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ABSTRACT

Passenger comfort has always been of pivotal importance in the interior design of an automobile. A critical aspect
in reaching this goal in the automotive industry is the design and implementation of an effective active sound
management system with the ability to personalize the acoustic environment inside the car. This, in turn, requires
designing an active noise control (ANC) system to mitigate the unwanted noise and an active sound profiling
system to implement the desired sound. Due to the complexity of the sound field inside the car cabin, having a
high-fidelity model that reflects all details is a challenging task. Therefore, in this paper, we develop a simulation
platform to be able to evaluate the performance of the ANC system and the distribution of the sound field as a
result of this mechanism. This helps to get a better insight into the behaviours of the sound field inside the cabin
before its actual implementation. One important feature of this model, which may also have a significant effect
on the performance of the ANC system, is the inclusion of a full-scale numerical model of the loudspeaker. The
realistic model of the loudspeaker developed in this way allows to model the effect of loudspeaker coupling in
an enclosed space and investigate its effect on the ANC system. The model is compared against the simplified
mathematical model of the enclosure developed in the previous work by the authors to see how the approximate
geometry and simplified model of the loudspeaker would degrade the performance of the ANC system and measure
the changes in the acoustic radiation impedance of the loudspeaker.

1 Introduction that the curtailment of low-frequency sound below 1
kHz requires formidable effort due to its long wave-
length at lower frequencies which would require the
use of thicker absorption material to attenuate the noise.
Especially in the automotive sector, this challenge con-
tinues to grow significantly as a result of multiple noise
sources such as in-cab booming noise between 20 Hz—

As the need for fuel-efficient cars increased, the de-
mand for lightweight structures grew significantly. This
resulted in the generation of low-frequency noise be-
cause of the interaction between the road and the tyres
of the car. It is a fact in noise control engineering
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300Hz, which excites the structure of the car, noise
due to the engine in the passenger cabin and as the
demand for lightweight structures for fuel efficiency
and quieter cabins for passenger comfort take to pri-
ority. One such concept to control the low-frequency
noise was the introduction of the active noise cancella-
tion (ANC) mechanism. This concept, introduced first
by Paul Lueg in Germany in 1932, has found its vast
utility today in a variety of applications such as noise
cancellation headphones [1, 2] noise control of air con-
ditioning ducts [3], active mufflers [4, 5] to name a few.
The basic principle behind this mechanism is that of
the superposition of sound waves to attenuate the noise.
The superposition of sound waves induces destructive
interference, which helps attenuate the noise.

The implementation of this modern concept of noise
reduction in the three-dimensional spaces has been
bounded as a result of its physical limitations, specifi-
cally, its unstable behaviour, the requirement of a sig-
nificantly large gain controller and spatial mismatch
[6]. There has been a considerable amount of research,
and practical work carried out in the field of ANC
technology and its real-world implementation. The
experimental ANC set-up comprises both the struc-
ture and acoustic elements and their active interaction.
This makes it extremely difficult to model the ANC
mechanism directly into the real-world environment
as it would be unpredictable, time-consuming and ex-
pensive as the behaviour of the environment would be
unknown. To eliminate these limitations and to have
an idea of the implementation environment, numerical
modelling and simulations were introduced.

Over the years, analytical, numerical and experimental
methods have been described for the implementation
of the ANC [7]. For attenuation of the low-frequency
noise caused by various factors such as engine noise
and structure-borne noise, the use of a multi-channel
ANC system in combination with an audio system was
studied with the help of simulations and experimental
set-ups inside the car cabin [8, 9]. With the advance-
ment in computer technology and its capabilities, multi-
ple simulation software has become stronger and more
reliable over the course of time. This resulted in a
strong emphasis on simulating the ANC mechanism be-
fore its actual implementation in the physical world. It
involved the numerical modelling of the physical space,
which plays an integral part in achieving ANC control
over the low-frequency noise. The numerical modelling
of the physical domain in most cases was carried out

using methods such as Finite Element Method (FEM)
[10], Boundary Element Method (BEM) [11, 12], Fi-
nite Difference Time Domain method (FDTD) [13, 14].
There has not been much work on implementing ANC
with the help of the Finite Element Method (FEM)
and Boundary Element Method as a coupled method.
This paper focuses mainly on numerical modelling of a
framework for the simulation of the ANC mechanism
in a three-dimensional space with the help of the finite-
and boundary element methods (FEM-BEM).

A detailed analysis of the acoustic environment and the
study of the effect of multiple loudspeakers and micro-
phones inside a confined enclosure has been carried
out by Montazeri [15, 16]. It has been described and
proven mathematically that when two or more loud-
speakers work in a closed environment, the coupling
of loudspeakers happens through the acoustic modes
of the enclosure. However, the effect of loudspeaker
coupling on the performance of the ANC system in an
enclosed environment is investigated in several stud-
ies in [17, 18]. Both numerical and analytical results
presented in [19] show that the coupling effect of the
multiple loudspeakers will not change the amount of po-
tential energy reduction in the enclosure. Nevertheless,
this will undoubtedly alter the radiation impedance of
each loudspeaker, it’s volume velocity and hence the
amplitude and phase of the voltages applied to the loud-
speaker will change. This finding is also utilised to
find the optimum position for loudspeakers and micro-
phones in a rectangular enclosure in [20].

In this paper, we are extending the results in [19] by
developing a high fidelity model for both loudspeakers
and the acoustic environment. The effects of loud-
speaker coupling are also presented.

2 Simulation Environment

The simulation of the ANC platform involves the elec-
trical, mechanical and acoustic domains coupled with
one another, as illustrated in Fig .1. Acoustic transfer
paths are computed between the sound sources and the
listening positions to enable the functioning of the ANC
mechanism. In order to develop a framework to simu-
late the ANC mechanism, loudspeakers and listening
positions are modelled in the numerical modelling soft-
ware to replicate the real-world environment. Care is
taken to model the parameters of the loudspeaker struc-
ture and its functionality as close as possible to that of
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Fig. 1: ANC platform.

the actual loudspeaker itself. Section 2.1 and 2.2 de-
scribe the modelling and simulation of the loudspeaker
driver attached to an infinite baffle and in free space
conditions, respectively. Section 2.3 elucidates the sim-
ulation of the loudspeakers in an enclosure and determi-
nation of the transfer paths between the loudspeakers
and the receiving positions. Section 3 describes the
coupling of multiple loudspeakers when placed inside
a closed environment. The paper is finally summarised
and concluded in Section 4.

2.1 Simulating the Loudspeaker Driver

To start with, it is of utmost importance to numerically
model and simulate the actual loudspeaker system be-
fore proceeding with the design of the ANC frame-
work. This helps determine if the results of the numeri-
cally modelled loudspeaker are in good understanding
with the actual loudspeaker system. For the purpose
of simulation of the ANC mechanism, loudspeakers
manufactured by Musikelectronik Geithain GmbH are
considered. The model contains the geometry infor-
mation of membrane, surround, spider, dust cap, voice
coil former that includes the voice coil and the material
components of the other individual components. The
designed loudspeaker driver is circular in shape and has
n-degrees of freedom (n—DOF), which must be com-
puted. The concept of symmetry has been applied along
its diameter to simplify geometry modelling. This ef-
fectively reduces the number of degrees of freedom to
half (n/2-DOF), thereby exponentially reducing the

Table 1: Loudspeaker parameters used for numerical

modelling.
Loudspeaker parameter Value
Loudspeaker resistance 6.55Q
Loudspeaker inductance 0384 H
Magnetic flux density x coil length 9.5971 T.m
Loudspeaker mass 0.02237 Kg

Loudspeaker damping 8.483

Closed box loudspeaker stiffness 3727.45 N.m™!
Loudspeaker mechanical quality factor 2.2201
Loudspeaker electrical quality factor 0.3908
Loudspeaker total quality factor of loudspeaker 0.3323
Loudspeaker surface area 0.011866 m?

computational cost [21]. Perfectly Matched Layers
(PML) are used to simulate perfectly absorbing con-
ditions without any refection of sound waves. This
ensures the passing of the sound waves completely and
helps prevent the occurrence of standing waves when
simulated.

The electric input to the loudspeaker is given by an
equivalent circuit under the electrical domain. Cou-
pling between the mechanical and the electrical mod-
ules is related through magnetic flux density (B) and
length of the conductor (L). The equivalent circuit is as
presented in [22]. The force applied to the loudspeaker
voice coil apex (f) is given by the Lorentz equation in
Eq.1. The same has been modelled and simulated with
the help of an electric module of the analysis software,
paving the way for actual loudspeaker functionality.
The Lorentz force is given as

f=BLxi, (1)

where i is the electric current in the loudspeaker circuit.
The back induced voltage is fed into the circuit from
the numerical model as the coil speed («). The voltage
source (V) achieves the coupling between the equiva-
lent electric circuit and the mechanical domain. The
induced voltage is given as:

V =BL x u. )

The loudspeaker membrane, dustcap, surround, and
the air together accounts for the structure-acoustic cou-
pling. The movement of the loudspeaker membrane
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Fig. 2: SPL plot of the Loudspeaker driver.

exerts a force on the surrounding acoustic medium.
As the loudspeaker membrane has a very thin cross-
section, it also experiences pressure over its membrane
area due to the surrounding acoustic medium. This
effectively accounts for a coupling interaction between
the loudspeaker membrane and the latter over the sur-
face area of the loudspeaker membrane, dustcap and
the surround.

The simulation results are compared with actual acous-
tical and electrical measurements carried out with the
help of a Cliol2 measurement system consisting of
the measurement hardware and software. The hard-
ware system consists of the FW-02 interface and a
corresponding measuring amplifier. A microphone is
also coupled with the hardware system to carry out
the corresponding acoustic measurements. The Clio12
standard software operates the above devices, which
run on standard computer systems [23].

Fig. 2 shows the frequency response curve, and the
impedance response curve of the simulation quite
closely corresponds to that of the measurement curve.
The simulated frequency response and the measured
response show a very close resemblance and vary from
each other by approximately 2 dB. The impedance re-
sponse curve in Fig. 3 also exhibits similar charac-
teristics between the simulated and the experimental
measurement value. The simulated impedance value is
found to be around 46 Hz with a corresponding value
of 43.47 Q and the measured impedance value is 45.86
Q at 48 Hz.
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Fig. 3: Impedance plot of the Loudspeaker driver.

2.2 Simulating the Loudspeaker Cavity

The design of the loudspeaker driver is encompassed
in numerical modelling of a closed box loudspeaker
in free space as shown in Fig. 4. The closed box
design is modelled based on the TS parameters for the
given loudspeaker model. The other components of
the closed box loudspeaker are modelled as sound hard
boundary walls and excluded from the analysis. As
the design is symmetric about the length and width of
the closed box loudspeaker, simulating only half the
numerical model reduces the latter’s number of degrees
of freedom, thereby simplifying the numerical model
and reducing the computation effort. This simplified
model is solved in the frequency domain.

Fig. 5 confirms that the frequency response curve of the
simulation quite closely corresponds to that of the mea-
surement curve for a closed box loudspeaker. A sharp
rise in the sound pressure level from around 280 Hz is
observed in both the curves, which can be accounted
to a phenomenon called ‘baffle step’. A ‘baffle step’ is
defined as the increase in the output of the loudspeaker
as the size of the closed box enclosure becomes signifi-
cant for a range of frequencies [24]. The sound waves
begin to bounce off the wall at those frequencies. Fig.
6 manifests the impedance response for the simulation
and measurement methods. Both trajectories tend to
exhibit similar behaviour. The measured resonance
frequency is 80 Hz and impedance of 46 Q, while the
simulated resonance frequency is 92 Hz and impedance
of 43 Q.

AES 2022 International Conference on Automotive Audio, Dearborn, MIl, USA, 2022 June 8—10
Page 4 of 12



Khatokar, Mohamady, and Montazeri

ANC Platform Simulation in Automotive Application

e ———— PML Layer
|

| [

- /——"' Air Domain

Surround

Membrane

: Dustcap
-/:"\‘ Closed Box
wall

Apex with
Coil
Spider

Fig. 4: Symmetric model of the Closed Box Loud-
speaker.

Comparison between measurement and simulation data
gives a better idea about validating the developed math-
ematical model. From this, it can be said that the devel-
oped simulation model for the loudspeaker driver and
the closed box enclosure is valid.

2.3 Simulating the Loudspeaker in an Enclosed
Space

To achieve the working of the ANC phenomenon over a
closed acoustic space like a Sedan or SUV and to keep
the simulation platform close to the actual environment
of an automobile, the loudspeaker is modelled inside a
simplified car shaped enclosure with dimensions rep-
resenting the acoustic space inside an actual car cabin.
Simple seat structures are modelled to resemble the
cabin space of the car. The surface of the seat is con-
sidered to be leather and hence, it’s respective acoustic
property in terms of the complex valued impedance
conditions are assigned to the surfaces of the seat struc-
tures based on the values obtained in reference [25].
The floor padding in cars is usually of the type tufted
cut pile or loop-pile which usually has a synthetic la-
tex base backing the primary fabric and the secondary
fabric is then attached to make the carpet firm, and the
roof trim in the cars is usually made up of polyester
foam sheets and fiber-reinforced porous polymer sheets
[26]. The acoustic property of the floor padding and the
roof-trim is modelled as impedance boundary condi-
tion with high flow resistivity. The windows, front- and
rear windshield are modelled with acoustic properties
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Fig. 5: SPL plot of the Closed box Loudspeaker.
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Fig. 6: Impedance plot of the Closed box Loudspeaker.

of glass, the dashboard and doors are assigned constant
absorption coefficient with respect to the polypropylene
material used in the manufacturing of actual cars.

The first eleven eigenfrequencies of the enclosure are
tabulated in table 2. All relevant damping and absorp-
tion co-efficient of various structures of the car interior
is presented in table 3. The closed box loudspeaker
described in the above section is modelled along the
length of the enclosure as shown in Fig. 7. The electri-
cal input to the voice coil apex of the loudspeaker and
the working of the loudspeaker is as described in the
above section.

With an increase in the frequency range, the number
of acoustic modes inside the enclosure increases. The
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P1
-
P3

Fig. 7: Closed box loudspeakers placed inside the
acoustic space of a car enclosure with receiving
positions P1, P2, P3 & P4.

loudspeaker developed in the above section functions
consistently well in the lower frequency region. Know-
ing that the engine noise and noise generated by the
automobile structure are predominant in the lower fre-
quency regime, a range between 20 Hz—200 Hz has
been considered for simulation, study and calculations
inside the enclosure. The complete numerical model is
solved in the frequency domain.

2.4 Transfer Function Simulation

To achieve ANC at receiving positions inside a closed
enclosure, the determination of the transfer paths be-
come essential to relate between the output measured
and the input being provided. This essentially com-
prises of two paths namely, the primary transfer path
and the secondary transfer path. The same is applied to
the mathematical model and simulations are carried out.
The co-ordinate axes of the model and the complete
simulation setup is as shown in Fig. 7. Four acoustic
pressure probes P1, P2, P3 and P4 are modelled as
receiving positions similar to those present in the front
of the car and the rear of the car at coordinates (x =
0.85m,y=1.7m,z=-0.7m), (x=1.75m, y=1.21 m,
z=-0.7m), (x=1.05m,y=1m, z=-0.3m) and (x =
1.85m, y = 1.1 m, z = -0.5 m), respectively, as in Fig. 7.
2.4.1 Primary Transfer Function

A primary noise source modelled in the form of a
monopole sound source into the simulation model as

Table 2: Eigen frequencies of the enclosure.

No. Frequency (Hz)

1 62.125
2 88.97

3 97.91

4 116.72
5 127.61
6 128.83
7 129.05
8 145.49
9 190.46
10 198.76
11 208.53

Table 3: Damping properties of the enclosure compo-
nents.

Enclosure component Type of Damping Value
Door, Glass Absorption co-efficient 0.01
Dashboard Absorption co-efficient 0.005

Roof-top Flow resistivity 20000 Pa.s/m>
Carpet Flow resistivity 10000 Pa.s/m?*
Seats Impedance max. 1 Pa.s/m

in Fig. 8. A primary sound source can be modelled as
surfaces, edges or points. For simplicity, in this paper
a point has been modelled as a primary sound source
at (x=0m, y =0m, z=0m). The sound path between
the noise source and the measuring positions in the en-
closure are simulated. The path between the monopole
noise source and the measuring position is called the
primary transfer path. The SPL measured at positions
P1, P2, P3 and P4 is shown in Fig. 9. The plot also
contains the SPL recorded at the source location. The
sharp rise in the SPL at 65 Hz, 90 Hz and 120 Hz can
be accounted for effects of the eigenmodes present in-
side the enclosure in close proximity to the receiving
positions at these frequencies. The transfer function
calculated as the ratio of the output signal measured
by the acoustic probe to the input signal provided to
the loudspeaker acting as a noise source is called the
primary transfer function. Fig. 10 shows the transfer
function plot between the noise source and the measur-
ing positions P1, P2, P3 and P4.
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Fig. 8: Primary path comprising of the receiving posi-
tions and the modelled point source.
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Fig. 9: Primary path SPL plot for the noise source and
receiving positions P1, P2, P3 & P4.

2.4.2 Secondary Transfer Function

In Fig. 11, the path between the loudspeakers and the
various measuring points defines the secondary transfer
path, and the respective transfer function is calculated
as the ratio of the output signal measured at the receiv-
ing positions to the signal input provided to the control
loudspeaker. Two loudspeakers, one on the front door
and the other on the car’s rear door, are considered.
The SPL is measured at positions P1, P2, P3 & P4 for
individual loudspeakers working inside the enclosure
and the plots are presented in Fig. 12 and Fig. 13.
Individual secondary transfer paths is also computed
between the above mentioned measuring positions, and
each loudspeaker. The secondary transfer paths are
computed by the operation of each loudspeaker individ-
ually at a given point in time. They are shown in Fig.

Magnitude of TF

1
)
1
Il
041 |
1
\
1
il

-0.15 H— TF: Source-P1
= = TF: Source-P2 ]
TF: Source-P3 '
—TF: Source-P4
02 I I I I
20 40 60 100 160 200

Frequency (Hz)

Fig. 10: Primary path transfer function between the

noise source and listening positions P1, P2,
P3 & P4.

14 and Fig. 15 corresponding to loudspeakers LS1 and
LS2, respectively.

3 Coupling of Loudspeakers

In a closed acoustic environment as that of an auto-
mobile cabin, the coupling effect between two or more
loudspeakers cannot be ignored, especially with a multi-
input multi-output (MIMO) system. Coupling is a con-
dition in which two or more sound emitting sources,
when placed within a fraction of the wavelength, affect
the radiation impedance of each other, thereby altering
their working behaviour [17, 18, 19]. In this paper we
consider the loudspeakers as described in Section 2.2
to simulate the coupling of the loudspeakers inside the
enclosure.

Referring to the above-listed literature, the relation
between acoustic pressure acting on the surface of each
loudspeaker and its corresponding volume velocity is
defined by the relation:

[SAL(@)]"" = [Ze(@)] U@, ©)

where L represents the number of loudspeakers inside
the enclosure, SP(®) is the net acoustic pressure on
the surface of the L™ loudspeaker, Z, is a symmetric
coupling matrix with dimensions L x L and Uy (o) is
the frequency dependent volume velocity generated by
the L™ loudspeaker.The symmetric coupling matrix Z,
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Fig. 11: Secondary path between loudspeakers 1 & 2
and receiving positions P1, P2, P3 & P4, re-
spectively.
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Fig. 12: SPL measured at receiving positions P1, P2,
P3 & P4 when loudspeaker 1 is working inde-
pendently.

is given by:

A&
[Z.(0)];; = % ;)An(a)) [/SP. wn(x,yi,z)dxdz}

[/ l//n(x,yj,z)dxdz]. 4)
sP;

Where i, j represent a set of two loudspeakers con-
sidered for coupling inside the enclosure, pg is the
density of air, ¢g is the speed of sound in air, V de-
notes the volume of the enclosure, S is the surface area
of the loudspeaker membrane, y, represents the n'

130
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70 = = "SPL: Rec. Pos. P2
----- SPL: Rec. Pos. P3
«-SPL: Rec. Pos. P4
—6—SPL:LS2
60 L L L L
20 40 60 100 160 200

Frequency (Hz)

Fig. 13: SPL measured at receiving positions P1, P2,
P3 & P4 when loudspeaker 2 is working inde-
pendently.
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Fig. 14: Secondary path transfer function between the
loudspeaker 1 and receiving positions P1, P2,
P3 & P4.

acoustic mode of the enclosure, A, (@) is the frequency
dependant pressure amplitude and, x, y and z denote
the coordinates of the loudspeakers placed inside the
enclosure.

Zs() [U ()] +[SPL(0)] " = Z(0) V(@)
®)

where Z(w) is the source strength matrix dependent
on the volume velocity Up(®) and V. (®) is the
driving voltage applied across the terminals of the
loudspeaker coil. As observed in Eq. 5, in a coupled
environment, the volume velocity is not only affected
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Fig. 15: Secondary path transfer function between the
loudspeaker 2 and listening positions P1, P2,
P3 & P4.

by the driving voltages applied to the loudspeaker coils
but also by the net acoustic pressure acting on the
surface of the loudspeakers (SA.). Considering a case
where no voltage is applied across the loudspeaker
coil terminals, the source strength is still driven by the
influence of the acoustic pressure of the surrounding
environment acting on the loudspeaker surface.

UL ()] = Ze() [Ver (@)]F, (6)

where,

Ze(0) = (Ze(0)I + Z(@)) ' Z(w) )

By writing the volume velocity of the acoustic sources
in terms of their electrical voltages, it is possible to con-
trol the sound pressure inside the enclosure by consid-
ering the coupling of the loudspeakers. Eq. 6 denotes
the relation between the coupled secondary sources
and the driving voltage of the loudspeakers. It signifies
the change in the driving voltages with respect to the
coupling matrix Z.(®).

The voltage applied to each loudspeaker, the volume
velocity generated over the loudspeaker, and the net
acoustic pressure on the surface of each loudspeaker are
obtained with the simulation of the numerical model.
Relations 3 and 6 are used to find the complete trans-
fer functions between the input voltage applied to the
loudspeaker coil terminals of each loudspeaker to the
output measured at the receiving positions.

The SPL inside the enclosure when two loudspeakers
are working simultaneously as a completely coupled

130

—Rec. Pos. P1

—Rec. Pos. P2

Rec. Pos. P3

70 F|—Rec. Pos. P3
= =-Ls1
Ls2

60 I I I I
20 40 60 100 160 200

Frequency (Hz)

Fig. 16: SPL measured on the loudspeaker 1 & 2 sur-
faces and at receiving positions P1, P2, P3 &
P4 for a coupled system.

system is presented in Fig. 16. The effect of acous-
tic modes inside the enclosure is clearly visible in the
case of coupling as well. A sharp rise in the SPL at 65
Hz can be accounted towards the corresponding loud-
speaker resonant at that frequency. A sharp dip in the
acoustic pressure inside the enclosure is measured at
position P2 around 85 Hz. This may be due to the peak
resonance of the enclosure and the associated zero at
this frequency. The same phenomenon is also observed
for the SPL measured at the position P1 at around 142
Hz.

The transfer function plot representing the coupling of
two loudspeakers is shown in Fig. 17.

3.1 Effects of Loudspeaker Coupling

e Variation of source strengths: The source
strength of each loudspeaker in the case of cou-
pling and the uncoupled condition is presented in
figure 18. As detailed in the paper by Montaz-
eri [17, 18], when two or more sound sources are
placed closed to each other, the strength of the
sources varies due to the coupling effect between
them. The difference between the coupled input
voltage plot and the voltage plots when two loud-
speakers are working individually can be clearly
distinguished from the plot data. For an uncou-
pled system, the source strength is low compared
to the coupled system response in the frequency
range from 20 Hz up to 90 Hz and beyond this
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Fig. 17: Transfer function between the loudspeakers 1
& 2 and receiving positions P1, P2, P3 & P4,

respectively for a coupled system.
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Fig. 18: Coupled system - Source strength variation of

the loudspeakers.

range, the source strength of the coupled system
drops and that of the uncoupled system increases.

e Variation of volume velocities: The volume ve-
locity over by a sound source is defined as the
volume of fluid that passes through a given sur-
face area per unit time once an acoustic pressure
is generated by the source. Determination of the
volume velocity over a sound source is important
in determining acoustic parameters such as the
source strength and transfer function analysis by
using vibroacoustic coupling [27]. In this case,
figure 19 represents the variation in the volume

5x10'3

T
—-==U LS - Front left - uncoupled
— = -U LS - Back left - uncoupled
451 U LS - Front left - coupled
——U LS - Back left - coupled

25

Volume Velocity (m3/s)
w
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Fig. 19: Coupled system - Volume velocities generated

by the loudspeakers.
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Fig. 20: Coupled system - Impedance response of the

loudspeakers.

velocity over the two loudspeakers generated in
the uncoupled cases when each loudspeaker is
working independently inside the enclosure and
in the case of coupling when both the loudspeak-
ers are functioning together inside the enclosure.
Comparing the plot data for the coupled and the
uncoupled systems, it is observed that the volume
velocities generated by each loudspeaker are rela-
tively the same in both cases. But, for a coupled
system, a slight variation in the volume velocity
is observed at frequencies corresponding to the
eigenmodes of the enclosure domain.

e Variation of loudspeaker impedance: With the
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movement of the dynamic loudspeaker compo-
nents, a vibroacoustic coupling is established.
When two or more loudspeakers are working si-
multaneously in a closed environment, the net
acoustic pressure acting on the surfaces of each
loudspeaker causes a change in the loudspeaker
impedance. The simulated results in figure 20 de-
pict the same. The effects of coupling are visible
in terms of the impedance of the loudspeakers. In
comparison between a coupled and an uncoupled
system, it is observed that due to the net acoustic
coupling effect, the impedance value of the back-
left loudspeaker is approximately 15 Q greater
than the impedance value measured when the sys-
tem is uncoupled at a frequency of 65 Hz. For the
front-left loudspeaker, the maximum impedance
is observed at 70 Hz with not much difference in
the impedance values between the coupled and
the uncoupled system. It is also observed that
there is a dip in the impedance at 65 Hz. This
may be accounted to the acoustic mode of the
enclosure cabin which passes over the back-left
loudspeaker. With the above plot, it can be con-
cluded that the first modes of the enclosure play
a significant role in impacting the loudspeaker
impedance compared to the other acoustic modes,
where the impedance drops as the frequency range
is increased.

From the above plots of source strengths and
impedance variation of the loudspeakers, it can be
concluded that under the first eigenfrequency of the
enclosure, there is a high value of source strength in
the form of the voltage applied to the loudspeaker ter-
minals required for the functioning of the loudspeakers.
This requirement of energy to drive the loudspeakers
reduces as the frequency increases beyond the first
eigenfrequency of the acoustic enclosure.

4 Summary

This paper presents a simulation platform for the imple-
mentation of the ANC mechanism in an enclosed space.
The ANC simulation platform comprising of simplified
and validated models of the closed box loudspeakers
inside a mock-up car-cabin enclosure was simulated
using the standard finite element method (FEM). An
initial acoustic mode study was performed on the enclo-
sure to estimate the behaviour of the acoustic pressure

inside the enclosure due to its acoustic modes. Further,
two loudspeakers were simulated inside the enclosure
to study the coupling between them. In the automotive
industry, the effects of the coupling of loudspeakers
play a significant role in sound design. As the present
industry works on the tuning of the audio systems to
have a better perception, our research and study help
tune the system based on energy in addition to the latter.
Alongside the simulation of an ANC system in terms
of noise attenuation, the developed simulation platform
helps predict and optimize energy consumption.
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