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It is possible to enhance acoustic isolation of the device from the environment by appropriately con-
trolling vibration of a device casing. Sound insulation efficiency of this technique for a rigid casing was
confirmed by the authors in previous publications. In this paper, a light-weight casing is investigated,
where vibrational couplings between walls are much greater due to lack of a rigid frame. A laboratory
setup is described in details. The influence of the cross-paths on successful global noise reduction is
considered. Multiple vibration actuators are installed on each of the casing walls. An adaptive control
strategy based on the Least Mean Square (LMS) algorithm is used to update control filter parameters.
Obtained results are reported, discussed, and conclusions for future research are drawn.
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1. Introduction

An excessive noise generated by devices and ma-
chinery tends to become the subject of high interest
to customers, producers and scientists. Prolonged ex-
posure to a high-level noise, as in some industrial en-
vironments, can lead to hearing damage. In turn, do-
mestic appliances can also be a source of noise, caus-
ing annoyance and significantly obstructing work or
leisure. A classical protection solution is to apply pas-
sive sound insulating materials. However, passive bar-
riers are often ineffective, especially at low frequencies,
or are inapplicable due to increase in size and weight of
the device, and its potential overheating. An alterna-
tive way is to use active control methods, by applying
a set of sensors and actuators, and running a control
algorithm driving secondary sources (Bismor et al.,
2016; Lorente et al., 2015a; 2015b). Different con-
trol strategies were examined over the years (Mazur,
Pawelczyk, 2013; 2016). The sound radiation of an
individual elastic plate and other barriers was ana-
lyzed, e.g. in (Klamka et al., 2015; Rdzanek, 2015;
Zawieska, Rdzanek, 2014; Zhou, Crocker, 2010).
If a device generating noise is surrounded by a thin-

walled casing, or if it can be enclosed in an additional
casing, control inputs can be applied directly to the

structure, and as a whole it can be used as an ac-
tive barrier enhancing acoustic isolation of the device
(Fuller et al., 1994). Such approach is referred to as
the active casing approach, and was further developed
by the authors and successfully applied in previous re-
search (Wrona, Pawelczyk, 2014; 2015). It results
in a global noise reduction instead of local zones of
quiet when appropriately implemented.
In previous research, when a rigid casing was used,

each wall of the casing was vibrationally isolated from
other walls, what simplified the problem of an active
control. In the following research a cuboid light-weight
casing is used. An important complication is that the
walls of the casing are connected directly, without
a rigid frame, what significantly augments vibration
coupling between the walls. Hence, the influence of the
cross-paths on successful global noise reduction is eval-
uated and discussed.
The intention of this paper is to further develop

the active casing approach, by applying it for the light-
weight casing. The laboratory setup is described in de-
tails. A high number of control inputs is considered,
which requires a considerable computational power to
implement a control system according to real-time con-
strains. Therefore, a relatively simple control strategy
is adopted, where each wall is controlled separately
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(as a first attempt of active control of the light-weight
casing). The advantages and limits of such approach
are pointed out and discussed.
The paper is organized as follows. Firstly, in Sec. 2

the laboratory setup of the light-weight active cas-
ing is described. Then, in Sec. 3 an Active Structural
Acoustic Control (ASAC) system using a feedforward
adaptive control strategy with the Normalised Leaky
FxLMS algorithm is presented. Subsequently, in Sec. 4
results of the active control experiment are given. Fi-
nally, obtained results are discussed and conclusions
for future research are drawn.

2. The laboratory setup

In this section, firstly the vibrating structure itself
is described. Then, sensors and actuators are consid-
ered, along with a configuration of the whole labora-
tory setup in the view of control-related problems.

2.1. Vibrating structure: the light-weight device casing

The light-weight device casing used in this paper is
a second type of casings investigated by the authors
in a role of an active casing. The structure is pre-
sented in Fig. 1. In contrast to a rigid casing used in
the previous research (e.g. in (Wrona, Pawelczyk,
2014; 2015)), the light-weight casing is made without
an explicit frame. It is made of 1.5 mm steel plates

a)

b)

Fig. 1. Photographs of the light-weight
active casing: a) from the outside,

b) from the inside.

bolted together, forming a closed cuboid of dimensions
500× 630× 800 mm. Such structure results in greater
vibrational couplings between individual walls, in addi-
tion to couplings through the acoustic field inside and,
to a lesser extends, outside the casing. Moreover, due to
the absence of the rigid frame, the walls are connected
directly to each other, what results in boundary condi-
tions which no longer behave as fully-clamped (bound-
ary conditions elastically restrained against both rota-
tion and translation are more appropriate).

2.2. Sensors and actuators

In this stage of research, a loudspeaker placed on
the floor with a sound-insulating basis is used as the
primary noise source. It allows for creating an environ-
ment more suitable for the research than a real operat-
ing device, which will be used in due course. Vibration
isolation between the speaker and the floor is provided
to ensure only acoustic excitation of the casing.
For the feedfoward control system implementation,

the reference signal is obtained by a microphone placed
next to the loudspeaker inside the casing enclosure
(referred to as the reference microphone). In front of
each casing wall, a microphone is placed in the dis-
tance of 500 mm (referred to as the error microphone).
These microphones are used for control-related pur-
poses. Additionally, to evaluate the noise reduction ef-
ficiency, three microphones are placed at several larger
distances from the casing, corresponding to potential
locations of the user (referred to as the room micro-
phones). A schematic representation of the laboratory
setup is presented in Fig. 2.
To control vibrations of the active casing, inertial

actuators EX-1 are used (presented in Fig. 3). They
are light-weight (115 g) actuators of small dimensions
(70 mm), comparing to the size of the casing. They are
mounted on the casing walls from the inner side. Four
actuators are used per front, right, back and left wall.
For the largest top wall, five actuators are used. The
number of actuators and their placement is a result of
analysis and optimization using a method that max-
imizes a measure of the controllability of the system.
The impact of the mass of the actuators is included in
the optimization procedure. The method and mathe-
matical model of casing walls are described in details
in other publications of the authors (Wrona, Pawel-
czyk, 2016a; 2016b; 2016c).
The active casing described in this section is

a three-dimensional structure. The couplings between
individual walls, of both vibrational and acoustical
nature, are significant. However, what is validated in
(Wrona, Pawelczyk, 2016a), observed natural fre-
quencies and modeshapes of the whole structure are
a consequence of superposition of resonances of each
wall excited individually (but as a part of the struc-
ture). Moreover, an impact of vibrations of one wall
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Fig. 2. A schematic representation of the laboratory setup. All dimensions are given in millimeters [mm].

Fig. 3. A photograph of an actuator
mounted to the casing.

due to actuators mounted on another wall is signif-
icantly weaker for low frequencies (up to 250 Hz, as
showed in (Mazur, Pawelczyk, 2016)), than the im-
pact of actuators mounted directly on the wall. There-
fore, to simplify the algorithm and reduce computa-
tional complexity, in this research a control strategy
with each wall controlled separately is evaluated.

3. Adaptive control strategy

In this section, a multi-channel control system
is presented, which is used in experiments described
in the following section. It is an adaptive feedfor-
ward control strategy, based on the Leaky Normalised
Filtered-x Least Mean Square (FxLMS) algorithm
used to update control filter parameters. The adaptiv-
ity is introduced to respond to possible nonstationarity
of the disturbance and changes of the plant, e.g. due to
temperature variation (Mazur, Pawelczyk, 2011).
The control algorithm is schematically presented

in Fig. 4. Signals d(n) and e(n) are the primary dis-

Fig. 4. Multi-channel feedforward control system
with the FxLMS algorithm.

turbances vector and the error signals vector (both
of dimension (J × 1), where J is the number of er-
ror sensors), respectively, at positions of the error sen-
sors where noise reduction is required. Further, x(n) is
the scalar reference signal, r(n) is the filtered-reference
signals matrix (of dimension (J × I), where I is the
number of actuators), u(n) is the control signals vec-
tor of dimension (I × 1). In turn, W is the adaptive
control filters vector of dimension (I × 1), X is the
reference path, figure P is the primary paths vector of
dimension (J × 1), defined between the reference and
error sensors, and S stands for the secondary paths
matrix of dimension (J × I) defined between the in-
puts of the actuators and outputs of the error sen-
sors. These paths include electronics necessary for sig-
nal conditioning and data conversion. The symbol Ŝ
stands for the secondary path model. Depending on
particular wall, the control system for the wall uses
the number of actuators I = 4 or I = 5. On the
other hand, the number of error sensors is J = 1,
since in this paper one error microphone is used per
wall.
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The i-th control signal at the (n+1)-st sample,
ui(n+1), is obtained as follows:

ui(n+ 1) = wi(n)
Txu(n), (1)

where xu(n) = [x(n), x(n−1), . . . , x(n− (N−1))]
T is

the vector of regressors of the reference signal and
wi(n) = [wi,0(n), wi,1(n), . . . , wi,N−1(n)]

T is the vec-
tor of coefficients of the i-th adaptive Finite Impulse
Response (FIR) control filter at sample n, and N is
the filter order. These coefficients are updated for each
of the error signals ej(n) according to the formula:

wi(n+ 1) = αwi(n)− µ(n)rij(n)ej(n), (2)

where rij(n) = [rij(n), rij(n−1), . . . , rij(n− (N−1))]
T

is a vector of regressors of the ij-th filtered-reference
signal, µ(n) is a step-size, and 0�α< 1 is the leaka-

Fig. 5. Time plots for experiment performed for the primary disturbance of 214 Hz and the light-weight casing.
The error microphones are used as error sensors.

ge coefficient. The filtered-reference signal is calcula-
ted as:

rij = ŝij(n)Txr(n), (3)

where ŝij(n) = [ŝij,0(n), ŝij,1(n), . . . , ŝij,M−1(n)]
T is

the vector of coefficients of the M -th order FIR
model of the ij-th secondary path and xr(n) =

[x(n), x(n− 1), . . . , x(n− (M − 1))]
T is a vector of re-

gressors of the reference signal.

4. Experimental results

In this section, experimental results for the light-
weight casing are presented. All walls of the casing are
controlled to reduce the emission of noise generated
by a primary noise source enclosed in the casing.
To achieve this goal, instantaneous square values of
error signals are minimized by feedforward adaptive
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ASAC systems, controlling twenty one inertial actua-
tors (four per front, right, back and left wall, and five
for the top wall). The error signal is obtained by the
error microphones. The primary disturbance is gener-
ated as a tonal signal of frequency incremented by 1 Hz
in the range from 15 Hz to 300 Hz. The considered fre-
quency range includes the low frequencies where the
speaker starts to transmit sound, up to higher frequen-
cies (above 250 Hz) where the cross-paths between dif-
ferent walls become significant, thus the independent
control provides weaker performance than for lower fre-
quencies (even the entire system may become unsta-
ble). This issue can be mitigated using the Switched-
error FxLMS algorithm, what is considered in other
publications, e.g. in (Mazur, Pawelczyk, 2015) or
(Mazur, Pawelczyk, 2016). However, it is notewor-
thy that these strategies require more computational
power.
The control performance is evaluated as noise re-

duction level observed by all microphones. For each
frequency of the primary disturbance, a 25 seconds ex-
periment was performed. During its initial 5 seconds
the active control was off, and variance of the signal
acquired by different sensors was estimated. Then, ac-
tive control was turned on. When the control algorithm

Fig. 6. Frequency characteristics for the experiment performed for the light-weight casing.
The error microphones are used as error sensors.

converged, final 5 seconds of the experiment were used
to estimate the variance of the signal acquired by cor-
responding sensors.
Results of an exemplary experiment in the time

domain are presented in Fig. 5. First five rows present
control signals, where the convergence rate can be ob-
served. In the sixth row, signals measured by micro-
phones used in this experiment as error sensors are
shown. In the seventh row of the figure, signals mea-
sured by three room microphones are presented. The
reference microphone measurement is also shown for
completeness.
In Fig. 6 frequency characteristics for the experi-

ment with feedforward control system are presented.
In the last row of the figure, the mean reduction ob-
tained at all microphones is shown. It is considered as
the main point for evaluation of active control per-
formance. Remaining plots present variances in dB
scale of signals acquired by error sensors and individ-
ual room microphones, without (blue) and with (green)
control. Additionally, bellow each individual frequency
characteristic, a reduction characteristic is also pre-
sented, calculated as a difference between noise level
without and with control (reduction is marked with
red colour).
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5. Conclusions

Active structural acoustic control of multiple walls
of the light-weight device casing has been performed.
The feedforward adaptive ASAC system with the Nor-
malised Leaky FxLMS algorithm has been used. Its
performance has been evaluated for multiple micro-
phones in the room. Significant levels of global noise
reduction have been obtained (achieving 10 dB), con-
firming high potential of the active casing approach to
reduce excessive device noise (even when a relatively
simple control strategy has been employed – inde-
pendent control system for each casing wall) (Wiora
et al., 2016).
The evaluated configuration performed well for low

frequencies (up to 250 Hz), where the impact of vibra-
tions of one wall due to actuators mounted on another
wall is significantly weaker than the impact of actu-
ators mounted directly on the wall. Its performance
was reliable and noise enhancement or convergence
problems never occurred. Hence, given control strat-
egy achieve significant global noise reduction, with rel-
atively low complexity of the system, where each wall
is controlled separately. However, for frequencies above
250 Hz, the cross-paths between different walls become
significant, and hence the independent control pro-
vides weaker performance (even the entire system may
become unstable). This issue can be mitigated, how-
ever, by using more sophisticated strategies, e.g. the
Switched-error FxLMS algorithm (Mazur, Pawel-
czyk, 2015), especially with the Virtual Microphone
Control modification (Mazur, Pawelczyk, 2016). In
future research the authors intend to develop these
techniques further to improve global noise reduction.
The active casing idea can also be extended by appro-
priately including energy recovery issues (Konieczny
et al., 2013; Kowal et al., 2008).
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