estimated sec-
ondary path and the feedback path is modeled with 512 taps FIR
filter.

Fig. 9 (a) (b) show that when the wind speed increases from
5 m/s to 10 m/s, the ANC performance in the 70–200 Hz frequency
band are very closely, the maximum 17 dB noise attenuation is
achieved at about 150 Hz and more than 10 dB noise attenuation
is achieved from 70 Hz to 200 Hz. But from 200 Hz to 250 Hz,
the noise attenuation with 10 m/s wind speed is about 3 dB lower
than that with 5 m/s wind speed.

Fig. 9 (c) shows that when the wind speed further increases to
15 m/s, the ANC performance degrades in comparison with that in
Fig. 9 (a), from 70 Hz to 250 Hz, the noise attenuation with 15 m/s
wind speed is about 4–5 dB lower than that with 5 m/s speed, the
maximum 13 dB noise attenuation is achieved at about 150 Hz and
from 200 Hz to 250 Hz, the noise attenuation is less than 2 dB, so
the effective frequency band is 70–200 Hz, which is narrower than
that (70–250 Hz) in Fig. 9 (a).

Finally, the ANC performance is evaluated by locating the eval-
uation microphone outside the duct (about 2 m away from the out-
let of the duct), the results are shown in Fig. 10. It can be found that
the tendency from Fig. 10 (a) to Fig. 10 (c) is similar to that in Fig. 9.
When the wind speed increases from 5 m/s to 15 m/s, the ANC per-
formance degrades, i.e., the noise attenuation becomes smaller and
the effective frequency band of noise attenuation becomes
narrower.
4. Conclusions

This paper presents a hybrid passive and active noise control
system to attenuate the acoustic noise propagating through the
ventilation ducts. The passive part employs the design of resistance
silencer and includes two layers built by the aluminum plate and
perforated plate respectively, the room between the two layers is
filled with melamine foam. The active part is a feedforward active
noise control system and its focus is the design of the internally
placed microphones module to solve the turbulent flow noise
and the acoustic feedback problems, the internally placed micro-
phones module is made of a perforated panels shell filled with
the melamine foam, then the reference and error microphones
are both fixed in the melamine foam. The module is less expensive,
easy to install and maintain. The real experiments show that more
than 20 dB noise attenuation at frequencies above 600 Hz is
obtained by using the passive silencer; 10 dB noise attenuation
from 70 Hz to 200 Hz with the maximum 17 dB at 150 Hz is
achieved by the active control when the wind speed increases from
5 m/s to 10 m/s. A problem worthy of further work is to investigate
the fan noise component (such as the periodic component and the
turbulent component etc.) and design more effective passive and
active control system.
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