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ABSTRACT

Low-frequency reverberant sound fields are usually suppressed by means of either adaptive feedforward control
or Helmholtz resonator. In this paper, an electrical impedance is connected to the terminals of an acoustic
loudspeaker, the mechanical dynamics, and hence acoustic response can be made to emulate a sealed acoustic
resonator. No microphone or velocity measurement is required. In some cases, the required electrical circuit is
simply the parallel connection of a capacitor and resistor. Experimental application to a closed acoustic duct
results in 14 dB pressure attenuation of a single acoustic mode.
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1. INTRODUCTION

Since the original work of Leug [1], and Olson and May [2], the problem of low-frequency acoustic noise at-
tenuation has been studied throughout the industrial and academic domains. High-frequency acoustic noise
(greater than 500Hz) is generally addressed with a combination of porous damping materials [3], Helmholtz
resonators [4] [5], and mufflers [5]. Unfortunately such technologies do not offer acceptable absorbance at lower
frequencies. Porous damping materials rely on the viscous damping of fluid flow over a surface. As particle
velocity is proportional to frequency, impractical volumes of material are required at frequencies below 500Hz.
Helmholtz resonators, the acoustic equivalent of a mechanical tuned-mass absorber, provide excellent attenuation
of highly resonant acoustic modes but require restrictively large cavity volumes at frequencies below 200 Hz. The
inadequacy of traditional passive damping treatments has motivated a diverse literature on the active control of
low-frequency reverberant noise.

The field of non-traditional acoustic noise control can be grouped roughly into 5 categories: 1) Passive baffles
and compliant panels [6-9], 2) Helmholtz resonators [4,10-13], 3) Feedforward noise control [14-18], 4) Feedback
noise control [2,19-22], and 5) Impedance Based [23-27]. None of these techniques simultansously contain all of
the desireable characteristics: low weight, volume, and power requirements; low complexity; simple design and
tuning; high performance with low sensitivity to environmental variations.

In this paper we present a new technique for the attenuation of reverberant sound fields. The goal is to
globally reduce acoustic response without the need for either a precise plant model, collocated pressure sensor,
or constant volume velocity source. By identifying the interaction between sound-field, mechanical speaker, and
electromagnetic transducer, a simple electrical impedance can be designed, that when connected to a speaker
coil, improves the dissipation of acoustic energy. The designed electrical impedance that effectively renders
the speaker as an acoustic resonator does not require a model for design and can be tuned experimentally or
adaptively. Under certain circumstances, the electrical impedance can be simplified to a passive resistor and
capacitor.

In Section 2, the electro-mechanical-acoustic coupling is described. An electrical equivalent model is also pre-
sented that facilitates intuitive impedance design. In Section 3, impedance designs are applied to an experimental
duct system. The paper is concluded in Section 4.
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Figure 1. Experimental duct with two transversely mounted loudspeakers

2. SYSTEM DYNAMICS

The majority of techniques for acoustic noise control are targeted at a specific problem scenario. In this work,
our objective is to reduce pressure variation within a sealed duct in response to a planar velocity disturbance.
The experimental apparatus, comprising a PVC pipe, with two transversely mounted speaker ports is shown in
Figure 1. Dimensions and the location of pressure, velocity, and electrical measurements can be found in Figure
2.

A velocity disturbance is introduced artificially using speaker 1. By exciting the speaker with a voltage, the
applied velocity disturbance is measured directly using a Polytec Laser Vibrometer (PSV300). The two pressure
measurements p; and ps are acquired using B&K 4935 array microphones with a Nexus preamplifier. While p;
is used for performance evaluation, ps is required for analysis and control design purposes. The velocity of the
control speaker, speaker 2, is also measured using the vibrometer. When the speaker is mounted onto the duct,
the baffle velocity is measured through the rear air vent.

The experimental apparatus was chosen to represent a simple 1 dimensional reverberant noise control prob-
lem. Although the apparatus most closely resembles an air conditioning duct, multi-dimensional extension to
reverberant room noise is possible. Another system closely resembling the experimental apparatus is a launch
vehicle payload enclosure. End-mounted speakers have been used with acoustic impedance based techniques for
the mitigation of acoustic pressure forces on sensitive payloads [27].

In the following subsections, a dynamic model of the duct system is derived progressively. We begin by
considering an ideal acoustic system, i.e. a hard walled enclosure disturbed by a perfect velocity source. The
passive mechanical dynamics of a control loudspeaker are then augmented to the ideal acoustic system. Finally,
the electromagnetic model is also included to relate the coil voltage and current, to the duct pressure and velocity.
Many works in acoustic noise control simply neglect passive dynamics by modelling each loudspeaker as a velocity
source. Although such works present analytic models, an extremely poor correspondence to experimental data
is often observed. It is likely that a considerable portion of this disagreement can be attributed to unmodelled
passive loudspeaker dynamics.

Other authors have also considered non-ideal acoustic systems, for example, systems with 'soft’ walls, non-
trivial end impedances [28], and passive speaker dynamics [28] [22]. In this work, the main objective is not
to develop an exact model of the physical system, but rather to reveal the coupling and interaction between
each domain. By illustrating the coupling in a graphical manner, simple impedance designs can be derived by
inspection and experimental tuning.

2.1. Acoustic Dynamics

The governing equations relevant to the modelling of an acoustic enclosure are the fundamental equations of fluid
mechanics: mass conservation, equation of state, and Euler’s equation of motion. Linearization is possible in
cases of small pressure perturbation and zero mean fluid velocity. The following wave equation for the acoustic
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Figure 2. Acoustic duct geometry

duct shown in Figure 2 (without the control speaker 2) can be derived by combining the fundamental equations
and solving for the fluid pressure [16],

Pp(r,t)  1%p(rt) _  dii(t)

- = = o(r—1L 1
or2 2 o PO (r—Ls) (1)

subject to the closed-end boundary conditions
v(0,8) = v(L,1) =0, (2)

where p(r, t) is the sound pressure variation measured r (meters) from the duct end, v;(t) is the forced velocity
L3 (meters) from the duct end, pg is the ambient density, and c is the speed of sound.

In the design and analysis of acoustic shunt impedances, the transfer function relating pressure to velocity
at the control speaker baffle Gp,.,(s) is of primary interest. A number of techniques are available in the
literature for deriving closed-form solutions to (1). Examples considering side-mounted speakers can be found
in references [29], [30] and [31].

The majority of practical acoustic systems contain properties difficult to model analytically, e.g. non-ideal
boundary conditions, irregular geometries etc. It may be impossible to find a closed-form solution to the acoustic
transfer function. In such cases, finite element analysis or system identification may present a viable alternative.

2.2. Including Loudspeaker Mechanical Dynamics

The equivalent mechanical diagram of an acoustic loudspeaker is illustrated in Figure 3 b). The mass, spring, and
damping components correspond to the baffle weight, suspension stiffness, and suspension damping respectively.
In this section, the unshunted system is considered, i.e. when I» = 0 which implies F,; = 0.
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Figure 3. a) Sketch of the speaker, b) Mechanical equivalent diagram c) Electrical equivalent diagram

The response of the speaker can be expressed as a simple mass-spring-damper system

1
o = —(—F, —diy — Sxa), 3
2 m( P 2 2) ( )
where x2 denotes the inward baffle displacement, Fj, is the acoustic force related to the pressure py, and m,
S, and d are the equivalent mass, stiffness, and damping coefficients. In order to couple the loudspeaker and
acoustic system, we require a transfer function G, ¢(s) relating the total applied force (in the direction opposite
to F},) to the baffle velocity v». From equation (3), G,f(s) can be written in the frequency domain as,

Gus(s) = —V;}(ji) = 2m +Sds + 8 (@)

By noting that the acoustic pressure develops a force proportional to the baffle surface area F,, = Ap,, and
that the resulting velocity v excites the acoustic system Gp,,,(s), the two systems can be coupled. Figure 4
clearly illustrates the equivalence between a pressure feedback controller and the passive loudspeaker dynamics.
The disturbance transfer function, measured from v; to py is modified from the open-loop response Gy, (s) to,

pa(s)  Gonls)
v1(5) ~ 14 O5)Cpaon(s) )

where the equivalent feedback controller C(s) is
C(s) = Guy(s)A. (6)

Given that the loudspeaker acts to control the acoustic system, it is pertinent to identify and optimize the
desirable characteristics during selection. The most obvious technique for increasing speaker influence is to
increase the baffle area, as this directly affects the gain in the pressure feedback loop. The magnitude of the
transfer function G, f(s) is also critical. Due to the gain roll-off of 20 dB per decade at frequencies greater than
the mechanical cutoff, only low-frequency acoustic modes will be passively attenuated.

If a single dominant acoustic mode is the primary concern, a speaker with a lightly damped mechanical
resonance, near in frequency, will achieve the greatest damping. The baffle resonance frequency can be altered
by adding mass to the speaker cone. This should be done conservatively, as reducing the mechanical bandwidth of
the speaker will also reduce the effective bandwidth over which the acoustic system can be controlled. Considering
a single mode, if the frequency of mechanical and acoustic resonance is properly matched, the damping of the
controller can be altered by shunting the coil with a resistor. As discussed fully in the following sections, if the
inductive coil reactance is small, a resistive shunt will add mechanical damping.
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Figure 4. Block diagram of the composite acoustic and passive loudspeaker dynamics.

2.3. Including electromagnetic dynamics

As shown in Figure 3 c), the electromagnetic speaker dynamics can be modelled as a velocity dependent voltage
source Vepf, in series with a resistor IZ5, and inductor Ly. The induced voltage is related to the velocity by

VYemf = Bl1/27 (7)

where B is the magnetic flux density, and [ is the conductor length. If the speaker is short circuited, the
orientation of the induced voltage, and hence induced current, hinders the application of an external velocity.

The force developed due to a current I is equal to
F,; = Bll,, (8)
where F; acts in the opposite direction to £}, and hence adds to the total force applied to the speaker, i.e.

va(s) = Guy(s)(Feu(s) — Fp(s)). (9)

If an electrical impedance Z(s) is connected to the terminals of the speaker coil, the total voltage drop across
the speaker impedance sLy + R, is equal to the difference of the voltages across the speaker, Va, and Ve, i.c.
the current flowing through the coil can be written as

1

o= Vo= Vems) p

(10)

These relations are shown graphically in Figure 5. The electromagnetic dynamics introduce a further feedback
loop around the velocity vs. In the special case where the loudspeaker is short-circuited, i.e. when V5 = 0, and at
frequencies below the cutoff of the filter m, the coil acts as an electrodynamic brake. Physical damping is
added to the mechanical speaker dynamics. Too much mechanical damping will reduce the acoustic performance
of the speaker. A properly chosen resistance can be used to optimize the damping and passive acoustic mitigation.

Physical coupling between the electrical and acoustic domain is limited in each direction by the factor BI.
Good quality speakers with rare-earth magnets and dense, low-impedance windings will provide the best shunt
circuit performance.
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Figure 5. Block diagram of the composite acoustic, passive loudspeaker, and electromagnetic dynamics.

2.4. Helmholtz Resonators

Helmholtz resonators can reduce the response of undesirable acoustic modes by effecting a high absorption over
a narrow frequency range. As shown in Figure 6a), a Helmholtz resonator comprises a cavity volume V' coupled
to the host sound field through a short tube of cross-section A and length [. In this figure, v and p represent the
air particle velocity and pressure at the resonator opening.

Due to the physical similarity to a lumped single-degree-of-freedom system, Helmholtz resonators can be
equivalently represented as an electrical network. A diagrammatic representation of the equivalent acoustic,
mechanical, and electrical systems can be found in Figure 6 a)-c), where ¢ is the speed of sound, A the cross

section, [ the length of the tube, p the air density, and V the cavity volume. The stiffness % is a function of

the enclosed air volume V', while the mass pA(l + l.orr) = pAl., corresponds to the accelerated air in the tube,
where [, is a correction factor accounting for additional air-mass at the tube opening. The correction factor
is typically taken as l.or» = 0.8 R, where R is the radius of the tube.

By inserting damping materials in the tube where air particle velocity is maximum, the damping d of the
resonance can be increased. Note that the corresponding electrical parameters in Figure 6 c) are scaled by the
factor 1/A?, this arises from the conversion p = Ap and © = Av. The resonance frequency of the Helmholtz
resonator without damping is [10]

A A 1
res — I 7 N = 5 11
et TNV o)\ Vi ToiCog (11)

where L., = V/c?p, and Cey = pleg/A.

2.5. Electrical Equivalent System

To aid in the understanding of the composite electrical, mechanical, and acoustic systems, as shown in Figure
5, it is helpful to cast each sub-system in the same physical domain. Given that our objective is to design a
suitable shunt impedance, the choice of electrical domain permits a significant simplification of the complicated
interactions shown in Figure 5.

The equivalent electrical network of the composite speaker-enclosure model is shown in Figure 7 a). The
mechanical part of the speaker is modelled as a baffle mass m, a stiffness S and the mechanical damping d.
The baffle is excited by the electrical force F,; proportional to the current I5. The relationship F,; = Bl is
represented by a transformer. Analogously, the baffle acoustic force, F}, = Aps, is modelled by a gyrator.
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In Figure 7a), only a single acoustic mode is considered, the volume air velocity at the baffle is denoted by
v, = Avs.

The electrical part of the loudspeaker is modelled by the coil resistance R, inductance L, and induced
voltage Ve s = Blvs.

By eliminating the gyrators and transformers using dual network elements and converting the values with A2
and (BI)? respectively, one obtains the simplified circuit shown in Figure 7 b). The corresponding mechanical

part of the speaker performs like a Helmholtz resonator with resonance frequency wyes = \/m/ S and damping

d. Tt is shown in the following, that these parameters can be modified through the application of a suitable
electrical shunt impedance Z(s).

3. PASSIVE SHUNT CIRCUIT DESIGN

In analogy to the field of piezoelectric shunt damping [32, 33], where an electrical circuit is shunted to the
terminals of a piezoelectric transducer, a network connected to the terminals of a loudspeaker can be designed
to moderate the response of a coupled acoustic enclosure. In this section, the design of passive shunt circuits is
discussed.

Based on the electrical equivalent model introduced in Section 2.5, one observes that an enclosed speaker
emulates the acoustic response of a Helmholtz resonator. If the properties of this virtual Helmholtz resonator can
be adjusted, the speaker can be employed to attenuate a highly resonant acoustic mode in the same fashion as a
physical Helmholtz resonator. In the following, shunt circuit topologies are presented that allow the parameters
of the virtual Helmholtz resonator to be modified.

3.1. R Shunts

At low frequencies where w < Rs/Ls, the influence of the inductor Ls can be neglected. In this case, the
Helmholtz damping d can be increased by connecting a resistor R to the terminals of the speaker. As observed
in Figure 7 b), the resistor R in addition to the coil resistor R, appears in parallel to the mechanical damping
d. The total damping of the virtual Helmholtz resonator is then

1
R+ R,

dior = d + (12)

Note that the total damping is restricted in range between dand d+1 /Rs. A speaker with low d and R, will
provide the greatest tuning range.
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Figure 6. a) Sketch of the Helmholtz resonator, b) Equivalent mechanical model and c¢) equivalent electrical model.
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Figure 7. a) Electrical equivalent model of the composite speaker-enclosure system. b) simplified electrical equivalent.

The experimental application of a resistive shunt to the duct apparatus is shown in Figure 8a). For small
values of R, the Helmholtz damping is large, thus, no influence on the duct system can be observed. For larger
values of R, the resonator becomes more lightly damped until an anti-resonance appears at 40 Hz with new
side-lobes at 30 and 50 Hz. As the Helmholtz frequency is improperly tuned, this system is not effective at
suppressing noise.

3.2. C'//R Shunts

In the low frequency regime, i.e. where w < Rg/Ls, a parallel C'///R shunt circuit provides authority over the
damping and resonance frequency of a virtual Helmholtz resonator. The addition of a parallel capacitor C,

effects an increase in the parameter 1/ S. Thus, the Helmhotz resonance frequency can be reduced.

Experimental results from the application of a C///R shunt circuit are shown in Figure 8 b). A capacitance
and resistance of C = 496 uF and R, = 8 () represents the correct adjustment of resonance frequency and
damping. The properly tuned virtual Helmholtz resonator yields a first-mode attenuation of 11 dB. To the
knowledge of the authors, a passive capacitor and resistor offers the best possible performance commensurate
with simplicity and cost. It is important to note that only acoustic modes lower in frequency than both the
mechanical and electrical speaker cutoff frequencies can be controlled. Thus, selection of a suitable speaker is
critical to the performance of the system.
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Figure 8. Measured magnitude of the transfer-function Gp,.,,. a) Passive R shunt b) Passive R//C shunt. (...) duct
without speaker, (—) duct with open speaker, (- -) duct with C//R shunt tuned to the 1°* mode.

3.3. Negative R — L with R//L//C Shunts

By introducing a negative R — L network as illustrated in Figure 9, a greater authority in the tuning ranges can
be achieved. If the negative inductor and resistor are chosen equal, or close to the internal coil impedance, the
electrical dynamics of the speaker can be essentially neglected. That is, R, = —R, and L, = —L,, where R, and
L, are estimates of the internal coil impedance.

With the use of an impedance cancelling network, an additional R,//L,//C, circuit, as shown in Figure 9
provides complete control over the virtual Helmholtz resonance frequency. As the capacitance C),, appears in
parallel with 1/ S , this parameter can be arbitrarily increased with an increase C),. The other parameters are
independent to variations in C), thus experimental tuning is straight-forward. A similar situation occurs with
the relationship between L, and . This parameter can be varied in either direction to increase or decrease the
equivalent resonance frequency. Control over the damping parameter is restricted to values larger than d. The
total damping is

5 1

dior = d + —. 13
tot +Rp (13)

Due to the requirement for negative network elements, practical implementation requires active circuit com-
ponents. In the following experiments, a synthetic impedance [34,35] is utilized to implement the shunt circuit
impedance. An opamp based negative impedance converter is an alternative for the implementation of negative
components.

Figure 10 demonstrates the experimental application of a negative Ry — L, and parallel R,//L,//C, for the
attenuation of the first, second and third acoustic modes. The parameters of the shunt circuits are summarized
in table 1. Compared to the duct with absent speaker, the acoustic response of each mode is suppressed by
between 12 and 14 dB.

3.3.1. Improvement with serial L

One of the disadvantages associated with virtual Helmholtz resonators is the narrow-bandwidth of the control
action. At resonance frequencies adjacent to that specifically controlled, the response of a lightly damping
Helmholtz resonator can be likened to a hard wall, no absorption is provided. As shown in Figure 10 it may
occur that high-frequency acoustic modes are actually enhanced when the speaker is tuned to damp a single
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Figure 10. Negative R, — L with R//L//C shunt. The shunt circuit is tuned to a) 1° mode, b) 2"¢ mode and c) 3"
mode. (...) duct without speaker, (—) duct with open speaker, (- -) duct with shunt.

[ Mode | L, [mH] | R [ | R[] [ C [uF] [ L [wH] | J [ ]

1 -12 -12 23 116 > 1000 34
2 -12 -12 27 <1 43.5 71
3 -12 -12 27 <1 4.53 112

Table 1. Values for negative R — L with R//L//C shunts.

mode. This phenomenon can be attributed directly to the reduction of speaker bandwidth with the connection
of shunt circuits described in the preceding sections.

The problem can be somewhat alleviated with the addition of a series inductor to the shunt circuit network.
By increasing the electrical impedance at high frequencies, the braking behavior of the system can be reduced.
As demonstrated in Figure 11, a series inductor can relax high-frequency speaker stiffening, and avoid unwanted
enhancement of uncontrolled modes.

4. CONCLUSIONS

This paper extends the technique of passive shunt damping to acoustic loudspeakers.

By connecting an electrical impedance to the terminals of a loudspeaker, the mechanical dynamics of the
loudspeaker are altered. Based on the mechanical and electrical properties of the loudspeaker, an electrical
network can be designed that results in the loudspeaker emulating the acoustic response of a Helmholtz resonator.
Highly resonant acoustic modes can be significantly attenuated. In some circumstances, depending on the
frequency of resonance and the electromechanical properties of the loudspeaker, a passive capacitor and resistor
can be employed to damp a single acoustic mode. Such simple and inherently stable impedances are useful in
applications requiring high reliability and shock resistance, e.g. launch vehicle acoustic control. Experiments
performed on a closed acoustic duct demonstrate the effectiveness of the proposed technique.
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