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Escola Superior d'Enginyeries Industrial, Aeroespacial i Audiovisual
de Terrassa
Department of Mechanical Engineering
Doctor of Philosophy in Mechanical Engineering
by Shahin Sohrabi
An active noise cancellation is a unique approach that helps passive noise control in reducing
sound levels at low frequencies; nevertheless, successful use of active noise cancellation
necessitates performing numerous and tedious experiments together with defining several
parameters properly. The locations and quantity of active control system transducers are
among these parameters.
The present research provides a comprehensive framework for placing control sources and
error microphones near a noise barrier in order to improve its efficiency in both narrowband
and broadband noise spectra. To accomplish this, the appropriate locations for the control
sources are first determined using a repetitive computation method, and then the
optimizations are completed by determining the best position for the error microphone.
Several alternative transducer locations near the barrier are incorporated in the repetitive
computation, and the optimal sites for the control sources and error microphones are found
using two-step optimization methods as well as the genetic algorithms approach.
The findings reveal that the best places to put the control sources are on the incident side,
below the barrier's edge, and the best locations to place the error microphones are on the

shadow side, as close as possible to the target area. The effect of ground reflection on the
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efficiency of the active noise control system is also investigated, and it is discovered that
while ground reflection has no significant effect on the performance of the active noise
control system for broadband frequency ranges, it does reduce the control system's efficiency
at tonal noises.

In order to optimize more parameters, further calculations are performed based on the genetic
optimizer. The output of the GA calculations found new configurations for the control units
that result in higher noise level reduction at the target area.

In addition to the active noise barrier, the application of active noise cancellation for open
windows as a particular case of the barrier is explored as a particular case of the barrier. Two
arrangements are studied for the control units close to the open windows, including boundary
and planar control arrangements. The control units in a boundary configuration are positioned
on the opening's edge, while in the planar control, they are located on the opening’s surface.
In a boundary configuration, the control units are placed on the opening's edge, whereas in a
planar design, they are placed on the opening's surface.

The effect of several parameters such as the incident angle of noise waves, the distance
between error microphones and the opening, and the number of control units are investigated.
The results demonstrate that the active noise control system with planar configuration has
higher performance than the boundary control. Furthermore, when the frequency and incident

angle increase, the effectiveness of active noise reduction decreases.
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Chapter 1 : Introduction






Active control of noise transmitted from barriers

1.1. Background of the research

Noise is defined as an unpleasant sound [1] and it is recognized as one of the most
problematic environmental issues in the world. The environmental noise could easily
interfere with human sleep, work, and life activities and in intense conditions, the high
amplitude noise may cause damage to the human auditory organs [2]. World health
organization (WHO) developed guidelines to provide recommendations to protect human
health against environmental noise arising from a variety of sources, including transportation
(road traffic, train, and aviation) noise, wind turbine noise, and recreational noise [3]. In the
last decades, many researchers studied the impact of environmental noise pollution on human
health [4-8]. On the other hand, many investigations have been conducted to reduce the noise
level in an area by the means of different noise control techniques. Generally speaking, the
noise control techniques divide into two categories, passive and active noise control methods.
In the following sections, these noise control strategies together with their applications are

described.

1.1.1. Passive noise control

The passive noise control technique is the effort to reduce the noise propagation by partially
or completely blocking or absorbing the sound waves with noise-insulating materials such as
sound-absorbing tiles [9], and noise barriers [10-12]. Passive materials achieve noise
reduction either through absorption, diffusion, or reflection of sound. However, the
penetration of noise depends on the density or thickness of materials and the acoustic
wavelength. The passive noise control strategy is more efficient at high frequencies with

short-wavelength [13].
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The noise barrier which is considered as another application of passive noise control is a
solution to reduce the noise level at an area behind the barrier by blocking the direct
propagation of sound between source and receiver. Over the last decades, numerous studies
investigated different aspects of noise barriers and their impacts on the noise cancellation
behind the barrier [12,14-19]. In these investigations, the diffracted field is recognized as the
most important phenomenon that should be considered when noise barriers are utilized to
create an acoustic shadow region behind the barrier.

Diffraction is the ability of sound waves to bend at the edge of obstacles. Diffraction occurs
when an acoustic wave encounters the edge of an object along its path [20]. The lectures
provide three main theories for the diffraction, namely the Huygens—Fresnel theory, the
Helmholtz—Kirchhoff theory, and the geometrical diffraction theory (GDT) to estimate the
behavior of sound waves around finite and infinite obstacles [21-26], in time [27] or
frequency [28] domains. These theories were established based on wave optics which have
small wavelengths in comparison with the size of the obstacles. However, with the same
system geometry assumptions, they can be used in acoustics [20]. In the present study for
estimating the diffracted field behind a barrier the Macdonald’s solution [29] will be used.
This solution is the extension of Sommerfeld’s approach [30] which is based on Fresnel
integrals.

The previous studies show that regardless of which theory is used to estimate the edge
diffraction, the amount of diffraction increases with wavelength [31], and therefore the
passive barriers fail to decrease noise levels in the shadow zone when low-frequency sounds
are encountered. The effectiveness of noise barriers depends on their height, length,
continuity, and distance to the noise source [13]. Plenty of investigations have been

conducted to design or optimize the functionality of the passive barrier by considering the
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shape [32], thickness [33], and other physical parameters of the barrier [34—38]. However,
these solutions may increase the project costs and above that, there are some limitations due
to aesthetic, and safety reasons. On the other hand, the active noise control technique is
recognized as a wide-spreading solution for the barriers which expands their application in a
wider range of noise frequencies. In the next subsection, the active noise control and its

applications for the noise barriers are described.

1.1.2. Active noise control

The main difference between passive and active noise control is that the latter achieves
attenuation by introducing energy in the system or plant. This technique employs electro-
acoustic or electromechanical devices to lower the noise pressure level in an acoustic primary
field, based on the concept of superposition. The control system generates a noise of similar
amplitude and opposite phase, which is mixed with the primary noise and result in the
cancellation of both fields. The amount of noise cancellation depends on the precision of the
system to create the amplitude and phase of the noise generated by the control sources. Lueg
[39] in 1936 was the pioneer in the study of noise control by proposing the concept of
reducing the noise level by destructive interference of acoustic waves in a duct. The concept

is presented in Fig. 1.1.
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Fig. 1.1: The active noise control system proposed by Lueg [39] in a duct.

However, because of the limitation in hardware and signal processing equipment at that time
more investigation was postponed until the eighties when the advancement of technology in
the creation of fast digital signal processors has made active sound control a viable option
for a variety of applications [40-42]. More recently, many investigations studied the
applications of active noise control systems for the outdoor [43-49], and indoor [50-54]
noise cancellations, and also for the transferred noises from the road [55,56] and engines [57—
61].

As expressed in the previous section, passive barriers have poor performance at low
frequencies. Therefore, the active noise barrier is introduced as a successful example of
hybrid approaches of passive and active noise cancellations, which increase the performance

of noise barriers by minimizing the diffracted waves over the top of the barrier [62]. This
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reduction of diffracted noise is equivalent to a virtual increase in the effective height of the
noise barrier [31]. The active noise barriers are commonly used for traffic noise [45] and
construction sites [63].

Generally, two types of active noise control approaches are available: feedforward and
feedback [64]. The feedforward strategy uses a coherent reference input which is sensed
before it propagates past the secondary source. This signal is sent to a controller which
generates the optimum signal to cancel the primary noise. Thus, the control system could
change the control signal according to the changes made by the primary noise. On the other
hand, in feedback control, the active noise controller attempts to cancel the primary noise
without the anticipation benefit of a reference input. In general, feedforward control is more
used than feedback control due to its robustness. Whatever the strategy, the unit control is
usually a digital adaptive filter [8]. Those filters alter the spectral content (magnitude and
phase in frequency domain) of an input signal in a specified manner and send it to the
loudspeakers. The loudspeakers are electroacoustic transducers that convert electrical audio
signals into corresponding sound waves. All the required signals for the unit control are
collected by microphones which convert the sound waves to a small electrical current when
they hit the diaphragm of the microphones. In an active noise control system, the error
microphones use to create a localized zone of quiet at the physical position of these
microphones by minimizing the acoustic pressure with the secondary sources [65].

In the present Thesis, the application and mechanism of noise cancellation by an active noise
barrier are studied. The performance of the active noise barrier is optimized by searching the
proper locations for the actuators (e.g. secondary loudspeakers and error microphones) at
low-frequency noises. The “Introduction” of the following chapters provides a

comprehensive history of prior investigations that are conducted on the active noise barriers.
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1.2. Objectives
Regardless of the applications of the active noise control or the type of controller, the
performance of the system plays a significant role in the implementation of the active noise
control technique, specifically at the low-frequency range. The performance of the active
noise barrier as a successful hybrid model of passive and active strategies has been
investigated recently [37,66]. However, some issues remained uninvestigated regarding the
position of the transducers and their effects on the performance of the active noise barriers.
The aim of the present thesis is to introduce a guideline for the locations for the control units
around a barrier and also an aperture. The aperture can be considered a particular case of the
barrier as it is a composition of four finite edge barriers. The guideline attempts to find and
propose those locations of the transducers where the active control system performs more
efficiently. To this end, the suitable geometric parameters of the active control units that
minimized the square pressure in a target area are searched. Such purpose is accomplished
by the development and implementation of a comprehensive acoustic model that makes it
feasible to use the optimization based on repetitive calculations and the genetic algorithms
(GAs) optimizers. As a result, the following objectives are proposed:
e Development of an acoustic model for an infinite barrier and then implement the
active noise control system to improve its performance. Such implementations must
consider not only the achieved reduction at the target area but also the feasibility of

the installation of control units in a real application.
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e Defining the suitable regions for the installation of control sources and error
microphones around the barrier. The active noise barrier should perform more
efficiently when the transducers are placed in these regions.

e Exploring the mechanism of noise cancelation for those transducers that are located
in suitable regions. These analyses may help to introduce a general rule for the
placement of transducers.

e Investigating the influence of different parameters such as frequency range on the
optimization outputs.

e Finding the optimal values for those parameters that affect the performance of the
active noise barrier. In order to accomplish this objective, the parameters could
optimize by optimization algorithms such as Genetic Algorithms. The general rule
that is proposed by studying the cancellation mechanism could help to limit the upper
and lower boundaries of the parameters which consequently reduces the calculation
efforts.

e Finding a suitable arrangement for the transducers of an active noise control system
close to an open window. For this objective, the extra attenuation obtained by

different arrangements should be investigated.

1.3. Outline and development of the Thesis
The content of the present thesis is divided into six chapters. All chapters except Chapter 1
and Chapter 6, Introduction and Conclusion, and further work, respectively include their state

of the art within the introduction. The chapters of the thesis are organized as follows:




Chapter 1: Introduction

Chapter 1 presents a general background of the research and introduces passive and
active noise control as strategies to reduce the noise, together with their applications.
Finally, the objectives and the outline of the thesis are defined.

Chapter 2 proposes a strategy based on the repetitive calculation to define the suitable
locations of control sources and error microphones close to the barrier to obtain the
maximum reduction at a target area in the shadow zone of the barrier. Furthermore,
the mechanisms of noise cancellations for different locations of active control units
are described.

Chapter 3 complements the proposed repetitive calculation in the previous chapter to
determine the best locations of active control means to maximally reduce the noise
level at the shadow zone of the barrier and on the fagade of a tall building behind the
barrier. In this chapter, the overall reduction achieved at the third-octave band from
63 Hz to 1 kHz is considered to determine the optimum locations.

Chapter 4 introduces briefly the previous studies that were used the GA-optimizer to
improve the efficiency of different applications of active noise control techniques.
Then the general algorithm and different optimization approaches to enhance the
performance of an active noise barrier are expressed.

Chapter 5 shows the application of the active noise control system for an opening.
First, the outputs of Macdonald’s and Svensson’s models for computing the diffracted
waves from finite and infinite edges are compared. Then the suitable position of
control sources and error microphones are defined based on the two-step approach.

Finally, the performance of the proposed configuration is compared with the

10
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conventional placement of control sources and error microphones for an active noise
window.
e Finally, Chapter 6 presents the general conclusions of the study as well as the possible

research lines that could be followed in the future.
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2.1. Introduction

The use of acoustic barriers to reduce undesired propagated noise in the shadow zone is a
fairly widespread solution. However, it offers rather limited results in low-frequency ranges.
During the past two decades, several studies have been carried out to improve the
performance of acoustic barriers. Among those, the application of active noise control (ANC)
gives appreciable results, specifically for low-frequency noise [62,67,68]. The efficiency of
an active noise barrier (ANB) largely depends on the number and location of error
microphones and control sources; a key factor that has been the focus of previous studies.
As the efficiency of the active noise barrier is always measured by the increase of attenuation
at some receivers in the shadow zone, the best performance should be achieved when error
microphones are deployed within the receiver zone [69], but in the real world, this
configuration basically could be applied in reduced environments [70], because deploying
error microphones throughout the shadow zone can require considerable hardware and can
also interfere with the activity in that area. Moreover, great outdoor distances between control
sources and the receivers could lead to a degradation in the coherence of the error and
reference signals, causing a loss in performance [43]. It is therefore convenient to seek a
configuration for the active noise barrier with transducers close to the barrier itself. With the
aim of avoiding the diffraction of the sound waves, error microphones can be tentatively
deployed at the edge of the barrier, where the diffracted waves are originated, and thus, a
reduction of sound pressure at the shadow zone is expected [67]. For instance, Omoto et al.
[49,71] placed the error microphones on the barrier edge, and the secondary sources were
located on the same side as the primary source, but with different angles and radii to the top

edge. Their results revealed that the distance between error microphones should be less than
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half of the wavelength to achieve a noticeable attenuation. Guo et al. [72] studied a similar
configuration and concluded that the optimal distance between secondary sources and error
microphones depends on the distance between error microphones and the frequency, as it
does for free field cancellation [73].

For a quite similar configuration, Borchi et al. [46] found that the lower the distance between
secondary sources and error microphones, the poorer is the attenuation achieved. Fan et al.
[67] investigated quite similar configurations of transducers but for a T-shaped barrier by
locating the secondary sources in the incident region (on and off the path between the primary
source and the edge of the barrier) and on the first edge of the T-shaped barrier. The error
microphones were deployed on the first and second edge and in the shadow zone, close to
the top. The best results are achieved when the error microphones were on the first edge and
the secondary sources were in the incident region.

The diffracted wave can also be tentatively canceled when secondary sources instead of error
microphones are placed on the edge of the barrier. Niu et al. [74] carried out an investigation
placing the secondary sources on the top of the edge instead and explored the efficiency of
the active noise barrier for three different arrangements of error microphones placed near the
edge. Their observations showed that better results are achieved when the error microphones
were placed above the secondary sources and that attenuation depends on the distance
between control sources and error microphones. Liu et al. [75] proposed an arrangement
including two rows of eight control sources on the barrier’s top edge, one row at the incident
region and the other at the receiver region. The error microphones are placed 8 cm above the
edge. Each row of the control system could work either separately or together. Their results

showed that the maximum efficiency was attained when both rows of the control system were
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working simultaneously, given that the row of the receiver zone was the one that gave poorer
results when acting alone.

Other investigations seek configurations of transducers placed not on the edge of the barrier
but near it: Han et al. [76] placed three secondary sources at the bottom of the incident side
of the barrier and three error microphones at three different positions close to the edge, getting
a similar performance for all three positions as a result. Hart and Lau [77] examined the
performance of an active noise barrier, with three control sources and three error microphones
linearly arranged above the top edge, each array normal to the other. The variable was the
orientation of the array system. Their results showed that the angular orientation of the
control sources and error microphones is a weak factor for acoustic pressure reduction at the
shadow zone when the distance between the control sources and error microphones is less
than a quarter wavelength of the primary noise.

Other alternative arrangements consider the secondary sources in the receiver zone [78,79]
or include the secondary sources and error microphones vertically along with the receiver
side of the barrier [80], giving these configurations generally poor results, although only one
position was tested in each case. But, in general terms, the new design of secondary sources
[81], practical applications [82], or theoretical studies of the cancellation mechanisms [83]
place secondary sources or error microphones at the top of the barrier.

To summarise the investigations done on the active noise barriers, a very limited set of
secondary sources and error microphones placed on or around the top of the barrier are used.
As a result, neither an optimal design nor a general rule for good practice designing an active
noise barrier has been established. However, a recent development by the authors [63],

applying a two-step optimization procedure for the location of both sets of transducers close
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to the barrier for a typical construction environment, showed that there is a different suitable
configuration of the microphones which gives a similar cancellation at the receiver zone far
from the barrier.

The objective of this chapter is to identify general criteria for the location of transducers close
to the barrier, where the active control achieves its maximum ability to mitigate the primary
sound field in the shadow zone. To achieve this configuration, the current study follows a
computational procedure, for both narrowband and broadband noise, that calculates the
reduction at the shadow zone for different candidate positions of transducers in a region close

to the barrier itself and with different soil conditions and frequencies.

2.2. Theory

2.2.1. Diffraction model

There are several methods to model the diffraction of wavefronts, but an analytical model is
preferable in the case of a repetitive calculation method due to its low computational
requirements. Although various analytical models have been proposed for calculating
diffraction, the one developed by Macdonald [29] for general sound diffraction around a
wedge due to incident spherical waves is widely used for the barrier’s calculations, and it is
the one that is used throughout this study.

Given one receiver, one sound source, and one semi-infinite barrier, three different regions
are found depending on the relative locations of these elements, see Fig. 2.1. Those receivers
that are located at Region Il (incident zone) receive direct, reflected, and diffracted
wavefronts from the source. The reflected wavefront disappears in Region Il and only the

diffracted wavefront remains in Region | or the shadow zone.
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Fig. 2.1: Schematic diagram of the barrier and different regions around it.
In this study, the acoustic pressure field of diffracted wavefront (Pp) is calculated using
Macdonald’s solution, Equation 2.1, for a cylindrical coordinate system along the barrier

edge.
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where k is the acoustic wavenumber, q, [m® s™] is the source strength, and p and c are the

PD=
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air density and speed of sound in air, respectively. HED() is the Hankel function of the first
kind, R, and R, are the distances from the source and its barrier image to the receiver,
respectively, illustrated in Fig. 2.1. The second term of Equation 2.1 can be ignored for the
barriers with the acoustically absorptive surface at the source’s side. s is the variable of the
contour integral and the limits of the two contour integrals in Equation 2.1 are determined

according to:
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0, = sgn(|65 — 6,] — Vk(R' — Ry) 2.2
7, = sgn(6s + 6, — )\/k(R' — Ry) 2.3

where sgn() is the sign function and 6, and 6, are the source and receiver angles to the

barrier’s face, respectively. R’ is the shortest path from the source to the receiver through the

edge. Direct and reflection acoustic pressures are calculated as follows,

P, = ( ikp c )e”‘Rl 2.4
d= e do R,
ikpc _elkRe 2.5

Prer = (=——a0) R

The effect of the soil’s reflection can be considered based on the image method [84]. Thus,
the total pressure (Pr) at a receiver is the superposition of all wave paths from the source to
the receiver. For a receiver in the shadow zone, Py = Py + QP2 + Q,P3 + Q,.Q,P4, Where
P, is the diffracted wavefronts and P,, P3, and P, refere to those diffracted pressure paths
that are reflected from the ground, illustrated in Fig. 2.2. In this equation Q, and Q, are the
spherical wave reflections at the source and receiver sides, respectively, and depend on the
acoustical characteristic of the ground and the source/receiver geometry [85,86].

1.3

Receiver

/ Impedance ground

F .
1 7} Source's image
= g

Receiver's image ™ )

Fig. 2.2: Reflected and diffracted wave paths from a source to a receiver in the shadow
zone of the barrier [14].
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2.2.2. Active noise control for barriers

The overall objective of adding active sources to a barrier is to increase its performance in
the shadow zone of the barrier. The best procedure to increase the attenuation in the shadow
zone is to define a set of receivers in that area so that the active control aims to reduce the
pressure in that set of receivers. However, the practical design of an active noise barrier is
that both control sources and error microphones are located close to the barrier itself. In this
study, the “barrier zone”, shown in Fig. 2.2, is used to call the domain in which the
transducers could be located close to the barrier.

The procedures of finding the suitable locations for the transducers of an active noise barrier
are followed by two steps [63,87,88]: the first step is to determine the proper position of the
control source that ensures the minimum acoustic pressure level at a set of receivers placed
in the shadow zone. This location is selected from those candidate positions that are located
inside the barrier zone. Once the position of the control source is determined, the second step
is to seek the suitable position of the error microphones. It should be noted that the best
position selected for the error microphones is not the one giving maximum attenuation at the
error microphones, but the one which maximally minimizes the acoustic pressure at receivers
in the shadow zone which is far from the location of the error microphones. With this setup,

the active noise barrier thus achieves the greatest attenuation at the shadow zone

2.2.2.1. Location of the secondary sources
Equation 2.6 describes the total acoustic pressure (P,.) obtained at a finite number of receivers
in the shadow area with respect to primary and control sources,

P.=Zp.qp+Z5qs 2.6
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where Zp, is the vector of complex impedances for the primary source with strength g, at
receiver points. Z, isan M x N impedance matrix, corresponding to N control source at M
receiver points, and qs, is the vector for secondary source strength. Equation 2.7 shows the
total squared pressure at the receiver points,

2 *
Jor = Pﬁpr = |CIp| ZngPr + szgrzsrqsr + q?rZ?errqP + q?rzgs—lrzsrqsr 2.7

where the symbol H denotes the complex conjugate of the vector and matrix transpose. This
equation is a quadratic function with an optimal vector for the control sources’ strengths. The
unique minimum value is specified by [89],

Asr = —(Z&Z) 7 (Z5Zprqp) 2.8
which is the set of secondary source strengths that guarantee the maximum reduction at the
receiver points for a given position of the secondary sources.

The efficiency of the active noise control system at a single tonal noise is measured by the

average insertion loss, IL,., calculated at the receiver points placed at the shadow zone,

i 1Olog10(2M| ]OFF |2 2.9
)3 I 01v|

where PjON = Zpjqp + Zsjq; is the total pressure corresponding to the primary and control
sources at jth receiver, when the active noise cancellation is “ON” and Zp; and Z; are
respectively the complex impedance matrice of the primary and control sources at the jth
receiver. Also, PjOF F=27p jqp is the pressure at jth the receiver point when the control system
is “OFF”.

In addition to Equation 2.9 which defines the average insertion loss at a single frequency,
Equation 2.10 is used to compute the overall insertion loss, IL,, of active noise control at

broadband spectra rather than only one single frequency,

21



Active control of noise transmitted from barriers

i=13 yM |PQFF 2 2.10
IL, =10 log(m=2 == U

i=13 M |PON2
i=1 Zj=1/Fij

where P;; is the pressure at the central frequency of the 1/3 of octave band between 63 Hz
and 1 kHz, at the jth receiver points in the shadow zone.

In this study, the best position for the set of secondary sources within the barrier zone is the
one that gives a maximum IL,. or IL,, depending on whether the primary noise is narrowband

or broadband, respectively.

2.2.2.2. Location of the error microphones
For a compact active noise barrier, the error microphones are aimed to be placed in the barrier
zone as well. The cost function is therefore not the same as the one previously used for the
location of the secondary sources. P, in Equation 2.11 describes the total pressures at the
position of the error microphone.
Pe=Zpeqp + Zscqse 2.11

The Zp,, Z,,, and q,, have the same definition as described in Equation 2.6 but for the error
microphones close to the barrier instead of the receivers at the shadow zone. Equation 2.12
is the vector of the control sources’ strength while the squared pressure at the error
microphones’ position is minimized.

qse = —(Z5Z50) " (25 Z peqp) 212
This is obviously a different result from that of Equation 2.6. In this case, however, the
performance of the active control system is monitored through the average insertion loss at
receiver points by Equation 2.9 and Equation 2.10, and the best position for the error
microphones within the barrier zone is the one that gives the maximum IL, or IL, at the

receivers placed in the shadow zone, (Equation 2.10), but using PJ-ON =Zpqp +Zs Qg -
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2.3. Method

This study considers a thin, rigid, and infinite barrier with a practical height of H, = 2.5 m
between a primary source and the zone where it is intended to reduce the primary noise (see
Fig. 2.3). The mass of the barrier is considered sufficient to avoid noise transmission through
the barrier itself for the entire frequency range studied in this work. The barrier zone, where
transducers are intended to be deployed, is a parallelepipedic volume within 0.5 m of the
barrier’s surfaces. This zone is intentionally selected close to the barrier to be feasible for the
installation of transducers in real applications. For this study, the soil is considered to be
either totally absorbent (Q; = Q,- =0), or a perfectly reflecting surface (Q; = Q, =1).

The noise source is fixed at the point (- 7, 0, 0.3) m, with a power output of 1 W at each
frequency. The frequency spectra through this study are formed by the center frequency of
every 1/3 of the octave band from 63 Hz to 1 kHz. The shadow zone of the barrier is covered
with 15 receiver points that are fairly distributed in a horizontal plane of 10 x 8 m? at a
height of 1.65 m (Fig. 2.3). These points are used to calculate the average insertion loss at

the shadow zone by the active noise barrier according to Equation 2.9 and Equation 2.10.
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Candidate positions

Fig. 2.3: Schematic diagram of an infinite barrier with 15 receiver points in the shadow
zone. The grid of the candidate positions shows the location of pre-selected positions for
the arrays of transducers. (Units are in meters)

The control sources are defined by an array of Ns =10 units that are arranged linearly along
the Y-direction and distributed symmetrically with respect to the X-axis. The space between
adjacent control sources in the Y- direction is dg = 0.2 m, which is close to half of the
shortest wavelength at 1 kHz, the maximum distance between secondary sources. This space

ensures the best performance for an array of secondary sources [90,91].

A suitable location for the control sources is found among 341 candidate positions that are
located inside the barrier zone. The barrier zone is defined by a grid of candidate points with
0.1 m steps in both the X- and Z-direction, presented in Fig. 2.3. The best location of control
sources is where the maximum attenuation is achieved at the shadow zone. For this purpose,
the strengths of the secondary sources are calculated at all candidate positions and for each
1/3 of the octave band, using Equation 2.9.

Once the best location of the secondary sources is identified, attenuation at the receivers in

the shadow zone is attempted by using a set of error microphones. For this purpose, an array

of error microphones is arranged linearly along the Y-direction. The error microphones are
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distributed symmetrically with respect to the X-axis and with the interval of d, = 0.2 m
between them. This distance is close to half of the shortest wavelength and ensures the best
performance in terms of attenuation at the shadow zone [71,90]. The quantity of error
microphones is Ne= 41 to cover the width of the receivers’ area in the shadow zone in the Y-
direction.

With the control sources fixed at the best position of each frequency, the strength of the
control sources is calculated to minimize the squared pressure at the error microphones in all
candidate positions inside the barrier zone. The position that gives the maximum attenuation
at the receivers in the shadow zone, calculated by Equation 2.9, should provide the best
configuration of control sources and error microphones within the barrier zone. This two-
step approach is repeated for the overall spectra to define the appropriate configuration of all

desired frequency range.
2.4. Results

2.4.1. Location of the secondary sources
Table 2.1 presents the best locations of the control sources and their corresponding active
control attenuations calculated by Equation 2.9. This table also shows the noise level
reduction achieved by the passive barrier at each frequency, which is the difference of the
average pressure level at receiver positions with and without the barrier.

Table 2.1: IL, [dB] at the best positions of control sources, at different frequencies.

Absorbent solil Hard soil
Freq- (XS1 ZS) ILr ILpassive (X& ZS) ILr ILpassive
[Hz] [m] [dB] [dB] [m] [dB] [dB]
63 (0.5, 2.3) 317 77 | (-05,1.0) 28.3 8.4
80 (-0.1, 0) 38.2 83 | (0.1,0.6) 34.1 9.4
100 (-0.2,0.2) 34.5 8.9 (-0.1,0) 29.1 8.9
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Table 2.1 (continue): /L, [dB] at the best positions of control sources, at different

frequencies.

Absorbent soil Hard soil
Freq- (XS1 ZS) ILr ILpassive (X& ZS) ILr ILpassive
[Hz] [m] [dB] [dB] [m] [dB] [dB]
125 (-0.3,0.1) 33.2 9.6 | (-0.5,2.2) 28.4 8.4
160 (-0.5,0.4) 33.5 104 (-0.5, 1.7) 26.2 9.8
200 (-0.4, 0) 37.3 11.1 | (-0.5,2.4) 22.4 15.2
250 (-0.5,0) 32.1 11.9 (-0.5,1.1) 23.6 12.1
315 (-0.5, 0) 26.2 12.7 | (05,2.2) 23.9 12.5
400 (-0.5, 0) 22.3 13.6 | (-0.5,2.5) 19.7 14.6
500 (-0.5,2.7) 19.8 144 | (-05,2.2) 15.1 20.0
630 (-0.5,0.9) 15.7 154 | (-0.5,0.2) 14.7 21.6
800 (-0.5, 0.5) 11.7 16.4 | (-0.2,2.7) 16.1 34.1
1000 (-0.5, 2.1) 11.7 17.4 | (-05,1.8) 10.6 24.1
Overall (05,00 (IL,)216 112 | (-05,1.8) (IL,)21.3 114

Those positions in Table 2.1 are the best locations for the array of control sources at each
frequency and overall spectra. However, there are probably more suitable locations that get
comparable attenuations in the shadow zone. In order to seek these locations, Fig. 2.4
represents the average insertion loss at the receivers in the shadow zone (IL,) for all 341
candidate positions of the control source by color maps for 63, 125, 250, 500, and 1000 [Hz],
and also the overall position calculated by Equation 2.10 for both types of soil.

3.0 IL- dD],, 30

0.5
0.5 5
0 0 0
0.5 0.3 0.1 0 -0.1 -0.3 -0.5 0.5 0.3 0.1 0 -0.1 -0.3 -0.5
X (m) X (m)
(a-i) (a-ii)

26



Chapter 2: Proper locations of transducers for an active noise barrier

77, [dB 7L, [AB
3.0 B, 30 4Bl
35
25
30
2.0
23
‘=
=, L3 20
NG
15
1.0
10
0.5
5
0 0
05 03 01 0 -0l 03 05

X (m)

(b-ii)

, [dB]
40

Z_(m)

IL, |
3.0
35
25
30
2.0 i
25
15 20
15
1.0
10
0.5 ]
0 0
0.5 0.3 0.1 0 -0 0.3 0.5

x,m)

(c-ii)

Z {m)

27



Active control of noise transmitted from barriers

L, |dB
3.0 1B,
25 35
30
2.0
25
é,’ L5 20
-
Lo 15
10
05 S
0 0
0.5
Xs(m)
(e-ii)
3.0 TL, [dB],,
25 ’
30
2.0
25
\E«h 1.5 20
N
Lo 15
10
05 5
0 0
0.5
Xs(m)
(F-ii)

Fig. 2.4: IL, [dB] of all candidate positions of the control sources. (i): absorbent soil, (ii):
hard soil. The barrier is represented by a black bar in the middle. @ is the best position of
the control sources. (a): 63 Hz, (b): 125 Hz, (c¢): 250 Hz, (d): 500 Hz, (e): 1 kHz, (f) overall,
and * is the overall position of the control sources.

2.4.2. Location of the error microphones
Table 2.2 defines the best locations for error microphones among all 341 candidate positions
when the control sources are located at the positions presented in Table 2.1. The error

microphones at these positions achieve the maximum attenuation at the shadow zone.
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Table 2.2: IL, [dB] at the best positions of error microphones with secondary
sources at the positions presented in Table 2.1.

Absorbent soil Hard soil

Freq. (Xel Ze) ILr ILpassive (Xe' Ze) ILr ILpassive
[Hz] [m] [dB] [dB] [dB] [dB] [dB]
63 (0.5, 1.5) 5.9 7.7 (05,27) 149 8.4
80 (0.5,1.2) 15.3 8.3 (0.5,0.8) 9.7 94
100 (05,1.9) 139 8.9 (0.2,0.9) 136 8.9
125 (05,21) 141 9.6 (05,04) 188 8.4
160 (05,22) 135 104 | (05,01) 154 9.8
200 (0.5, 2.1) 13.3 111 (0.5,0.4) 8.2 15.2
250 (05,23) 126 119 | (0.4,2.0) 7.1 12.1
315 (0.5, 2.2) 11.9 12.7 (0.1,25) 2.5 125
400 (0.5, 2.2) 9.0 136 | (0.3,0.2) 4.8 14.6
500 (0.5, 0.5) 2.7 144 | (05,0.7) 45 20.0
630 (0.1, 0) 3.6 154 | (0.5,1.8) 3.4 21.6
800 (0.5, 2.4) 3.3 164 | (0.2,2.8) 1.6 34.1
1000 (0.4, 2.5) 2.5 17.4 | (0.2, 2.5) 3.8 24.1
Overall  (05,20) (IL,)91 11.0 | (0.4,02) (IL,)9.3 114

Fig. 2.5 shows the achieved attenuation at the shadow zone when error microphones are

located in all 341 candidate positions in the barrier zone. The control sources are placed in

the best positions given in Table 2.1.
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Fig. 2.5: IL, [dB] of all candidate positions of the error microphones in the barrier zone, (i)
absorbent soil, (ii) hard soil. (a): 63 Hz, (b): 125 Hz, (c): 250 Hz, (d): 500 Hz, (e): 1 kHz,
(F) overall. @ is the position of control sources at each frequency, # is the best position of

error microphones, * is the overall position of control sources, and m is the overall position
of error microphones.

2.5. Discussion

2.5.1. Location of the secondary sources
Table 2.1 separately shows the noise level reduction of the passive barrier and the extra
attenuation with the active noise control at the receivers. The total noise level reduction of

the active noise barrier is the summation of these two noise control strategies. This table
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shows that the passive barrier operates more efficiently at high frequencies than low
frequencies. However, the active noise control compensates for the weak performance of the
passive control at low frequencies. Table 2.1 also shows that for a flat spectrum, the overall
attenuation achieved by means of the active control is higher than that of the passive.

As a general trend, Table 2.1 shows that the active attenuation diminishes as the frequency
increases, which is in complete agreement with all previous studies. Moreover, this table
shows that the presence of ground reflection could negatively affect the performance of the
active noise barrier, specifically at very low frequencies, as was found by Guo [92]. This is
probably due to the more complex sound fields generated by the ground reflections on both
sides of the barrier [79,92].

The positions for the control sources, presented in Table 2.1, are the locations where the
active noise barrier maximally reduces the narrowband noise of the primary source. Although
these positions are generally at the incident side of the barrier, their exact locations highly
depend on the operating frequency of the noise source and the quality of the soil wave
reflections. A more general trend can be found observing Fig. 2.4, which shows the average
insertion loss at the receivers (/L,) when the control sources are located at other candidate
positions in the barrier zone. This figure shows that besides the suitable positions presented
in Table 2.1, there is a wide region of candidate positions where the control sources at these
positions can obtain reductions comparable to the maximum one. Thus it is possible to change
the position of the control sources without losing significant performance, which is a general
result consistent with previous observations [76,77,79]. This observation is more obvious in

the case of completely hard soil than absorbent soil.

32



Chapter 2: Proper locations of transducers for an active noise barrier

From Fig. 2.4-ii, and generally speaking, it seems that most of the incident region is suitable
for placing the secondary source, except a small domain just above the edge of the barrier
which corresponds to those locations of the secondary sources that are seen only by part of
the receivers. Taking this relation into account, it seems advisable to divide the position of
control sources into three different domains (Fig. 2.6). Domain I includes those locations of
control sources where all of the receivers are under the purely diffracted field of control
sources. This domain is at the incident side and below the path that connects the furthest
receiver to the edge of the barrier. The second domain (Domain I1) is where some part of the
receivers can see the control sources (they are under the direct and diffracted field) and the
other part of the receivers is located only in the diffracted field of control sources. Domain
I11 presents those locations of control sources where all of the receivers are under the direct
and diffracted control field.

Locating the control sources in Domain 11, the receivers are exposed to a mixture of direct
and diffracted wavefronts from the control sources. This mixture of different acoustic fields
in the shadow zone seems to significantly lower the efficiency of active noise control. In
order to find out whether this is the case, the phase of the primary and secondary fields is
measured at several points when the control sources are placed at each of those three domains.
The measuring points are located 1 m far from the edge and on a plane orthogonal to the
barrier and centered at the edge of the barrier [83]. These points are in the angle range
between 274° and 293°, which covers the direction from the edge of the barrier to all receivers
(Fig. 2.6). The control sources are located at SS1, SS2, and SS3 with coordinates of
(55,,5S,) = (—=0.5,2.2), (55, 5S,) = (=0.5,2.7), and (SS,,SS,) = (+0.5,2.0)

respectively.
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Fig. 2.6: Schematic diagram of measuring points and three different domains for the control
sources close to the barrier.

Fig. 2.7 shows the active attenuation at the receivers for secondary sources at SS1, SS2, and
SS3. This shows that the control system performs better when the secondary sources are
placed in Domain | (Fig. 2.7a) than in the other two domains. The average insertion loss at
receivers (IL,)) when the secondary sources are located at SS1, SS2, and SS3 is 29.7 dB, 10.4

dB, and 14.7 dB, respectively.
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Fig. 2.7: Insertion loss [dB] at receivers, when secondary sources are at (a) SS1
(§S, = — 0.5,5S, = 2.2) [m], (b) SS2 (§S, = —0.5, SS, = 2.7) [m], (c) SS3 (§S, = 0.5,

SS, = 2.0) [m]. The dash-line shows the boundary of the secondary sources’ shadow zone.
f= 125 Hz and hard soil.

Fig. 2.8 denotes the phase of the primary field (@,), secondary field (@), and their

difference (AQ@) at the measuring points. This figure indicates that when the secondary

sources are at SS1, the primary and secondary fields are almost out of phase, which causes a

decrease in the sound level. However, for the other locations of secondary sources, @, and

@ss are almost in-phase, which degrades the efficiency of the control system.
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From the previous studies [83], and Fig. 2.8a, it is perceived that active noise control

performs better when |A@| are close to 180°. Thus, for further investigation to achieve a more

general conclusion, the

compared with the active attenuation (/L,) in Fig. 2.9. This comparison straightforwardly
shows a high correlation between these two variables (JA@| and IL,). This figure also
confirms that the active noise control performs more efficiently at those positions of

secondary sources that |A@| are closer to the 180°, i.e. the primary and control fields are out

of phase.

rimary field (@,) and secondary field (@ss) and their difference A@
1m from the top edge. Secondary sources are located at (a) SS1
= 2.2), (b) SS2 (5SS, = —0.5, §S, = 2.7), (c) SS3 (SS,, = 0.5,

SS, = 2.0). f=125 Hz and hard soil.

difference in phase of the primary and secondary fields (|A@|) is
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Fig. 2.9: (a) Difference between the averaged phase of the primary and secondary field at
receivers (JA@|), (b) IL,., for different locations of secondary sources in the barrier zone.
f =200 Hz and hard soil.

As a conclusion of the analysis performed in Fig. 2.6 to Fig. 2.8, it can be stated that the
active control at the shadow zone is maximally achieved when the diffracted waves of the
noise source are canceled by the control sources diffracted wavefronts. This general result is
also supported by previous observations [67,75-77]. These results, therefore, indicate that
the proper locations of the control sources are in Domain I, where the primary diffracted field
is controlled by a purely secondary diffracted field. For some frequencies, however, Table
2.1 shows that the best position for the secondary source is out of this domain, although it is
worth noting that these positions are rather isolated and cannot be used as general criteria.
Moreover, the use of the general criteria should lead to a more robust configuration of the
active noise barrier, as small errors in locating the secondary sources and the use of real and
relatively bulky secondary sources would bring almost the same attenuation results.
Previous findings are reinforced enforced even when considering broadband spectra. For the
broadband spectra (formed by the single-center frequencies of the 1/3 octave band in the

range of this investigation, forming flat spectra), an entirely different calculation is performed

to define the new suitable positions of control sources. For this purpose, Equation 2.10 is
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used to calculate the overall insertion loss of the whole frequency spectra. As shown in Fig.
2.4f, the overall insertion loss of the whole spectra is less depending on the position of the
control sources, than the single frequencies. Moreover, attenuation is achieved at any suitable
position of the secondary sources, although the best zone is again in Domain |, as far as

possible from the barrier.

2.5.2. Location of the error microphones

The results shown in Table 2.2 define the maximum /L, at the shadow zone when the control
sources are located at their best positions of the single frequencies presented in Table 2.1 and
the error microphones are at their best positions. In general terms, the efficiency of the active
noise barrier diminishes when attempting to reduce the primary field at the receivers by
canceling the pressure at error microphones out of the receiver zone, which is a rather
expected result. Attenuation also decays with the increase of frequency, but with a trend that
is not as smooth as for the secondary sources, since there is a dip in attenuation for those
frequencies where the control sources are out of Domain I, i.e. where the general criteria for
the location of secondary sources are violated. (More notable in Table 2.2 at f =63 Hz of
absorbent soil, and f = 80 Hz and f = 315 Hz of hard soil).

Moreover, Table 2.2 shows that the proper locations of error microphones are mostly at the
shadow side of the barrier and as close as possible to the receivers in the shadow zone,
although these positions change by frequency. Similar to the previous step and in order to
define a suitable region for the error microphones, Fig. 2.5 displays the IL,. for all candidate
positions of the error microphones in the barrier zone. This figure shows that the best

positions presented in Table 2.2 are not unique points, but there is a region of candidate points
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with positions in which the error microphones could be located without any significant loss
of attenuation at the shadow zone.

All the results definitively suggest that the control source positions located outside of Domain
| are completely isolated results and lead to significantly poorer performance in a real-life
system such as one including error microphones. By modifying the positions of the control
sources and locating them in Domain I, for instance, at the best position of the broadband
noise, and repeating the second step, greater attenuations at those frequencies are achieved.
The results are presented in Table 2.3. These results are in a better correlation with those
presented in Table 2.2 for other frequencies.

Table 2.3: IL, [dB] with the modified positions of control sources and error microphones.

Freq.[Hz]  Soil type X5, Zg) [m]  (Xe, Z.)  IL, [dB]

[m]
63 absorbent (-0.5,0) (0.5,2.4) 155
80 hard (-0.5,1.8) (0.5, 1.6) 12.5
315 hard (-0.5,1.8) (0.3,0.2) 8.0

Generally speaking, as long as the control sources are in Domain I, the suitable region for the
location of error microphones is on the shadow side and below the barrier edge. This trend
simply suggests that the error microphones must be placed at any position so that they are
under the diffracted fields of primary and secondary sources. In order to prove that
hypothesis, the averaged phase difference at the receivers (AQ) is calculated at all of the
candidate positions for error microphones, and the results are compared to the /L, for the
same configuration. Fig. 2.10 compares A@ with the /L, at 200 Hz when the secondary
sources are in the best position according to Table 2.1 (§S, = — 0.5, SS, = 2.4). The
comparison of Fig. 2.10a and Fig. 2.10b clearly shows that when the error microphones are

located in the shadow zone of the barrier and the secondary sources are located in Domain I,
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the pressures of the primary and control sources are out of phase, which improves the

performance of the active control system.

IL [dB]
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Fig. 2.10: (a) Difference between the average phase of the primary and secondary field at
receivers (A@), and (b): /L [dB], for different locations of error microphones when the
secondary sources are at SS,, = —0.2, SS, = 2.4.

Consequently, the result shown in Fig. 2.10 proposes that the active noise barrier operates

more efficiently when the error microphones are located in the same acoustic field of all

sources as the receivers are placed.

2.6. Conclusions

In this chapter, it is shown that the best absolute location of the control sources and error
microphones depends on the operating frequency of the noise source and type of soil, but it
is possible to find a region for transducers close to the barrier where the active noise barrier
could operate almost as efficiently as at its absolute best configuration. The control sources
should be located on the incident side and below the path that connects the furthest receiver
to the edge of the barrier. Moreover, the error microphones should be located at the receiver
side in the shadow zone of both primary and control sources, i.e. the control system will

perform more efficiently when the diffracted field of primary source controls with the
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diffracted field of secondary sources and the error microphones are under the diffracted sound
field of both the primary and secondary sources.

Furthermore, the results show the significant effect of the soil’s reflection on the performance
of the control system in the narrowband cancellation. This effect, however, is not reported
for the broadband noise cancellation in terms of the location of transducers, and the general
criteria hold for both completely reflective or completely absorptive soil.

It is also found that the two-step optimization approach (first find the best position for the
secondary sources and then the best position for the error microphones) is suitable for the
design of a compact active noise barrier whose cancelation zone is far away from the shadow
zone, although it probably fails in finding the absolute best configuration if the determined

general criteria are ignored.
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3.1. Introduction

Construction noise is a topic of recognized importance in terms of its impact on workers due
to the high noise level generated [8,93]. The issue has gained added significance given the
ever-increasing environmental sensitivity of the general public and the corporate sector alike
in recent years as construction noise can cause annoyance [94,95] and have adverse
behavioral effects [6] on the neighborhood. Among others, the ubiquity of noise sources, the
variability of the noise itself, the existence of the flows of materials, people, and vehicles, the
size of the whole plant, the limited efficiency of most solutions in the low-frequency range,
and even the difficulty of assessing the effect of mitigating measures [96] all contribute to
on-site noise control.

Noise control in this complex scenario generally calls for joint action on the transmitter, using
low acoustic emission equipment [97] or managing the schedule and simultaneity of the
performances [98], and on the transmission channel [38]. Alternatively, if all else fails, an
action can be taken on the receiver [56].

A measure that is gradually being taken is the use of mobile noise barriers that adapt to the
construction process [99-101], despite their limited efficiency in the low-frequency range,
which predominates in construction noise. The recent study [2] defined the difficulties of the
application of active noise barriers in open space. It is known, however, that active noise
control is especially efficient in the low-frequency range, and that is why recent research has
focused on applying this strategy to construction noise control, with promising results
[55,98]. A natural outgrowth of these recent studies consists of the investigation of the
applicability of active noise barriers (ANBSs) in construction, which combines portability with

maximum efficiency.
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This study sets out to investigate the suitability of applying active noise control on barriers
for construction sites and defining the configuration of the control devices, which gives the
maximum attenuation. The suitable locations for the transducers are found among 341
potential positions around the barrier. The cancelation targets for noise control are the
neighboring street area, defined by a horizontal plane of receivers at the shadow zone of the
barrier, and buildings close to the construction site, defined by a vertical plane of receivers’
places away from the barrier.

In this regard, two stages are involved in discovering the best location of the transducers
close to the barrier [102-104]: First, the position of the control sources is found ensuring the
maximum attenuation of acoustic pressure in the receiver zone. Second, a suitable position
is selected for the error microphones that give the greatest attenuation in the shadow area for

the location of the control sources found in the first stage.

3.2. Theory

3.2.1. Diffraction Model
The diffraction model developed by Macdonald is again used in this study as it was employed

in the previous study.

3.2.2. Active Noise Barriers

The overall objective of adding active noise control sources to the barriers is to extend the
efficiency of the acoustic barriers at low-frequency spectra, typical of construction noise [8].
An effective design of an active noise barrier defines the location of the error microphones
and secondary sources properly. Installing the transducers close to the barrier can be

advantageous in terms of supporting them on the barrier itself. The optimized position of
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transducers highly depends on the position of the noise source and the target area where it is
aimed to control the sound level.

In this study, the locations of transducers are optimized for different positions of the noise
sources and two different target areas, namely, the street area and the facade of the
neighboring building. The optimization procedure is followed by a two-step method. The
first step is to determine the positions of the control sources, which ensures the maximum
noise level reduction in the target area. Once the suitable location of the control source has
been found, the position of the error microphones is defined. It bears noting that the objective
in the second step is not to maximize the attenuation in the error sensors but to minimize the

sound level in the target area.

3.3. Method

Acoustic barriers are commonly used in cities to control the construction noises in the street
area and neighboring buildings. These kinds of barriers are generally composed of several
short-length segments (Fig. 3.1) so that they can be installed, moved, and adapted to the
boundary of the construction sites. In this study, three zones are considered to model the
construction site and its nearby areas: (I) the construction site (Fig. 3.1a), where the activities
are progressing and the noise sources are located; (I1) the building area, representing close
buildings; and (I11) the street area, representing the sidewalk zone between neighborhood

buildings and the construction site (Fig. 3.1b).
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(a) (b)
Fig. 3.1: On-site noise control barriers. (a) Construction site area. (b) Sidewalk and
neighboring buildings.

In the simulation, the barrier with rigid surfaces on both sides and a practical height of
H,=2.5m is considered between the construction site and the sidewalk and buildings area
(Fig. 3.2). The thickness of the barrier is considered negligible vis-a-vis the noise wavelength.
In the calculations, the ground is also assumed to be hard and the reflected pressures at both
sides of the barrier are computed based on the image method [84].

To address the movement of the noise source in the construction site, the simulation is
conducted for different positions of the noise source. The distance of the noise source from

the barrier, d,,,, ranges from 1 to 7 m, and for simplicity, it is always located at plane Y =0

pr
and a height of 0.3 m. The frequency spectra throughout this work are formed by the center
frequency of each third-octave band from 63 Hz to 1 kHz and the power output of the noise
source is 1 W at each considered frequency.

Fig. 3.2 schematically shows the construction site and the nearby areas. In this figure, the
control zone is the region close to the barrier, reserved to place the transducers. This zone is
intentionally selected near the barrier so that the transducers can be installed in real

applications and also the active barrier remains as a unique, portable device. For this study,

the control zone surrounds the barrier with a size of 1 x 3 m2.

47



Active control of noise transmitted from barriers

The positions of the transducers are optimized through the control zone to minimize the sound
level in the target areas (shaded areas in Fig. 3.2). The street area with a size of 10 x 8 m? is
recognized as the first target area that is covered with 15 points for computing the pressure.

These points are located at a height of 1.65 m.

Building facade

20

Shadow zone
on the facade

15

Fig. 3.2: Schematic diagram of an infinite barrier and different target zones (dimensions are
in meter).

The second target area in this research is the shadow zone on the fagade of the neighboring
building. The whole building facade is 20 x 8 m?, located on the plane X = 15 m (Fig. 3.2)
and placed symmetrically with respect to the Y-axis. The size of the shadow zone on the
facade depends on the relative location of the noise source from the barrier. In the current
work, the same density of points as the street area is always considered to compute the
pressure on the fagade.

The set of control sources is defined by an array of Ns = 10 control sources arranged linearly
along the Y-direction and distributed symmetrically with respect to the X-axis. The space

between the adjacent control sources in the Y-direction is d;, = 0.2 m, which is close to half
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the shortest wavelength at 1 kHz, a distance that gives a better performance for an array of
control sources [71,90]. The suitable location for the control sources is found among 341
candidate positions in the control zone (Fig. 3.2), defined by a grid of 0.1 m steps in both X-
and Z-direction. For each candidate position, the strength of the control sources is calculated
so that the acoustic pressure is minimized at the observational points in the target areas,
calculated using Equation 2.10. The position that gives the maximum attenuation is
considered the best location for the control sources.

Once the best location of the secondary sources has been defined, minimizing the acoustic
pressure level in the target areas is attempted using a set of error sensors within the control
zone. To this end, an array of Ne = 41 error microphones is arranged linearly along the Y-
direction, with distances d, = 0.2 m between them, and distributed symmetrically with
respect to the X-axis. The distance between error sensors is close to half the shortest
wavelength which, based on ref. [71,90], is the optimum value for the separation space of
error sensors, and Ne = 41 is chosen to cover the width of the target areas in Y-direction. With
the secondary sources fixed at the best position of each frequency, the strength of the control
sources is calculated to minimize the squared pressure at the error microphones in all
candidate positions in the control zone. The position that, after the previous calculation, gives
the maximum attenuation in the target area, calculated by Equation 2.10, should provide the

best setup of the control sources and error microphones within the control zone.

3.4. Results
This section introduces the best locations of the transducers in the control zone when different

regions are considered as the target zones.
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3.4.1. Target Area: Street Area

Table 3.1 shows the position of transducers, which gives maximum attenuation in the street
area for the various distances of the noise source from the barrier (d,,). This table also
illustrates the different values of attenuations reached in the street area (IL;), the shadow
zone on the fagade (/Lr ), and at the whole building fagade (IL), considering passive and

active noise control mechanisms.

Table 3.1: Best positions for the transducers and the insertion loss achieved when the street
area is the target zone. d,,, is the distance of the noise source from the barrier and /Ly,

ILg ¢, and L are the average insertion loss in the street area, in the shadow zone of the
fagade, and in the whole building, respectively. The insertion loss with the passive noise
barrier, PNB, is the difference of the average sound pressure level in the observational
points with and without barrier, and the insertion loss of the active noise barrier (ANB) is
computed by Equation 2.10. (X,, Z;), (X., Z,) are the coordinates of the control sources and
error sensors, respectively.
dpr (XSv Zs) (Xev Ze) ILs[dB] ILFs[dB] ILF[dB]

[m] [m] [m] ANB PNB ANB PNB ANB PNB
1 (-0.5,0) (052.4) 164 149 179 108 179 108
25 (-0.5,1.8) (051.1) 119 132 108 96 09 87
4  (-05,1.8) (0509) 109 123 84 95 -03 83
55 (-0.5,1.8) (0.404) 99 118 81 92 -04 83
7 (-05,18) (0402 93 114 79 91 -0.1 83

This table shows that the best position of the transducers varies depending on the location of
the noise source. As changing the position of the transducers according to the distance
between the noise source and the barrier is not a practical solution, it is worth seeking whether
there are regions in the control zone for the control devices where the active noise control
can achieve comparable attenuations for different locations of the noise source. Fig. 3.3-i
shows the reduction in the street area (IL,) achieved from the first step for different positions
of the control sources in the control zone. The location of the noise source changes from
dpr = 1 m (Fig. 3.3a-i) to dp,- = 7 m (Fig. 3.3e-i). In this figure, the barrier is shown by a

black bar and * represents the best position of the control sources. Form the second step, Fig.
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3.3-ii illustrates the reduction in the street area (IL;) when the control sources are located in
the best position (the star position) and the total square pressure is minimized in different

positions of the error sensors in the control zone. In Fig. 3.3-ii, m is the most suitable position

for the error microphones.
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Fig. 3.3: IL, (dB) for different positions of (i) secondary sources and (ii) error microphones,
in the control zone. The distance of the noise source from the barrier (d,,) is (a): 1 m, (b)
2.5m, (c) 4 m, (d) 5.5 m, and (e) 7 m. The barrier is presented by the black bar, and * and m
represent the best positions of the control sources and error microphones, respectively.
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3.4.2. Target Area: Shadow Zone of the Facade

More studies have simulated the effect of noise cancelation by the barrier on the facade of a
tall building nearby a construction site. In this subsection, the shadow zone on the facade is
considered as the target area to control the noise of construction activities. The height of the
shadow zone on the facade depends on the distance of the barrier to the building and the

distance of the noise source from the barrier (d,,). In this study, the height of the shadow
zone on the fagade changes from 7 m for the noise source at d,,.= 7 m to the whole facade
for d,,= 1 m. Table 3.2 demonstrates the most suitable configurations of the transducers

when the shadow zone of the facade is considered as the control target area.

Table 3.2: The best positions of the secondary sources and error microphones in the control
zone, when the target zone is the shadow zone of the fagade. Variables are similar to Table

3.1.
dpr (X5, Zs) (Xe, Ze) ILg[dB]  ILp[dB] ILp[dB]
[m] [m] [Ml ANB PNB ANB PNB ANB PNB
1 (-0.5,0) (0.2,2.3) 118 149 220 108 220 108

25 (-051.9) (0505 114 132 121 96 06 87
4  (-051.8) (03,03 103 123 97 95 -05 83
55 (-0.52.3) (05,02 107 118 94 92 11 83
7  (-0523) (0304) 83 114 89 91 01 83

Fig. 3.4 illustrates the average reduction in the shadow zone on the fagade (/L ;) for different
positions of the secondary sources and error sensors described in Fig. 3.3. In this figure, the

target area is the shadow zone on the fagade.
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Fig. 3.4: L [dB] for different positions of (i) secondary sources and (ii) error
microphones in the control zone. The distance of the noise source (d,,) is (a) 1 m, (b) 2.5

m, (c) 4 m, (d) 5.5m, and (e) 7 m. * and m represent the best positions of the control
sources and error microphones, respectively.

3.5. Discussion

3.5.1. Target Area: Street Area

Table 3.1 shows that the performances of both active and passive noise control mechanisms
in the shadow zone of the barrier are of the same order for the range of distance of the noise
source from the barrier (d,,) studied in this investigation. It shows the farther the noise
source from the barrier, the lower the attenuation achieved by both passive and active noise

control mechanisms. The attenuation of active noise cancellation in the street area is in the
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range of 9.3 to 16.4 dB when the d,,. changes from 7 to 1 m, respectively. Passive attenuation,

however, is more stable and varies from 11.4 to 14.9 dB for the same distances of the noise
source. The loss of attenuation with the active mechanism is not very noticeable for d,,,. more
than 2.5 m. The same results were observed for the attenuation attained in the shadow zone
of the facade. These observations imply that the active cancellation is more sensitive than
passive noise control to the changes in the distance of the noise from the barrier.

Table 3.1 also shows when the target zone is the street area, the active noise barrier can reduce
the noise level at the shadow zone of the fagade, but it fails to achieve reductions in the whole
facade for d,, from 4 to 7 m. The possible explanation for this result is the noise source
farther from 4 m, the number of observational points on the top parts of the facade, which
receive direct wavefronts of the noise source, and diffracted wavefronts from the control
sources increase, and the control source diffracted field cannot reduce the direct field of the
noise source. This suggests that the noise control mechanism is to cancel the diffracted
wavefronts rather than the primary noise radiation.

Moreover, the positions for the control sources and error sensors show that they are always
located on the incident side and shadow side of the barrier, respectively. However, the
locations are different for each position of the noise source, and for a practical active noise
barrier in a changing environment such as a construction site, it is mandatory to seek a unique
configuration for the whole range of the noise source’s position.

Fig. 3.3 reveals that the position of the control sources and the error microphones
significantly contributes to the performance of the control system. Fig. 3.3-i shows that when
the squared pressures are minimized directly at the observational points in the street area,

there is a rather wide suitable region on the incident side of the control zone for the control
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sources to be located. However, there is a narrow region in the incident side of the barrier
where the control sources achieve lower attenuation in the street area (Fig. 3.3-i). When the
control sources are placed in this narrow region, some observational points receive both
direct and diffracted wavefronts, while other observational points just receive diffracted
wavefronts. This mixture of control sources’ field in the target area likely explains the weak
performance of the control system for noise control, as it is shown for example in the work
of Chen et al. [83] where the active cancellation of the barrier is basically achieved in the
region of the diffracted primary sound field. Thus, taking into account the position of the
street area, the suitable region for the secondary sources is a relatively broad region below
the edge of the barrier at the incident side.

Fig. 3.3-ii displays that the active noise barrier is more efficient for those positions of the
error sensors in the control zone where they receive the same wave-fronts from the noise
source and secondary sources as the target area. Considering the best positions of the control
sources presented in Table 3.1, the suitable region for the error sensors is the shadow side of
the barrier and below the noise source-edge line.

There is no prior study that considered a whole range of positions for transducers around the
barrier, but some previous studies confirm the results of the current investigation. Omoto et
al. [71] and Fan et al. [67] showed that for both straight and T-shaped active noise barriers,
better performance achieves when the control sources are placed in the incident side of the

barrier, along the line that connects the noise source to the edge of the barrier.

3.5.2. Target Area: Shadow Zone of the Facade
The same method is used to define the suitable regions of the transducers when the target

area is the shadow zone on the fagade. As shown in Table 3.2, the optimal positions for the
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secondary sources are at the noise source incident side and the error sensors are at the shadow
side. This table also illustrates that when the shadow zone on the facade of the building is
considered as the target area, the active noise control is as effective as the passive noise
barrier to reduce the noise level. The trend of insertion loss is rather similar to the results
obtained when the street area was considered as the target area.

Generally speaking, Fig. 3.4 demonstrates that the suitable regions for the control sources
and error sensors are below the line that connects the noise source to the barrier edge at the
incident and at the shadow side, respectively. These regions closely match the locations
previously proposed for the street area. Locating the transducers above this line adversely
affects the performance of the active noise barrier. Results of Ref. [105] also, confirm that
the error microphones placed in the shadow zone of the barrier could create a large quiet zone
in the shadow area. The comparison of noise reductions at the street area and the shadow
zone of the facade (presented in Table 3.1 and Table 3.2) proposes a unique configuration
for the positions of the control means that are close to the barrier.

Fig. 3.5a,b illustrates the distribution of insertion loss in the street area when the noise source
is at dp = 7 m and the transducers are located in the positions presented in Table 3.1 and
Table 3.2, respectively. This figure shows approximately the same noise level reduction in
the street area regardless of the location of the control zones. On the other hand, Fig. 3.6
shows the insertion loss (dB) in the shadow zone of the facade for the same condition. This
figure reveals that the active noise barrier achieves more reduction on the building facade
when this area is considered as the control zone. Comparing these two figures reveals that
the active noise barrier achieves better noise reduction in both areas when the shadow zone

on the fagade is considered as the target area.
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Fig. 3.6: Insertion loss at the observational points in the shadow zone of fagade, ILg [dB],
when (a) street area (X,, Zs) = (-0.5, 1.8), (X,, Z.)=(0.4,0.2) and (b) shadow zone on the
facade (X, Z;) = (0.5, 2.3), (X,, Z,) = (0.3,0.4) are the target areas.
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3.6. Conclusions

Successful implementation of an active noise barrier close to a construction site requires an
effective configuration for the control devices and a good understanding of different
scenarios for a moving noise source. The main contribution of this chapter is studying the
suitability of an active noise barrier to control the construction noise activities in the
neighboring street area and the nearby building facade for a noise source in the construction
site. The noise source is represented by a point source placed at different positions regarding
the barrier (as a mobile source would do) and operates with the typical sound spectra of
construction noises.

The results confirm that for a moving source with the broadband frequency, there are suitable
regions for locating the transducers where the active noise barrier performs as efficiently as
optimal configuration. Similar to the conclusion of the previous chapter, the suitable region
for the control sources is whatever position below the line that connects the noise source to
the edge of the barrier and as far as possible from the barrier (0.5 m in this study). Besides,
the appropriate region for the error sensors is whatever position in the diffracted field of the
shadow zone and as possible from the barrier (0.5 m in this study), which is below the line
between the edge of the barrier and the farthest receiver.

Those configurations that follow these rules and for the number of sources and error sensors
considered in this study, good attenuation results are yielded in the whole shadow zone
behind the array of the error sensors, as cancellation at any of the two target areas has always
been achieved good attenuation in the other zones. It is shown that when the noise source is
7 m far away from the barrier, the passive barrier reduces the noise level up to 11.4 and 9.1
dB in the street area, and the shadow zone of the facade, respectively. Moreover, the active

cancellation system with the optimized configuration for the control transducers can increase
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the noise mitigation level to up 20.3 and 17.4 dB in the street area and the shadow zone of
the facade, respectively (when the shadow zone of the facade is the target area). From these
results, it can be deduced that the active noise barrier can successfully reduce more
construction noise levels when the transducers are placed properly.

Also, the findings of this study proposed that in order to reduce the risk of raising the noise
level in the top part of the building, the barrier should be placed as close as possible to the
noise source. However, the overall performance of the proposed configuration is also
relatively independent of the position of the noise source, as the attenuation in the shadow
zone of the barrier remains almost unchanged for distances between the noise source and the

barrier between 2.5 and 7 m.
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4.1. Introduction

In the previous chapters, the performance of an active noise barrier is optimized by searching
the best locations of control sources and error sensors with repetitive calculations. With this
method, only the coordinates of transducers could be optimized. However, more parameters
may affect the efficiency of the active noise barrier. Furthermore, with the two-step method,
it is not possible to optimize all parameters (those related to the control sources and error
microphones) simultaneously. In this chapter, the optimization is performed by defining the
optimal values for more parameters.

There are a variety of optimization methods that may optimize several parameters
simultaneously. Bracketing, Local descent, First-order, Annealing algorithms, and Genetic
algorithms are only a few examples of these algorithms. Some of these methods use the
derivative of the objective functions to define the optimal values of the parameters. However,
the others are derivative-free methods and optimize the objective functions regardless of their
nature and constraints. Genetic algorithms are in the latter category. These are global
optimization methods, which have a greater chance of obtaining a global solution rather than
a local one [106].

In the field of the noise barrier, the studies [107-111] focused on optimizing the parameters
with genetic algorithms for the passive barrier. For instance, Duhamel [107] optimized the
shapes of the passive noise barriers to minimize the sound pressure level in a domain behind
the barrier with genetic algorithms. Baulac et al. [108] optimized the efficiency of a T-shaped
noise barrier that was covered by a series of wells on its top by the genetic algorithm
optimization method. In their study, they considered the shape of protection (the depths of

the wells on the crowning) and the flow resistivity of absorbing materials as the optimization
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variables. Gounod et al. [109] performed an optimization to find the position of sources in
the equivalent source method (ESM). Based on their findings this technique gives good
reconstitution of the pressure field by using very few mono-poles. Also, Tao et al. [110] used
the Genetic Algorithm to optimize the position of the control sources where the maximum
reduction could be achieved and also investigated the frequency range that the active control
system would benefit from the reflection of the surface.
Also, genetic algorithms are utilized to optimize specific parameters in some applications of
active noise control [112-115]. For example, Montazeri et al. [112] found the optimal
placement of two control sources and four error microphones in an enclosure for the active
noise control system with the GA. Their model achieved 52.7 dB reductions in the potential
energy of the enclosure after searching more than 700 locations for the transducers. Also,
Manolas et al. [113] achieved 6.4 dB reductions inside an aircraft after using the genetic
algorithms to define the actuator positions for an active noise control system. However, no
studies have been published to use these optimization algorithms for active noise barriers.
The significance of appropriate placements for error microphones and control sources as well
as their numbers in an active noise barrier to achieve the highest possible decrease in acoustic
pressure necessitates a global optimization technique that can determine these parameters
properly. In particular, this chapter focuses on optimizing the performance of an active noise
barrier with genetic algorithms. The objective is to find more optimal parameters than
previous chapters and propose a configuration for the transducers which obtain a higher
reduction in the shadow zone of the barrier. The optimized parameters throughout this chapter

are the positions, interval, and the number of control sources and error microphones.
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The optimizations are performed by two different approaches: “Two-step” and “Multi-
parameter”. The objective function for both approaches is the averaged extra insertion loss

achieved by the control system at a target zone located in the shadow zone of the barrier.

4.2. Genetic algorithms model and workflow

The division of optimization algorithms depends on how they optimize the objective
functions, and if the objective functions are differentiable or non-differentiable. Those
algorithms that use the derivative of objective functions are fast, but they are ineffective for
the optimization of non-differential objective functions or those whose derivatives can only
be computed for a single or specific domain [116]. On the other hand, certain optimization
algorithms, including Direct, Evolutionary, and Stochastic algorithms, operate directly on the
objective functions. These algorithms are so-called black-box optimization algorithms
because of the minor information they require about the function.

Genetic Algorithms (GAs) are differential-free optimization methods that classify in a larger
category of algorithms, calls Evolutionary Algorithm (EA) [117-119]. The principal concept
of these algorithms is to mimic the natural process of biological evolution [120], inspired by
Darwin’s theory. The theory states that individual specimens of a population compete with
one another for resources, shelter, and partners. Those individuals that are the best suited in
the competition, have a higher survival rate and can produce a greater number of children.
At the same time, the genetic characteristics of each individual are rearranged and transferred
to the next generation. The next generations will be more adapted to the environment, because
of the larger rate of mating and modified characteristics by the best fit individuals of the

previous generation [121]. The first attempt to import the GA features into computer
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algorithms was performed by John Holland [122] by developing methodologies that simulate
natural adaptation mechanisms.

The first step in developing the optimization with GA is to define the parameters together
with their lower and upper boundaries. Then, the algorithm starts by generating the first
population, randomly. Each population is made up of individuals who are formed by a set of
parameters. The parameters are selected inside the boundaries that are defined previously.
Then the algorithm creates a sequence of new populations. At each step, the algorithm uses
the individuals in the current generation to create the next population.

The new population is created by passing the following step:

1- The algorithm scores each member of the current population by computing its fitness
value. These values are called the raw fitness scores.

2- The raw fitness scores are scaled to create a more useable range of values, which are
called expectation values.

3- The members of the new population are selected based on their expectations value.
These members are called parents.

4- Those individuals of the current population with lower fitness are selected as elite.
These elite individuals are passed to the next population.

5- The new children are born from parents. These children are created either by making
random changes to a single parent (mutation) or by combining the vector entries of a
pair of parents (crossover).

6- The children are replaced with the current population to produce the next generation.

The optimization procedure continues till the stopping criteria are accomplished. These

criteria are the maximum generations and the defined tolerance for convergence. When the

maximum change in the fitness values of all generations is less than the defined tolerance the
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optimization finishes. Also, if all of the fitness values of the generations are calculated
without fulfilling the ending condition, the algorithm considers that convergence is not

achieved and terminates the optimization procedure.

4.3. Methodology
4.3.1. Model

In this chapter, the optimizations are performed based on the genetic optimizer using the
MATLAB Optimization Toolbox. The objective function used in this chapter is the average
insertion loss at the target zone which has been presented by Equation 2.9.

The target zone where the insertion losses (objective function) are minimized is an area of
size 10x8 m? with a height of 1.65 m behind a thin and infinite barrier with H, = 2.5 m tall.
The efficiency of the active noise barrier is measured by calculating the average noise
reduction at 15 discrete observation points placed at the target zone. The observation points
are distributed evenly in the target zone. The noise source is located at a stationary point, 7
m away from the barrier, and operates at 200 Hz with a strength of g,,= 0.0477 (m®s™). Fig.
4.1 schematically shows the target zone, the barrier, the primary noise source, and the zones

around the barrier where the candidate positions for the transducers can be placed.

68



Chapter 4: Exploring the optimal parameters of an active noise barrier by Genetic Algorithm

Fig. 4.1: Schematic model of the target zone and observation points behind the barrier.

In the previous chapters, it is shown that the performance of an active noise barrier increases
when the control sources located on the incident side of the barrier and all the receivers in
the target zone were out of their direct fields. Also, the error microphones are placed at the
shadow side and below the height of the barrier.
Therefore, in this chapter, the "Error microphone zone" and "Control source zone" (Fig. 4.1)
are established in a way that the candidate positions for error microphones and control
sources correspond to the previous results. The "Error microphone zone" and "Control source
zone" respectively illustrate the boundaries for the locations of error microphones and control
sources during the optimization process with the GA. These zones are intentionally selected
close to the barrier’s surface to avoid interference with the activities in the shadow region, as
well as to ensure that the control units can be installed in a practical application. The
candidate positions for the transducers in these zones are defined by a grid of positions with

the size of 0.1 m in both X- and Z-directions.
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The optimization parameters throughout this chapter are the X- and Z- coordinates of
secondary sources (SS, and SS,), the X- and Z- coordinates of error sensors (ES, and ES,),
and the space between adjacent control sources (dg) and error microphones (d,). Fig. 4.2
shows the optimization parameters schematically. The maximum generations and the
tolerances of convergence that are defined as the stop points of the optimization procedure

are 100 and 10°®, respectively.

Fig. 4.2: Optimization parameters of the active noise barrier.

The limits of d and d, are selected to be less than half of the wavelength [49,71] in the
frequency range of 100 to 500 Hz which is the most efficient range for the active noise barrier
[74,123]. Table 4.1 represents the parameters and the corresponding lower and upper
boundaries in the optimization procedure.

Table 4.1: Boundaries of the parameters for the GA optimization procedure

Parameters of Control Parameters of error
sources microphones
SS,[m] SSy[m] ds[m] ES,[m] ES,[m] d.[m]
Lower boundary 0 -0.5 0.3 0 0 0.3
Upper boundary 2.5 0 1.7 2.5 0.5 1.7
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4.3.2. Calculation procedure
In this chapter, two approaches are followed in order to optimize the performance of the
active noise barrier at a tonal noise of 200 Hz. In this work, these approaches are called the
“Two-step” and “Multi-parameters” approaches.
In the “Two-step” approach the parameters are optimized by the genetic algorithms after two
steps [51,63,87]. This approach is the same method described in the previous chapters, but
here in each step, more parameters are optimized by the genetic algorithms.
In Step 1, the parameters corresponding to control sources (SS,, SS,, and d) are optimized.
In this step, the strengths of control sources are calculated by Equation 2.8 to minimize the
squared pressure at the position of observation points in the target zone. This configuration
of error microphones assures the maximum achievable noise level reduction in the target
zone [69]. In Step 2, the parameters of the error microphones are defined while the control
sources are placed at the positions found in the previous step, and the total squared pressure
is minimized at the error microphones that are located at the positions close to the barrier (in
the Error microphone zone shown in Fig. 4.1). The strength of control sources in this step is
calculated with Equation 2.12. The objective function during both steps is the average
insertion loss at the target area which is described by Equation 2.10.
The second approach that is followed in this chapter to define the optimal values for the
parameters is the “Multi-parameters”. In this approach, all the variables that have been

presented in Table 4.1 are optimized simultaneously in a single step.

4.4. Results and discussion
In this section, first, the correct implementation of the GA is validated by comparing the

outputs with the results provided for the model provided in Chapter 3. Afterward, the
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optimizations with both approaches explained in the previous section are followed for
different numbers of control sources and different target zones. Lastly, the results of these
approaches are compared and discussed.

All the optimization procedures of this chapter are performed with a high-performance
cluster with 2 GHz Intel® Xeon® Gold 6138 CPU (with 40 cores), however, the calculations

are performed with 10 cores.

4.4.1. Model validation

To ensure that the optimization procedure is carried out properly, the outputs of the genetic
algorithm are compared with the results provided in Table 3.1. This model contains 10 control
sources and 41 error microphones linearly arranged within a zone close to the barrier. The
spaces between adjacent transducers are fixed at d; = d, = 0.2 m.

Table 4.2 represents the optimum positions of transducers together with the achieved
insertion loss obtained from the repetitive method and the genetic optimizer.

Table 4.2: Validation of genetic algorithms with Ref. [63].
dpr[M]  (SSx, $Sz) [M]  (ESy, ES;) [M] L repetidve [dB]  ILea [dB]

1 (-0.5, 0) (0.5,2.4) 16.4 16.4
2.5 (-0.5,1.8) (0.5,1.1) 11.9 11.9
4 (-0.5, 1.8) (0.5,0.9) 10.9 10.9
5.5 (-0.5, 1.8) (0.4,0.4) 9.9 9.9
7 (-0.5, 1.8) (0.4,0.2) 9.3 9.3

Table 4.2 confirms that the GA optimizer performs appropriately and it can find the same
transducer positions as presented in Table 3.1. In subsequent computations, the spaces
between the transducers (dg and d,) are considered as the variables during the optimization

process.
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4.4.2. Optimization with the Two-step approach

4.4.2.1. Step 1: Minimization at the observation points
The number of control sources is not a variable in this study since the algorithm always
selects the configurations with the most control sources that result in the greatest reduction
in the target zone [75,80]. However, in order to investigate the impact of the number of
control sources on their optimal locations and the effectiveness of the active noise barrier,
optimizations are carried out over a range of control sources (Ns) progressively increasing
from 2 to 10.
The optimized values for parameters corresponding to control sources (SS,, SS,, and dy)
together with average insertion loss at the target zone are shown in Table 4.3. These values
are found by GA after the first step of the two-step approach.
Table 4.3: Optimized parameters related to control sources obtained by the Two-step
approach at 200 Hz.

N, 2 3 4 5 6 7 8 9 10

SS,[m] 05 O 25 04 04 09 17 25 25

SS,[m] -05 -05 -05 -05 -05 -05 -05 -05 -05

d [m] 15 10 13 05 05 05 05 05 05
ILsep [dB] 31 43 84 124 121 17.3 151 211 207

Timesep1[n] 0.8 10 22 34 41 52 74 86 9.6

Generally speaking, the higher insertion losses are obtained when the number of the control
sources increases, as is reported in the previous studies [75,90]. However, the results
presented in Table 4.3 show this general rule may fail if the locations of control sources
during the optimization process are limited to specific regions. For instance, the outcome of
optimizations at Ny = 6, Ny = 8,and N, = 10 in Table 4.3 are lessthan Ny = 5, N, = 7, and
N, = 9, respectively. Probably, the results for Ny = 6, N; = 8, and N, = 10 improve if a

wider “Control source” zone or more candidate positions inside this zone are considered.
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Additionally, Table 4.3 illustrates that for different numbers of control sources, there is no
general trend for the Z- coordinate of the secondary sources SS,. On the other hand, the
optimal positions of SS, are always the furthest from the barrier and closer to the noise
source.

Previous empirical research [49,71] found that when the distance between the control sources
is less than half wavelength, better results are produced, however, Elliot et al. [91] recently
demonstrated that this distance should be less than a complete wavelength. In this study, the
optimal spaces between the control sources are less than a wavelength (1 = 1.70 m), which
agrees with the previous studies. However, when a few control sources are included in the
active control system, the GA outputs reveal that this space can expand more than half a

wavelength for better results, but they are always less than a wavelength [91].

4.4.2.2. Step 2: Minimization at the error microphones

In Step 2, the error microphones are used to calculate the strength of the control. Thus, in
addition to the location of error microphones, it is important to define the lowest number of
error microphones to prevent additional project expenses while ensuring the optimal
performance of the active control system. To this end, the optimizations are carried out with
different numbers of error microphones N, for each number of control sources N;. Fig. 4.3
illustrates the average insertion loss at the target zone with N, = 3 and N; = 4 and different
numbers of error microphones up to N, = 10. This figure indicates that in the Two-step
approach when the position of control sources are fixed, increasing the number of error
microphones more than N¢+2 has no meaningful effect on the performance of the active noise

barrier, because for large values of N, the error sensors cover the target zone while the
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distance between the error sensors d, is less than the wavelength. Therefore, adding more

error sensors will not improve the performance of the active control system.

10

Ns‘ =4
8+ ",4"'___-i -----------------
-
o 6
Z N =3
=4t
2 -
0 L \- 1 | 1
3 4 5 6 7 8 9 10
Ne

Fig. 4.3: Average insertion loss with different numbers of error microphones.

Therefore, the optimizations are attempted with different numbers of error microphones
from N, = Ngto N, = Ng + 2. The results reported in Table 4.4 show the best outcome of
these calculations.

Table 4.4: Optimized parameters related to error microphones obtained by the Two-step
approach at 200 Hz.
N, 2 3 4 5 6 7 8 9 10
N, [m] 2 5 5 5 7 8 10 10 10
ES,[m] 23 24 08 25 25 23 24 11 11
ES,[m] 03 05 05 05 05 05 0.5 05 05
d.[m] 12 15 15 16 11 10 07 08 0.8

ILstepo[dB] 31 43 81 84 81 125 100 157 16.0
Timesep2[n] 1.9 3.0 37 54 91 104 120 133 145

As it can be observed in

Table 4.4, there is not any defined trend for the location of the error microphones, although
the error sensors should be placed as far as possible from the barrier surface like the result
obtained for secondary sources. In addition, by comparing the positions of secondary sources

and error microphones shown in Table 4.3 and
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Table 4.4, it is clear that the optimum positions of error microphones are close to the top edge
when the control sources are placed close to the ground surface. In contrast, when the control
sources are located near the top edge, the GA found the optimum positions of error
microphones at a height close to 1.0 m. Furthermore, the comparison of Table 4.3 and
Table 4.4 clearly shows that the average insertion loss obtained by the active control system
with error microphones at the actual points of interest (observation points) is higher than a
setup with error microphones far from the target zone, which is an expected result. This
reduction of performance is more evident for a system that includes more control sources.
To demonstrate how the active control system reduces the noise levels behind the barrier it
is interesting to see the noise reduction at all shadow zone [63,92,105].

Fig. 4.4 illustrates the distributions of insertion loss at different heights when 10 control
sources are placed in the position presented in Table 4.3 and the error microphones are
located at the positions of

Table 4.4. This figure shows that although the target zone (rectangular dash) is a restricted

area of size 8x10 m?, the active control system reduces the noise level at the other areas.
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Fig. 4.4: Distribution of IL [dB] in the shadow zone of the barrier at different
heights, with the optimized configuration of the Two-Step approach for Ny = 10.
(D:2.5m, (11): 2.0 m, (I11): 1.5 m, (IV): 1.0 m, (V): 0.5 m, (VI): on the ground.
The rectangular dash illustrates the target zone.

4.4.3. Optimization with the Multi-parameters approach

The optimizations with this approach are done by considering all the parameters
corresponding to control sources and error sensors positions (SS,, SS,, and d,, N, ES,, ES,,
and d,) except for the number of control sources, that have been fixed at each calculation.
The boundary limits for the positions follow the ones described in Table 4.1. The lower
boundary limit for the number of error sensors (N,) is the same as the number of control
sources (Ng), and the upper boundary limit is 20, corresponding to twice the maximum
number of control sources. The GA outputs for the optimization of all these parameters are

presented in Table 4.5.
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Table 4.5: Optimal values for parameters with the Multi-parameters approach at 200 Hz.
N, 2 3 4 5 6 7 8 9 10
SS,[m] 05 0 25 01 02 01 24 25 24
SS,[m] -05 -05 -05 -05 -05 -05 -05 -05 -05
d¢[m] 15 1.0 13 09 11 05 11 08 07
N, [m] 8 8 10 8 13 16 19 16 10
ES,[m] 25 23 09 23 22 23 10 11 11
ES,[m] 05 04 05 05 04 05 05 05 05
d.[m] 04 09 07 09 11 05 04 05 09
IL[dB] 31 43 83 97 107 146 133 16.7 16.9
Time [h] 6.7 95 10.6 125 130 144 154 185 21

The results show that the optimum X-coordinates of control sources (SS,) and error
microphones (ES,) are mostly at the farthest position from the barrier’s surface, and that the
system with few control sources may perform better to suppress the noise when the spaces
between them are less than the wavelength dy < 4, the same result as obtained in the two-
step calculations and are supported by previous studies [90,91].
On the other hand, the positions obtained by the Multi-parameters approach (Table 4.5) are
different from those achieved by the Two-step approach (
Table 4.4). In the Multi-parameters approach, the span of control sources’ and error
microphones’ distribution are greater than the Two-Step approach and also more error
microphones are used.
Another set of optimizations is performed with fewer error microphones. In this case, the
optimizations are performed by a specific value for error microphones starting from N, = N,
and then progressively increasing the number of error microphones. The procedures are
finished when the increase of attenuation due to the addition of one error sensor is less than

0.5 dB. The outputs of these calculations are presented in Table 4.6.

79



Active control of noise transmitted from barriers

Table 4.6: Optimal values of variables with the Multi-parameters approach at 200 Hz.

N, 2 3 4 5 6 7 8 9 10
SS,[m] 05 0 25 01 08 22 13 24 24
SS,[m] -05 -05 -05 -05 -05 -05 -04 -04 -05
ds[m] 15 10 13 09 11 05 11 08 0.7
N, [m] 2 5 5 8 6 9 10 11 10
ES,[m] 14 24 07 23 23 04 02 10 11
ES,[m] 00 05 05 05 04 05 02 04 05
de[m] 09 15 14 09 10 09 11 08 09
IL [dB] 28 42 81 97 103 129 130 16.7 16.9

Time [h] 18 24 28 36 53 68 80 94 113
Table 4.6 demonstrates that with fewer error microphones but larger distances of d,, the

active control systems can work as efficiently as the benchmark case presented in Table 4.5.
Also, the distance between control sources dg is the same for both sets of optimizations,
showing that the optimum distance for d; is independent of the number and positions of error
microphones, as shown in Tables 4.5 and 4.6.

Comparing the average insertion losses of

Table 4.4 and Table 4.6 shows that with the same number of error microphones the
configuration of the Multi-parameters approach is more efficient than the Two-step approach,
especially when the number of secondary sources increases. Also, because the Multi-
parameters technique has fewer generations than the Two-step approach, less computational
effort is required with this method.

The distributions of insertion loss are provided in Fig. 4.5 while the transducers are located
at the optimal positions presented in Table 4.6 for N; = 10. The rectangle dash in this figure
displays the boundaries of the target zone. This figure clearly shows that an active control

system with the optimized configuration of the Multi-parameters approach may reduce the
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noise level on a wider area (at the same plane) than the configuration found by the Two-step

method.
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Fig. 4.5: Distribution of IL [dB] in the shadow zone of the barrier at different
heights, with the optimized configuration of the Multi-parameters approach for
Ng = 10. (I): 2.5 m, (I1): 2.0 m, (111): 1.5 m, (IV): 1.0 m, (V): 0.5 m, (VI): on the
ground. The rectangular dash illustrates the target area.

4.4.4. Size of the target area
An optimization study considering a wider target zone can be interesting to address the effect
of the size of the target area on the optimized parameters, especially the distance between

transducers. To this end, the optimizations with the same boundaries for the parameters as
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mentioned in Table 4.1 are conducted with the Multi-parameters method for a wider target
zone. The size of the new target area in the shadow zone is 10x16 m? as illustrated in Fig.

4.6. This target zone is covered with 27 observation points which is the same density as the

previous one.

Fig. 4.6: Target area size of 10x16 m2. Units are in meters.
The results of the GA for this target area are presented in Table 4.7.

Table 4.7: Optimal values of variables with 10 control sources, found by the two-step at

200 Hz

(area of target zone 10x16 m?).
Ns =10

N, 10 11 12

ss,m] 02 10 03
ss,m] 05 -05 -05
dg[m] 07 06 06
ES,[m] 23 23 23
ES,m] 05 05 05
d,[m] 11 11 10
iL[dB] 113 109 115

Although changing the target zone may impact the optimal locations of the transducers, the
distances between the control sources d; and error microphones d, do not change
significantly, as shown in Tables 4.6 and 4.7. Probably optimal values of these distances are

more dependent on the position of the noise source than the size of the target zone. Fig. 4.7
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demonstrates the distribution of insertion loss behind the barrier when the target zone is the
size of 10x16 m? and the coordinate components of control sources are SS,= 0.3 m, SS,= -
0.5 m, and d,= 0.6 m and for the error sensors are ES,= 2.3 m, ES,=0.5m, and d,= 1.0 m.
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Fig. 4.7: Distribution of insertion loss at planes with different heights behind the barrier
when the target zone is the size of 16x10. (I): 2.5 m, (11): 2.0 m, (I111): 1.5 m, (IV): 1.0 m,
(V): 0.5m, and (VI): 0 m. dash and solid rectangles show the boundaries of the target area

of size 8x10 and 16x10 respectively.
The comparison of Fig. 4.7 and Fig. 4.4 illustrates that when the target zone is broader, the

insertion losses at different heights of the shadow zone are more homogeneous, but the values

of IL decrease, which is an expected result.
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Table 4.8 compares the average insertion at different areas when the target zone changes.
This table confirms that the noise cancellation at a wider target region can result in reductions
in other narrow areas as well.

Table 4.8: Average insertion loss in different areas.
Target IL [dB] at IL [dB] at
zone 8x10 [m?] 16x10 [m?]
8x10 [m?] 16.9 -1.8
16x10 [m?] 12.0 11.5

4.5. Conclusion

In this chapter, the optimizations are performed with the genetic algorithm to improve the
efficiency of the active noise barrier, and it is shown that the GA optimizer can find similar
configurations as the repetitive method when the parameters are the same.

Two approaches followed to define the optimal values for the parameters that affect the
performance of the control system: Two-step and Multi-parameters approaches. The Multi-
parameters approach is preferable because (1) it requires less computation effort, (2) higher
reduction obtained at the target zone with the same number of control sources, and (3) the
noise level reduces in a wider area in the shadow zone when the parameters are defined by
the Multi-parameters approach.

Also, whatever the optimization approach, using the error microphone far from the target
zone reduces the performance of the active control system. This decrease in performance is
more noticeable when the active control system contains more than 4 control sources. For
example, the average insertion losses reduce by 5.4 dB and 4.7 dB when N, =9 and
N, = 10, respectively. Furthermore, the results show that the spacing between adjacent
control sources should increase by more than half of the noise wavelength to achieve higher

performance when a few control sources are used in the active control system.
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Moreover, in the Two-step approach, the optimum positions of error microphones are close
to the top edge when the control sources are placed close to the ground surface. In contrast,
when the control sources are located near the top edge, the GA found the optimum positions
of error microphones at a height close to 1.0 m. This trend may change when the optimization
performs with the Multi-parameter approach.

The optimization of parameters for different sizes of target zones illustrates that the optimal
value for the distance between error microphones d, depends on the width of the target zone,
however, the space between control sources d did not change significantly when the size of

the target zone changed.
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5.1. Introduction

Several methods have been proposed to control the noise passing through the windows in
urban areas, including employing an active noise control system in double glazed windows
[124,125], plenum windows [126-128], and perforated panels [129-131]. However, these
solutions block or reduce ventilation, and thus in hot or humid regions, they are less
appealing. Active noise control for open windows is another method that could provide
acoustic shielding and ventilation simultaneously.

In prior researches, two arrangements have been widely used for the location of control
sources and error microphones for the active noise control of open windows. These
arrangements include the boundary control, which places the control sources on the frame of
the windows [132-136], and the planar arrangements [137-139] with the control sources
located on the surface of the apertures.

Huang et al. [132] showed that for a staggered window, the best position for the control
sources is in the center at the bottom. In their study, they employed the mode expansion
technique and the coupled cavities theory to solve the sound field inside the natural
ventilation window and the room. Their setup achieved 10 dB reductions at the observational
points inside the room.

Kwon et al. [133] proposed an active control system with a feedforward method to reduce
the exterior traffic noise entering a room. In their system, the control sources were located
on the frame of the window, inside the room, and the error microphones were placed outside
the room. The cut-off frequency for their proposed single-channel system was 390 Hz, but it
could be increased to 420 Hz using a double-channel ANC system. A study on active noise

control for sliding windows and a so-called “Active labyrinth” with control sources on the
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frame of the window was conducted by Carme et al. [140,141]. Their results showed that a
combination of passive and active control systems gave a broadband reduction of around 15
dB for both types of windows.

More recently, Wang et al. [134] investigated single and double layer arrangements for the
control system on the boundary of the windows, and the cancellation mechanisms were
explained using the modal decomposition method [135]. Their findings showed that the
double-layer arrangement had a better performance than a single layer because secondary
sources at the edge of the single layer cannot excite some modes effectively while those at
the other height in the double layer compensate for it. Furthermore, it was demonstrated that
a planar virtual sound barrier (PVSB) had better performance than the edge arrangement, as
with this setup, the secondary sources were closer to the nodal lines of some modes. Further,
in another study, different positions of control sources in the boundary of the windows and
incident angles of the primary source were analytically modeled to evaluate the performance
of the active noise windows [70,136]. The cut-off frequency depended on the shortest side of
the opening. It was also shown that when the number of secondary sources is small or the
opening is narrow, the output of the boundary control system may be superior to that of the
surface control system. Further, the performance of the boundary control system did not
differ significantly for oblique incidence with high incident angles.

On the other hand, different attempts have been made to control the noise passing through
apertures by locating the control units on the surface of openings. The application of a single-
input single-output (SISO) active noise control for open bottom hinged windows was
measured by Pamies et al. [50]. Their setup achieved a 3 dB reduction inside the room. Shi
et al. [137] used centralized and decentralized open-loop [142] for the implementation of the

ANC system to cope with the computational complexity. Their results demonstrated that the
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centralized control does not guarantee to outperform the decentralized inverter whilst the
decentralized inverter has obvious advantages in computational complexity and scalability.
Murao et al. [143] proposed to use the mixed-error approach to reduce the computational
complexity of a multi-channel active noise control (MCANC) system. This approach
simplifies an MCANC system to a single-channel ANC system that takes the summed output
of an error microphone array as the error signal [144]. Their method led to a similar global
noise reduction performance as the MCANC for open windows but with the lowest
computational complexity.

Another study showed that for a normal incident plane wave the control system performed
well when the separation distance between uniformly-spaced sources was less than the
wavelength [138,145], i.e. active windows with uniformly distributed control sources have
good performance for the frequencies up to f = co /d, where d is the distance between control
sources and o is the speed of sound.

Lam et al. [54,139] defined the physical limits of an effective noise control system for the
open windows by considering various configurations for the control sources. Their study
suggested that positioning the control sources away from the edges of the window results in
maximum attenuation, and for practical implementations, the least degradation in the
efficiency of the control system is achieved when the control sources are located centrally in
the depth of the walls. They also showed that the number of control sources depends on the
dominant angle of the incident and the sound wavelength. Considering the previous studies,
the objective of this chapter is to compare two planar and boundary arrangements and find
suitable positions for control sources and error microphones.

The objective of this chapter is to propose a proper configuration for the control units of an

active noise control window. To this end, the diffraction model of Svensson [26] is used to
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study different scenarios for the location of transducers in an active noise window. Finally,

the arrangement which achieves the highest reduction is proposed as the best configuration.

5.2. Diffraction of finite edges

There are several methods that estimate the diffraction of finite edges. In 1978, Thomasson
[146] proposed a method for calculating the insertion loss (IL) of a finite barrier on the
ground, focusing on the interference phenomenon. This model was based on the Kirchhoff-
Helmholtz integral formulation and physical-optic assumptions. The calculation of this
model was considerable time demanding when the source and/or receiver are close to the
barrier, which is a frequent case in practical situations. Medwin [22] suggested calculating
the insertion loss of a finite length barrier using a separate Huyghens-Fresnel interpretation
of the diffraction results. He computed the impulse response using the Biot-Tolstoy theory
[21] and by positioning a series of small secondary sources along the edge and changing their
strengths so that together they provide the known exact solution. This approach also needs
significant computation effort.

In 1999 Svensson et al. [23] developed the method proposed by Medwin [22] based on the
concept of secondary edge sources. Their model accurately estimates the first- and second-
order diffraction. In 2013, Asheim and Svensson [26] presented a formulation for the
scattering of obstacles with edges. In the following, a brief explanation of this formulation is
described.

The diffraction wave from an infinite wedge can be written as a line integral along the edge
with an integrand which includes spherical divergence factors as well as analytical directivity
factors and with the position along with the physical wedge as integration variable [23]. The

diffraction of a finite wedge is computed by adjusting the integration range to the physical

93



Active control of noise transmitted from barriers

finite edge. Assuming the source strength, the diffracted field from a point source S at a

receiver location R (Fig. 5.1) is represented by the integral below.

v (%2 e JkrRz o= JkTZs

Pyitfracted = — 75— B(R,z,S)dz
iffracte 4‘77: z rR,Z rZ,S 51

where r, ;, denotes the Euclidean distance between points a and b, and v is wedge index

and equalstov = 61 which 8y, is the wedge angle formed by the two wedge planes (Fig.
w

5.1). The function B(R, z,S) is the directivity function and expressed by

4
B sin(v®;)
BR,2,S) = Z cosh(vn) — cos(v®;) 5.2

i=1

where the angles @; are

@1:7T+65+9R, QZZT[_BS-I_HR

@z =m — Og — Op, P, =m— 05 — 0Oy 5.3
The angles 85 and 65 refer to the angle between the planes containing the edge and S, and R
and a reference wedge plane, respectively, as illustrated in Fig. 5.1.
The function n is an auxiliary function [26]
cos Pgcos Pp + 1
n = cosh™ sin @ sin @g 5.3

where the angles @sand @y refer to the angle between the edge and S and R, respectively,

which is also illustrated in Fig. 5.1.
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Fig. 5.1: A Single wedge [26].

In the following sections, a MATLAB toolbox called “ED-toolbox” [147] is used to compute
the diffracted pressure based on Svensson’s model. This model is used in various studies

[23,26,148] for computing the diffraction of finite length edges.

5.3. Method

For an active noise control window, the sound pressure at a receiver is the superposition of a
primary field and a secondary field, which is the contribution of secondary sources. In this
study, we decompose the propagation through the aperture into a direct wave and diffracted
waves, caused by the aperture’s edges. Fig. 5.2 shows a 2D view with an aperture in a wall,
a single sound source, and snapshots of the direct sound, reflection, and first-order diffraction
wavefronts. A receiver that is on the opposite side of the wall (than the sound source) will be
reached by four first-order diffraction waves, from the four edges of an aperture. If the
receiver locates inside the visibility zone of the direct sound, indicated by thin dashed lines

in Fig. 5.2, then also a direct sound is added to the received sound field. For a receiver on the
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source side of the wall, there might be a reflection wave as well, if the receiver is in a visibility
zone of the reflection. The direct sound, reflection, and diffraction waves are computed by

the Matlab ED-toolbox [147] which is based on Svensson’s model for finite edges [26].

Reflected wave Diffraction wave

from upper edge

Direct sound wave

- » Diffraction wave
from lower edge

Reflected wave

k3
Sound source

Fig. 5.2: 2D view of an opening in a thin wall and a single sound source. Snapshots are
shown for the direct sound wave, which reaches only a limited visibility zone on the
opposite side of the wall; the reflected sound wave which also reaches a limited visibility
zone on the source side of the wall; and two diffraction waves that reach everywhere. The
diffraction wavefronts undergo polarity switches at the visibility zone boundaries, indicated
by thin dashed lines.

In this study, a square opening of size 1 x 1 m? in a thin and infinite rigid baffle is simulated
and the objective is to reduce the average sound pressure level at several observation points
behind this opening by active noise control means. Fig. 5.3 shows a schematic diagram of
the opening and the half-sphere where the observation points are placed. The baffle is
positioned at z = 0, and a plane wave with the incident angle of 8; (in Y-Z plane) is considered

as a primary noise field.
A spiral pattern on a half-sphere was chosen for the observation points to allow

straightforwardly change the number of observation points [149,150], and to measure the

radiated sound from the aperture in all directions, as well. In the further calculations, 100
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observation points with the distance of R =5 m from the center of the apertures are considered

(Fig. 5.3 (b)) to compute the average insertion loss at each frequency by using Equation 2.9.

observation
4 5 points

Fig. 5.3: Geometry of(aga) the opening in an infinite baffle and (b) th(:)observation points on
the half-sphere.
Following the previous chapters, the two-step approach is employed to define the best
locations for the control sources and the error microphones of an active noise control window.
In the first step, the objective is to compare different configurations for the control sources
and specify the suitable one which more efficiently minimizes the potential energy directly
at the observation points. To follow this step, five candidate arrangements are proposed for
the placement of control sources. In order to evaluate the frequency impact on the
performance of each arrangement, the calculations are performed for the frequencies of
100 Hz, 200 Hz, 300 Hz, and 500 Hz.
The proposed candidate arrangements for control sources are:
(1) The first arrangement (Set 1) is defined based on the findings of previous chapters for
the active noise barrier that suggests the suitable locations for the control sources are on
the incident side, and below the edge of the barrier [63]. According to this conclusion, the

control sources are linearly arranged at the distance r,, from the center of the opening and
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with the angle of 6, (see Fig. 5.4), and its performance is assessed for different 1 and 6.

This setup is proposed to cancel the diffracted field.

(2) Set 2 is the second candidate arrangement for the control sources. This arrangement
includes control sources that are linearly placed perpendicular to the opening face and on
the incident side with a distance of dy, from the center of the opening. This setup is
proposed to cancel the direct field and support the active control system to have better
performance at the plane waves with the incident angles close to perpendicular to the
opening’s surface. The efficiency of this setup is measured for different incident angles

and different d,.

Y4 @ Control source

2 Observation point

Fig. 5.4: Candidate arrangements for the control sources.

(3) Thethird candidate arrangement for the position of control sources is the combination
of Set 1 and Set 2. This arrangement is proposed to have both the direct and diffracted
cancellation at the same time. With this arrangement, the number of control sources at
Set 1 and Set 2 is half of the case when the single set is used. So the total number of control

sources with this arrangement is the same as the others.
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(4) The fourth candidate arrangement for the control sources is boundary arrangement,
which is selected based on the previous studies [134-136,151], see Fig. 5.5 (a). In this
arrangement, the control sources are installed along the edge of the opening.

(5) The last candidate configuration for the control sources is the planar arrangement,
shown in Fig. 5.5(b). This arrangement is widely used in previous studies
[54,91,138,139,145,152,153].The control sources with this arrangement are distributed on

the surface of the opening.

D}—Control source Y

‘X\\>A D ~

N

\&\WS W

(a) (b)

Fig. 5.5: (a) boundary and (b) Planar arrangements of control sources.

The impacts of different parameters on the performance of active control systems with these
proposed arrangements are studied. Then, their performances are compared and the one that
obtains the maximum reduction is selected for the control sources.

In the second step, the suitable position for the error microphones will be defined while the
control sources are placed at the selected position of the previous step. Throughout this study,
three arrangements are proposed for the placement of the error microphone, and the one that
achieves the highest noise reduction at the observation points is selected. The proposed

candidate arrangements for error microphones are:
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(1) The first arrangement suggested for the location of error microphones is the
combination of Set 1 and Set 2. With this arrangement, the error microphones in Set 1
are linearly arranged at the distance r,¢ from the center of the opening and with the angle
of 6, and the error microphones in Set 2 are linearly placed perpendicular to the opening
face with a distance of d.s from the aperture, shown in Fig. 5.6. In this study, the
performance of the active control system with this arrangement is measured for three
configurations, including the error microphones in Set 2 (a) on the receivers’ side, (b)
on the aperture’s surface, and (c¢) on the incident side. In all of these three configurations,
the error microphones in Set 1 are placed on the receivers’ side to reduce the diffracted

field.

@ Control source
2 Error sensor

Set 1

Fig. 5.6: Error microphones are placed in the position of Set 1 and Set 2.

(2) The second arrangement for the error microphones is the boundary control. In this
arrangement, the control sources are placed on the edge of the opening and the error
microphones are always placed aligned with the control sources at a certain distance
from them. The error microphones can be located on the receivers’ side or the incident

side, which are represented in Fig. 5.7 (a) and Fig. 5.7 (b), respectively,
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D] Control source

@ Error microphone

(b)
Fig. 5.7: Error microphones with boundary arrangement. (a) Error microphones on
the receivers’ side (b) Error microphones on the incident side.

(3) The last arrangement of the error microphones is the planar control. In this arrangement,
the control sources are distributed on the surface of the window and the error
microphones are always are placed aligned with the control sources on the receivers’
side or incident side of the aperture. Fig. 5.8 shows these setups schematically for the

error microphones on the receivers’ side and on the incident side.

D] Control source

@ Error microphone
\ ~_ 1

-\g\iﬁ? |
ko ; ~ .

~

(@ (b)
Fig. 5.8: Error microphones with the planar arrangement. (a) Error microphones on
the receivers’ side (b) Error microphones on the incident side.
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5.4. Results and Conclusions

5.4.1. Step 1: Minimizing the square pressure at the observation points

Control sources with the arrangement of Set 1

Fig. 5.9 shows the average insertion loss achieved at the observation points with a linear array
of 4 control sources that are placed at the position of Set 1 (Fig. 5.4). The control sources are
placed at the distance of 1y and the angle of 6,,. The distance between adjacent control
sources is 0.3 m which is less than the half of shortest wavelength at 500 Hz [49,71]. The
incident angle of the plane wave is 6; = 60° and calculations are repeated for different

frequencies.
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Fig. 5.9: Average insertion loss at the observation points for the control sources at
the position of Set 1 and the plane wave of 6; = 60°. (a) 100 Hz, (b) 200 Hz,
(c) 300 Hz, and (d) 500 Hz.
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Fig. 5.9 shows that when the control sources are placed with the arrangement of Set 1, the
performance of the active control system not only depends on the frequency but also it
depends on the distance of control sources from the aperture. The control sources farther
from the opening, higher attenuation achieves at the observation points, because when the
control sources are farther from the opening, more observation points are in the pure
diffracted field of control sources, and consequently the performance of Set 1 improves.
Furthermore, Fig. 5.9 shows that at low frequencies, the maximum attenuation is obtained
at 6, = 6;, but at the high frequencies, the noise cancels more efficiently at 8, a few degrees
greater than 6;. This latter result is the same as obtained for the barriers that the control
sources should be located below the line that connects the noise sources to the edge.
Generally speaking, for the configuration of Set 1, the best position for the control sources is
at 6, = 6; and at the furthest possible distance from the opening. Thus, for further

calculations, when using Set 1 control sources will be placed at 6, = 6;.

Control sources with the arrangement of Set 2

The calculations for the same plane wave of 8; = 60° are repeated with four control sources
that are placed in the arrangement of Set 2. Similar to Set 1, the distance between adjacent
control sources is assumed to be 0.3 m.

Fig. 5.7 illustrates the average insertion losses at the observation points for different distances
of control sources from the window, d,. Considering the facts that the average insertion loss
does not change significantly for the dg, greater than 0.5 [m] and also the control sources
should be close to the window to be feasible for installation in real applications, further

calculations are performed with dg; = 0.5 [m].
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Fig. 5.10: Average insertion loss at the observation points for the control sources at

the position of Set 2 with different d,.
When the control sources are perpendicular to the opening and the plane wave is oblique, the
distance of the control source from the opening does not highly affect the performance. To
address the effect of the incident angle on the performance of Set 2, the average insertion loss
at the observation points are measured when the control sources are at dgs = 0.5 m. The

results are presented in Fig. 5.11.

307
—e— 100 Hz
25 5 —6—200 Hz
——300 Hz
——3500 Hz
20 |
=)
=5t
::]‘ ]

0 20 40 60 80

Fig. 5.11: Average insertion loss at different incident angles with the configuration
of Set 2 for control sources.
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The effectiveness of this configuration is significantly dependent on the incident angle and
frequency, as shown in Fig. 5.11. The maximum performance of this arrangement is at

Bi: 0

Control sources with the boundary arrangement

A well-known arrangement of an active noise control system for aperture is to install the
control sources on the boundaries of the opening. For active noise control windows with four
control sources installed on the boundary, the suitable position is to place one control source
at the middle of each edge [151]. Fig. 5.12 shows the average insertion loss at the observation

points with four control sources.

0 20 40 60 80
6, [deg]

Fig. 5.12: Average insertion loss at different incident angles with the boundary

control arrangement.
At high frequencies (more than 300 Hz), the active control system with boundary
arrangement has fairly a constant efficiency at different incident angles (Fig. 5.12), while still
at low frequencies, the efficiency of the active control system does not change significantly
at ; < 40°. As aconsequence, compared to Set 1 or Set 2, this arrangement is less dependent

on the incident angles.
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Control sources with the planar arrangement

In the previous studies, the control sources with planar arrangement were mostly distributed
evenly over the entire opening. The distances between adjacent control sources should be
less than the 1/(1 + sin 8;) where A is the wavelength of the noise and 6; is the incident
angle [139,156]. Therefore, when four control sources are employed for the active
cancellation with the planar arrangement, each control source has a distance of 0.33 m from
the closest edge to it. With this setup, the interval of control sources is 0.33 m which is less
than half the wavelength at 8; = 90° (the maximum incident angle). Fig. 5.13 shows the
average noise reduction at the observation points with four control sources that are distributed

evenly on the surface of the aperture.

251

—e—100 Hz

——200H
20 z

0 1
0 20 40 60 80
(91. [deg.]
Fig. 5.13: Average insertion loss at different incident angles with the planar control
arrangement.

The comparison of Fig. 5.12 and Fig. 5.13 shows that the boundary control is more efficient
at low frequencies, however, better performance is achieved with the planar arrangement at
higher frequencies. Furthermore, the achieved reduction does not change significantly for

0, < 40°,
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Comparison of candidate arrangements for the control sources

In order to compare the performance of these arrangements, the average insertion losses at

the observation points are calculated for the configurations with 4 and 8 control sources, and

are shown respectively in Fig. 5.14 and Fig. 5.15. The control sources in the arrangement of

Set 1 always are placed at ry, = 0.7 mand 6, = 6;, and for Set 2 are placed at d,; =0.5 m.
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Fig. 5.14: Comparison of different arrangements with 4 control sources. (a) 100 Hz, (b)
200 Hz, (c) 300 Hz, and (d) 500 Hz

Fig. 5.14 shows that at low frequencies the control sources with arrangements of Set 1, the

combination of Set 1 and Set 2, and boundary control perform more efficiently than the other

configurations, but by increasing the frequency the performance of the boundary arrangement
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decreases. At the high frequencies, however, planar arrangement achieves more reduction
than the boundary control but still Set 1 or the combination of Set 1 and Set 2 are more
efficient than the other arrangements. Also, Set 1 less depends on the incident angles and it
achieves more noise reductions than the combination of Set 1 and Set 2 at high frequencies

and high incident angles.

Fig. 5.15 represents the same results but with 8 control sources. For these simulations, the

distance between adjacent control sources is 0.16 m.
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Fig. 5.15: Comparison of different arrangements with 8 control sources. (a) 100 Hz, (b)
200 Hz, (c) 300 Hz, and (d) 500 Hz
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From Fig. 5.15 it can be concluded that the combination of Set 1 and Set 2 works better than
the other arrangements. With this configuration, Set 1 can reduce the diffracted field while
Set 2 controls the direct field. Furthermore, the comparison of Fig. 5.15 and Fig. 5.14
illustrates that increasing the number of control sources from 4 to 8 does not change the
performance of boundary and planar arrangements noticeably, but it leads to achieving a
constant performance for a wider range of 6,.

Also, it should be noted that the results obtained by the combination of Set 1 and set 2 are
not the superposition of the performance of these two sets when they work separately. At
high frequencies, Set 2 has poor performance but it constructively affects the performance of

the combination arrangement at certain incident angles in the range of 20° < 6; < 50°.

5.4.2. Step 2: Minimizing the square pressures at the error microphones

In the second step of the two-step approach, the error microphones are used to block the
sound radiated from the noise source and transmitted through the aperture. Similar to the
previous chapters, in this step, the square pressures are minimized at the error sensors, but
the reductions presented in the figures are the average insertion losses at the observation
points which are calculated by Equation 2.9.

In simulating the active noise window, the array of error microphones are mostly placed close
to the plane of opening to be feasible for installation in real applications [54,70,154]. In this
study, different configurations including the combination of Set 1 and Set 2, the boundary,
and the planar installations are proposed for the placement of error microphones, but, they
always are placed near the surface of the opening.

In order to specify the suitable positions of error microphones, the control sources are placed

with the arrangement of the combination of Set 1 and Set 2, that from the previous step it is
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found as the best arrangement among the suggested candidate setups. Then, the performance

of this arrangement is compared with the boundary and the planar arrangements.

Error sensors with the arrangement of Set 1 + Set 2

In this arrangement, the combination of Set 1 and Set 2 (Fig. 5.6) is used as the placement of
control sources and error microphones. The result of Fig. 5.16 is achieved for the control
system with 8 secondary sources and 8 error microphones (4 units at each set). In both sets,
the distances between the adjacent error sensors and control sources are 0.3 m.

From the findings of previous chapters, it is concluded that when the control sources are on
the incident side, the error microphones should be placed on the receivers’ side and in the
shadow zone of both control and primary sources to better control the diffracted field. For
this reason, in the combination arrangement, the control sources of Set 1 are located on the
incident side atry; = 0.7 mand 6, = 6; and the corresponding error microphones are placed
on the receivers’ side with 7, = 0.7 m, and 6, = 6,.

However, the suitable positions should be searched for the corresponding error microphones
of those control sources that are fixed at the position of Set 2. For this purpose, three
configurations are tested for the placement of the error microphones of Set 2, including the
error microphones on (1) the receivers’ side with d,s = 0.1 m, (2) on the surface of the
aperture with d,; = 0 and (3) on the incident side with d.; = 0.1 m, while for all these

configurations the control sources of Set 2 are placed on the incident side at dg¢ = 0.5 m.
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Fig. 5.16: Average insertion loss at observation points with different incident
angles while error sensors of Set 1 are on the receivers’ side and the error sensors
of Set 2 are (a) on receivers’ side, (b) on the surface of the aperture, and (c) on the

incident side.
Comparing the achieved reductions at the observation points which are presented in Fig. 5.16
shows that the control system with all error microphones on the receivers’ side (Fig. 5.16 a)
has higher efficiency than other configurations. This result is in agreement with the previous

findings for the barriers that the error microphones should be always at the receivers’ side to

obtain higher reductions.
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Error sensors with the boundary arrangement

The boundary installation of control units is widely studied in previous studies [70,155].
Here, the boundary arrangement is simulated to report the suitable position of error
microphones and to find the proper distance of each error microphone from the control
sources. To this end, the performance of the active control system with boundary arrangement
is assessed for various distances changed from 0.3 m to 0.1 m, on both sides of the aperture.
Fig. 5.17 shows the average insertion loss achieved at the observation points with 8 control
sources and 8 error microphones installed on the boundary of the opening and ES, referes to
the Z-coordinates of error microphones, where the positive value of ES, is for error
microphones on the receivers’ side and vice versa.

There exist two control sources on each edge of the window. The distance between adjacent
control sources on the edge is 0.33 m and also the distances from the control source to the
corner of the edges are 0.33 m as well. This distance is less than half of the shortest noise
wavelength that is studied in this work [49,71]. The error microphones are placed aligned

with the control sources.
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Fig. 5.17: Average insertion loss at observation points with boundary arrangement
of transducers when error microphones are placed at various distances from the
opening. ES, is the Z-coordinate of error sensors. The solid and dash curves are for
the error microphones on the receivers’ side and the incident side, respectively.

(a) 100 Hz, (b) 200 Hz, (c) 300 Hz, and (d) 500 Hz.

Fig. 5.17 clearly shows that with the boundary arrangements for the transducers, the active
control system obtains higher reduction when the error microphones are placed on the
receiver side. This result is in agreement with the findings of previous studies [151,155].
Moreover, the active control system with error microphones in ES, = + 0.3 m is efficient
at low frequency, although the results are unstable, and beyond that this distance not only
decreases the transmitted noise at high frequency but also it leads to increasing the noise level
at the observation points.

Generally speaking, the active control system performs successfully at most frequencies
(except 500 Hz) when the error microphones are placed on the receivers’ side and at a

distance of 0.1 from the control sources (ES, = + 0.1).
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Error sensors with the Planar arrangement

As indicated before, another well-known arrangement for controlling the transmitted noise
through an opening is the planar instaliment of transducers [54,91,138,139,145,152,153]. The
results of the active noise cancellation with 8 control sources distributed evenly on the plane
of aperture with 8 error microphones aligned with control sources are shown in Fig. 5.18.
The spaces between control sources are 0.3 m and 0.16 m in the X- and Y-directions,
respectively, which are less than half the wavelength at 8; = 90° (the maximum incident
angle).

Similar to the boundary arrangement, two configurations of error microphones are studied
for the planar arrangement: (1) the error microphones on the receivers’ side and (2) the error
microphones on the incident side. For both configurations, different distances of error
microphones from the control sources are simulated. Fig. 5.18 illustrates the average insertion

loss at the observation points for different positions of error microphones ES, .
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Fig. 5.18: Average insertion loss at observation points with the planar arrangement
of transducers when error microphones are placed at various distances from the
opening. ES, is the Z-coordinate of error sensors. The solid and dash curves are for
the error microphones on the receivers’ side and the incident side, respectively.

(@) 100 Hz, (b) 200 Hz, (c) 300 Hz, and (d) 500 Hz. .
At low frequencies, the active noise control with the planar arrangement and with error
microphones are on the incident side at ES, = — 0.1 m performs more efficiently at low
incident angles (8; < 60°), shown in Fig. 5.19. However, by increasing the frequency and
the incident angle the efficiency of the control system reduces. On the other hand, the error
microphones at ES, = + 0.3 m performs more stable at all frequencies and all incident

angles.

Comparison of candidate arrangements for the error microphones

Fig. 5.19 illustrates the comparison of achieved reduction at the observation points with the
boundary arrangement, planar arrangement, and the combination of Set 1 and Set 2.

For the boundary and the planar arrangements, the error microphones areat ES, = + 0.1 m

and ES, = + 0.3 m, respectively, and the control sources are located on the plane Z= 0.
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Also, the error microphones of the combination arrangement are on the receivers’ side and at

T.s = 0.7 m,and 6,; = 6; for Set 1 and at d.; = 0.1 for Set 2.
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Fig. 5.19: Average insertion loss at observation points with different arrangements
of control sources and error sensors. (a) 100 Hz, (b) 200 Hz, (c) 300 Hz, and
(d)500 Hz.
Fig. 5.19 illustrates that the active control system with transducers distributed on the surface
of the opening is more efficient than the boundary arrangement which is in agreement with
previous studies [136]. Moreover, the results of Fig. 5.19 show that the combination of Set 1
and Set 2 can obtain even higher attenuation at the observation points than the planar

arrangement. It is probably due to better cancellation of the diffracted field by Set 1 in this

combination.
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5.5. Conclusions

The application of active noise cancellation is studied for a square window of size 1x1 m?.
Different configurations are proposed for the location of control sources and the error
microphones, and the configuration that obtains the highest noise reduction at the observation
points is selected with the Two-step approach.

For the control sources, the best arrangement among the proposed ones is the combination of
a set of sources that are placed at the same angle of the incident plane wave (Set 1) and
another set that is perpendicular to the surface of the aperture (Set 2). This arrangement
achieves a higher reduction in comparison with boundary and also planar arrangements,
probably because the control sources of Set 1 can decrease the diffracted field at the
observation points more effectively, while Set 2 controls the direct field.

In the second step, the suitable position for the error microphones is searched, when the
control sources were fixed at the positions found in the previous step. Different placements
are proposed for the error microphones including the error microphones on the receivers’
side, on the face of the aperture, and on the incident side. The results illustrate that the active
control system performs more efficiently when all of the error microphones are placed on the
receivers’ side which is in agreement with the findings of previous chapters.

Furthermore, the results show that for a noise wave impinging the opening with a known
direction such as traffic noise, or the pass-by airplane noise that always comes from the same
trajectory, the combination of Set 1 and Set 2 is a promising approach that can be tuned
according to each case. For such noise waves, the performance of this setup is higher than
the planar or boundary arrangements, however, more studies are required to address the

efficiency of these arrangments for noise with random incidence.
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On the other hand, the planar and boundary control seems to be more suitable for general-
purpose control situations, although the limitation of placing the transducers on the plane of
the window should be considered, because it may restrict access through the opening and
reduce the ventilation ratio. This is also showed that for the boundary and planar control
increasing the control sources from 4 to 8 units, does not significantly improve the noise
cancellation at receivers, but it increases the range of incident angles which the control

system achieves constant performance.
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6.1. Conclusions

6.1.1. Active noise barrier

The present research has established the basis of a complete framework to optimize the
performance of the active noise barriers and active noise windows, which result in more
reduction of the noise level transmitted through these two obstacles at the narrowband and
broadband noises.

For the active noise barrier, the initial stage involved the development of a two-step approach
that allows defining the locations of control sources in the first step and the location of the
error microphones in the second step. Then, a repetitive calculation method is performed to
define the suitable positions of transducers among 341 candidate positions close to the
barrier.

In these calculations, the intervals between the transducers were lower than the shortest
wavelength, and Macdonald’s solution is employed to calculate diffracted field. The outcome
of the repetitive calculation found regions for the control sources and error microphones
instead of the unique positions. Considering this finding, general criteria are proposed for the
location of transducers during the design of an active noise barrier.

Based on these criteria, to minimize the noise level in the barrier's shadow zone, control
sources should be placed on the incident side and below the edge of the barrier, while error
microphones should be placed in the shadow zone. If the installation of transducers meets
these criteria then the attenuation is independent of the position of the target zone and the
active noise control system can suppress the noise in the entire shadow zone.

Also, it is shown that probably there are other positions for transducers that violate the general

criteria and yet the active noise control system has higher performance, however, it is
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mentioned that these places are unique for single frequencies and may reduce the efficiency
of the noise control at other frequencies or broadband spectra.

Moreover, it is shown that the overall performance of this configuration is relatively
independent of the position of the noise source since the attenuation in the shadow zone of
the barrier remains almost unchanged for different distances between the noise source and
the barrier.

Furthermore, during the simulation process, the influence of the ground reflection on the
performance of noise control is studied. For tonal noise, a totally reflecting ground reduces
the effectiveness of the active noise barrier; nevertheless, it does not affect the control
system's performance in the broadband spectrum.

Further investigations are carried out to address the mechanism of noise cancellation with the
transducers surrounding the barrier. When the control units are positioned at the places
suggested by the general criteria, the control and primary fields are out of phase; however,
when the general criteria are violated, the control and primary fields are in phase, lowering
the active noise barrier's performance.

The repetitive calculation together with the two-step approach can estimate the proper
locations of the control sources and error microphones, but this method clearly has some
limitations if more parameters should take into account in the optimization procedure.
Accordingly, for optimizing more parameters, the model of this work is optimized by the
genetic algorithms (GA) based on the genetic optimizer toolbox of Matlab (ga). The
parameters were the X- and Z-coordinates of the transducers locations, as well as the interval
of neighboring control source and error microphones, together with their numbers. The

optimizations are followed with the two-step and the multi-parameters approaches. In the
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Multi-parameters approach, all of the variables are optimized in a single step and
simultaneously.

The results show greater insertion loss achieves at the target area when the multi-parameters
are employed for the optimization. Furthermore, from the viewpoint of calculation time, this
strategy outperforms the two-step approach. The computation time can also decrease more
for the problems with asymmetrical geometries. In these problems, the strengths of control
sources are symmetrical, and less computation effort is required.

Regarding the pace between the transducers, it is illustrated that the optimum values for the
interval of the error microphones increase if a wider target area is considered for the

optimization, but the interval of control sources is independent of the size of the target area.

6.1.2. Active noise window

In this study, the correct implementation of the active noise control system is investigated for
a square aperture in an infinite baffle. In the previous studies, two classical arrangements
were proposed for the transducers of an active noise control window, including the planar
and the boundary configurations. However, the aperture can be considered as a particular
case of the noise barriers as it is the composition of four finite edge barriers, and then based
on this consideration a novel arrangement is proposed for the transducers. In the present
study, this new proposed configuration met the general criteria previously developed for the
active noise barriers.

The suitable positions of control sources and error microphones are selected between
different candidate arrangements including the classical setups (planar and boundary control)

and the novel arrangement, based on the Two-step approach.
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Among those arrangements, the new configuration that follows the proposed general criteria
for placement of transducers of the active noise barrier could achieve a higher reduction at
the observation points behind the window.

The control sources in this arrangement are placed at two different positions. One set of
control sources are located at the same angle as the incident plane wave to suppress the
diffracted field, and the other set is placed in front of the window to control the direct field.
For each set of control sources there exist a corresponding set of error microphones on the
receivers’ side.

The results suggest that this arrangement yields promising outcomes as long as the impinging
noise has a defined direction, such as road noise or noise propagating from a specific activity
with a determined position of the noise source. On the other hand, the boundary and planar
arrangements are suitable for the general control situations and the noise arrives from
randomly placed sources. Furthermore, it is shown that the planar control is more efficient
than the boundary arrangement, but installing the control units on the surface of the opening

may reduce the access and the ventilation.

6.2. Further work

The present research laid the foundation of performing optimization of active noise control
performance for the noise barriers and open windows. However, many potential future
projects, will require extending the use of active noise control technologies and improving

their effectiveness. Some of them are mentioned in this section.
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6.2.1. Active noise barrier

The optimizations in this study are done for a fixed noise source or a mobile source moves
toward the barrier, however, further investigation is required to study the effect of a moving
source along the barrier on the optimal location of transducers. Moreover, to verify the
simulation results, experimental validation is necessary.

In terms of implementation of GA optimization, the objective function can be changed in
such a manner that it is possible to discover the optimal number of control units as well as
their position to be cost-effective for the real applications of active noise barriers. For
instance, the cost of control units, as well as the extra attenuation achieves by adding the
control unit can be formulated effectively in the objective function. In this way, in addition

to the reduction, the GA considers the project cost in the optimization procedure.

6.2.2. Active noise window

The positions of transducers are highly important for an active noise window. In this study,
the Two-step approach is employed to define the suitable positions of control sources and
error microphones, but in order to optimize the performance of the active control system, the
parameters should specify simultaneously with optimization methods such as genetic
algorithms. Furthermore, experimental validation is required to verify the simulation models.
Also, more generic models which include the noise interior of a room, as well as the point

noise source instead of plane wave noise, are necessary.
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