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An Electroacoustic Resonator consists of a loudspeaker used as a membrane resonator, through an
acoustic pressure-based controlled electrical current, in order to vary its vibrating velocity in re-
sponse to an exogenous sound field. This way, the loudspeaker membrane can be turned, for example,
into an effectively broadband sound absorber. However, the effectiveness and stability conditions of
such an active device are intrinsically dependent on the accurate knowledge of its electromechanical
constituents and the whole control chain, and any mismatch might impair significantly the control
performance. In this paper, we propose a new method for identifying the Thiele-Small parameters
of a loudspeaker to be used as an active electroacoustic resonator through a digitally-implemented
control architecture. Then, numerical and experimental investigation are undertaken to show how the
application of Impedance Control laws affects the stability of the electro-mechano-acoustical system.
An experimental verification of the acoustic performance of the proposed control strategy is provided,
leading to concluding discussion on further developments.

Keywords: Acoustics, Control, Impedance, Loudspeaker, Stability.

1. Introduction

The electroacoustic absorber concept has been introduced as an effective means of damping the duct
modes, either using shunt loudspeaker technique [[1], direct feedback control [2], or by self-sensing con-
trol of the loudspeaker impedance [3]. Rivet et al. [4] showed that a loudspeaker and a microphone
nearby, both being connected by a model-based transfer function, can be used for matching the impedance
of a loudspeaker diaphragm to a target specific acoustic impedance, which has the effect of damping the
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standing waves in an enclosure. The loudspeaker is controlled through a programmable Digital Signal
Processor. The pressure-based, current driven loudspeaker control strategy has been applied in an array
of electroacoustic absorbers to produce a liner. Its performances in terms of Insertion Loss have been
numerically and experimentally analyzed [3], both without airflow and with low Mach numbers (up to
1.5). Previously, Collet et al. [6] proposed and experimentally analyzed the potential of a Distributed
Impedance Control law. It differentiates for the impedance is substitued by a differential operator con-
templating the variation of pressure along the longitudinal direction of the duct. For this reason, the array
of controlled cells realizes a non-locally reacting (or Distributed) impedance, whose coupling with the
acoustic domain and its Diode Effect is analytically and numerically analyzed in [7].

The main interest of the model-based Impedance Control techniques through electrouacoustic resonators,
relies into the possibility to significantly widen the frequency bandwidth of efficiency respect to the clas-
sical liners, as well as to move this range in order to adapt to different operating conditions of the air duct
where the liner is applied.

Nevertheless, the performances of the Impedance Control techniques are very highly dependent upon
the accuracy of the loudspeaker model, as well as upon the inevitable delay in the application of the
numerical control.

2. Thiele-Small parameters indentification of an Active Electro-Acoustic
Resonator

The mechanical dynamics linking the loudspeaker velocity v and the local pressure p, the electrical
dynamics linking the current 7 and the voltage u at the loudspeaker terminals are reported in Eqs. (I
and (2)) respectively. The parameters we want to estimate are: the mechanical mass M,,, the mechanical
resistance R,,, the mechanical compliance C,,, the equivalent piston area S; and the coupling force factor
Bl. R, and L, are the electrical resistance and inductance of the voice coil respectively. With s we mean
the complex variable (s = jw).

Zm(s)v(s) = Sq p(s) — Bl i(s) (1)

u(s) = (Re + sLe) i(s) — Bl v(s) (2)

We will present a method for extracting the Thiele-Small parameters for a Single Degree of Freedom
electroacoustic resonator model. The technique is based upon the curve fitting of the measured mechan-
ical mobility transfer function between pressure and velocity, around the first resonant frequency of the
loudspeaker where Eqs. (I) and (2) are relevant.

The mobility measurements are obtained through a laser doppler velocimeter and a 1/4 inch Briiel and
Kjaer microphone, placed close to the loudspeaker membrane, in an approximately open field.

According to the piston-mode approximation, the curve fitting of the mechanical mobility of the

loudspeaker, with Open-Circuited terminals, will return an estimation of the mechanical mass, resistance

and compliance divided by the equivalent piston area: fg=, %=, - see Fig.
v(s)

S

- R 1 (3)

Ym(s)
. 2 M m
i=0 S S, + s 55 + 5,0

=0 p(s

We need now to estimate the force factor Bl, and the equivalent piston area S;. This is done by two
additional equations.

2 ICSV26, Montreal, 7-11 July 2019
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Figure 1: Curve Fitting of the Mobility in case of Open Circuited terminals of the Loudspeaker.

The first one is given by the curve-fitting of the mechanical mobility of the loudspeaker with Short-
Circuited terminals. In this case, the voltage will be zero and by neglecting the inductance, we can find a
direct proportionality between the current and the mechanical velocity, see Eq. ().

Bl

(Re + sL.) i(s) — Blu(s) =0 = i(s) = Ev(s) 4)

By inserting Eq. (4)) into the mechanical dynamics Eq. (I)), we see that the the short circuit will cause
an additional term (BI)?/R, in the mechanical damping, which will reduce the peak amplitude (see Fig.
). By retrieving the peak amplitude Qs c. of the mobility measured in the Short Circuited case, we can
derive (Bl)? /Sy, with R,, /S, being already estimated from the curve fitting of the open circuit mobility,

see Eq. ().

" 40 A T T T T
= W 2 Opei Circut|
= s O Sherl Circat |
e N £ -
% 50
2
E‘-s:s =
B
=.q0
s 450 0 : 0 0
e Fraquency [Hz!
100 ; ; : : T T
Open Circusd |
e oL, Short Circuit |
%« = |
T rd
] /
T -
g
F 50
1 .| L i -
350 40 450 500 550 o 50 700 750

Figure 2: Comparison of Mobilities in case of Open Circuit and Short Circuit terminals. The slight
deviation in the resonant frequency in the case of Short Circuit, is due to the neglected inductance.

BI)? 1 R,
( ) ~ ( - _)Re (5)
Sa Qsc.  Sd
Another equation can be obtained by applying a current proportional to the pressure (i = gp), g being

ICSV26, Montreal, 7-11 July 2019
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an arbitrary constant. By doing so, the mobility will traslate upward (for negative small values of ¢g) with
respect to the Open Circuit mobility, of a quantity proportional to Bl/Sd (see Fig. . If we retrieve
the peak amplitude @) pc. of the measured mobility with the Proportional Control applied, we can finally
obtain an expression for BI/Sd, see Eq. (6). By knowing (BIl)?/S, and Bl/S,, we derive Bl and S,;.
Therefore, all the Thiele-Small parameters are finally estimated.

Bl [ Dpen Gircuit_~
I- e 5 a | Prosortienal Contral, g = - 0.001

Open Gircult
Frogonicral Control, g = - 0.001

280 200 450 500 BS i =] 550 ]

Figure 3: Comparison of Mobilities in case of Open Circuit and Proportional Control.

Bl_1 B
Sd g Sa

Nevertheless, in Eq. (6) we are supposing that the control architecture is capable of reproducing

exactly the constant gain between input pressure and output current. We call this method indirect, as
it does not require the direct measurement of the electrical variables current and voltage, but only of
the mechanical mobility, in different configurations. For this reason, it is relatively simple to apply this
method to an electroacoustic resonator which can be controlled in current, based upon the measured
pressure. On the other hand though, it does not take into account any possible mismatches between the
command and the actual injected current in the device, when we are imposing a Proportional Control
1= gp.
This drawback can be avoided if we access the voltage at the loudspeaker terminals in an open circuit
configuration. Indeed, in the open circuit case, the voltage will be directly proportional to the loudspeaker
membrane velocity (see Eq. (2)), by the coefficient —BI. The transfer function between velocity and
voltage will allow to easily retrieve the force factor. From the knowledge of B/, and from the estimation
of (Bl)? /S, obtained in the Short Circuited case (as shown in Eq. ), we can get Sy and all the other
Thiele-Small parameters.

(1-Qpc.—=) (6)

3. Local Impedance Control strategy

The Local Impedance Control strategy consists of the injection of a current in the loudspeaker coil,
which is related to the measured acoustic pressure on the loudspeaker membrane through an appropriate
model-based transfer function, capable of reproducing a desired acoustic impedance on the interface with
the acoustic medium. This technique is well presented in [4] and the block diagram is reported in Fig. ]

The corrector Hy,. and the Target Impedance Z,, are reported in Eq. (7). This target impedance
was concieved in order to achieve the maximum normal incidence absorption coefficient in a certain

4 ICSV26, Montreal, 7-11 July 2019
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Figure 4: Block DIagram of the Controlled Loudspeaker system.

frequency range. It is therefore a band-pass filter, constituted by a real part which is the target resistance
we want to have around the resonant frequency (imposed equal to the air characteristic impedance for
getting the maximum normal absorption coefficient), and two additional terms respectively proportional
to the mass and compliance of the loudspeaker. These terms are included in order to cut the higher and
lower frequency ranges and avoid current saturation. The coefficients 1; and py are responsible for the
largeness of the frequency bandwidth of efficient absorption (relative to a threshold value o), and their
ratio determines the resonance angular frequency of the controlled loudspeaker system w,,, as you can
see in Eq. (§). The density and phase velocity of sound in air are indicated by p and ¢, respectively, and
wp is the natural frequency in rad/s of the loudspeaker without control.

1 Zm M, 2
Hypo = — (S, — = s 4 Ry + —12 7
! Bl< d Zat) ¢ =g s+ Rat + 5.0 3 (7
4Rupco | o 2
Aw =2+t —WE ; Wp= 4/ —w 8
o>, \/M?ana?h p Vo ®)

As already observed in [4]], the block diagram of this pressure-based impedance control technique
does not take the form of the typical feedback control architecture, as the feedback between the input
variable (pressure) and the output variable (velocity) is realized by the acoustic environment in which
the controlled loudspeaker is placed, which varies according to the application. This makes this strategy
highly sensitive to incertitudes in the model.

In addition to that, the inevitable time delay in the application of the corrector has the effect of ren-
dering the controlled system, non-minimum phase, i.e. non-passive. Hence, a sufficiently high acoustic
feedback will produce instability. The lost of passivity becomes even more critical if coupled with incer-
titudes in the loudspeaker model parameters.

In Fig. 5| we show the effect of the time delay () on the passivity, by calculating the normal absorption
coefficient a of an electroacustic resonator where a Local Impedance Control is applied, with R,; = pco,
and p1 = puo = 0.1. We can see that as the time delay gets bigger, the passivity condition (o« > 0) gets
broken at lower frequencies, and « reaches more negative values.

As an example of the effect of the model incertitudes on the passivity of the system, in Fig. [6|we compute
the impact of an error in the estimation of the mechanical mass of the loudspeaker. We can notice a dou-
ble significant effect: at resonance frequency, where the absorption coefficient gets lowered and can even
become negative, and at the higher frequencies where the absorption coefficient anticipates the break of
passivity as the mass parameter gets overestimated.

ICSV26, Montreal, 7-11 July 2019 5
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From these considerations, it comes the necessity of a good estimation of the Thiele-Small parameters
adopted in the loudspeaker model, and a way to overcome the break of passivity induced by the time
delay.

Locsl SDOF Contral =01, r=01, R_=414 [Pairia]
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Figure 5: Simulation of the effect of the time delay on the normal Absorption Coefficient of the Local
Impedance Controlled loudspeaker.
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Figure 6: Simulation of the effect of the incertitude in the Mechanical Mass estimation, on the normal
Absorption Coefficient of the Local Impedance Controlled loudspeaker.

4. Transmission Loss Performances of Local Impedance Controlled Liner

The Thiele-Small parameters identified through the method described in Section [2| have been used
for the model-based corrector transfer function reported in Eq. (7). The controlled cells have been
then arranged to create liners to apply on the surface of an acoustic waveguide without flow, and the
Transmission Loss is measured.

The Transmission Loss has been evaluated by the transfer matrix method based upon the measure-
ments of pressures upstream and downstream the liner, according to the ASTM E2611-09 standard.
Figure [7] shows the experimental setup used for the evaluation of Transmission Loss. The tube has a
squared section of 5 cm side. The duct side is almost coincident with the dimension of the electroacous-
tic resonator. Each side of the waveguide is lined by a row of six cells, amounting to 24 cells in total.
To each cell is applied the Local Impedance Control strategy. In Fig. [§] you can see the measured TLs.

6 ICSV26, Montreal, 7-11 July 2019
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The achievable frequency bandwidth of high transmission loss is limited by the stability. Indeed, the
narrowness of our waveguide translates into a high acoustic feedback, which can trigger the instability
of the non-passive electroacoustic resonator. In fact, the wider we want to push the frequency bandwidth
where the target resistance is obtained, the more non-passive each controlled cell becomes. In Fig. [7]
the black curve is the TL in the case where the cells are substituted by rigid lids, therefore rendering the
duct walls rigid. Nevertheless, we notice some losses due to leakages in the transmission line. The blue
curve corresponds to the TL obtained by placing the cells but without controlling them, so that each cell
behaves as a passive electroacoustic absorber around its resonant frequency. The violet curve is when the
Local Control strategy is applied, using a target resistance R,, = %°, and 1y = pz = 0.4. In order to
furtherly enlarge the frequency bandwidth of efficiency (reducing the 1, and p» parameters down to 0.2),
a layer of melamine foam of 6 mm thickness, has been placed in front of the loudspeaker membrane, and
the curve in red has been obtained. The very thin porous layer has been used in order to cope with the
breaking of passivity at the higher frequencies (above 3 kHz), but it does not affect the performances of
the cells in the frequency range up to 2 kHz, where the porous layer stays essentilly acoustically transpar-
ent. The very high TL achieved (above 40 dB between 500 and 800 Hz, and above 20 dB between 400
and 1000 Hz) in this configuration, reduces the measured pressures downstream the liner to such a point
that we cannot retrieve the exact peak value of TL. Compared to the passive resonators-based liners, the
frequency bandwidth is much larger, as we have a significant TL up to the double of the natural frequency
of the loudspeaker. These results improve also the previous TL performances of the electroacoustic liner
presented in [[5]], thanks to the enlargement of the passivity range obtained through the application of the
thin layer of foam.

e |

Downstream
ﬁ Microphones

Upstream
Microphones

Acoustic

Waveguide
Electroacoustic
Liners

Figure 7: Transmission Loss experimental setup.

4.1 Conclusions

In this contribution, we have proposed an innovative technique to retrieve the Thiele-Small parame-
ters of an electroacoustic resonator. The intrinsical limitations of a current-driven, pressure-based Local
Impedance Control require a very good estimation of the model adopted in the corrector transfer func-
tion. The inevitable time delay limits the performances of the Impedance Control technique, and its effect
is more important if coupled with model incertitudes. Nevertheless, we have experimentally shown the
capability of a liner made up of electroacoustic resonators to achieve high values of Transmission Loss in
a very large frequency bandwidth. In order to improve the performances of such control technique, it is
being synthesized a new corrector through the H ., method, which will take into account the robustness

ICSV26, Montreal, 7-11 July 2019 7
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Figure 8: Transmission Loss measurements.

with respect to both performances and stability, since the very early design stage of the corrector.
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