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— How to improve the listening experience in any room at low frequencies?
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Correction Strategies

® Passive means

Passive absorbers . . . .
Optimal room design / configuration
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Correction Strategies

AMPLIFIER

® Active absorption

CABINET: ABSORBING
MATERIAL

Olson and May, J. Acoust. Am., 1953.
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Motivation

® Preliminary experiment with sensorless electroacoustic

von absorbers in a lightly damped room

ABSORBER R. Boulandet, Tunable electroacoustic resonators through active impedance
control of loudspeakers, PhD thesis, Ecole polytechnique fédérale de Lausanne
(EPFL), 2012.
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Introduction

Motivation

® Preliminary experiment with sensorless electroacoustic

o absorbers in a lightly damped room
ABSORBER R. Boulandet, Tunable electroacoustic resonators through active impedance

control of loudspeakers, PhD thesis, Ecole polytechnique fédérale de Lausanne
(EPFL), 2012.

® INTERACTS project

Schweizerische Eidgenossenschaft h e p i a

Confédération suisse —

Confederazione Svizzera Haute école du paysage, d'ingénierie GOLDMUND AUDIO
Confederaziun svizra etdarchitecture de Genéve ERESARRSS

Active absorption through impedance control
® "Plug-and-play” device
e Efficient whatever the geometry and damping of the room

® Stable and not vulnerable to changes (room occupancy)

® No audible sound from the device
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Objectives

Design

- Control strategy
- Performance improvement

State-of-the-art /
Specifications

- Room modes characterisation
- Performance indicators
- Design constraints

Optimisation Evaluation
- Measurements

- Acoustic impedance
- Audible perception

- Bandwidth
—
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e Control Design
@ Electroacoustic absorbers
@ Modal Equalisation in 1D Case

e Optimisation

@ Target Impedance
@ Optimisation of Multiple Degree-of-Freedom Target Impedance

e Performance Evaluation
@ Objective Evaluation
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Electroacoustic absorbers

General description

Mobile equipment: Mpms, Rms, Cms
Moving coil: Re, Le
Electrodynamic transduction: B¢
Enclosure: V},

Diaphram area: Sy
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Electroacoustic absorbers

General description

Newton's law on the mobile equipment

dv(t)
dt

Mms :sd(pfront(t) - Prear(t)) — le(t)

— Rms(t) — Cims/v(t)dt

Mesh law on the electric circuit
i) — (Le dilt) | Rei(t)) “Buv(t)  (2)

dt

(1)

Mobile equipment: Mpms, Rms, Cms
Moving coil: Re, Le
Electrodynamic transduction: B¢
Enclosure: V},

Diaphram area: Sy

Room Modal Equalisation with EAs Hervé Lissek - Etienne Rivet 8



Control Design
®000

Electroacoustic absorbers

General description

Newton's law on the mobile equipment
(Laplace domain: s = jw)

Zms(s)V(S) = SqPfront(s) — BI(s)

1
where Zps(s) = sMms + Rms + ——

Scmc
Cins Vb
Vj + pc? Sg Cus

1)

and Cpe =

Mesh law on the electric circuit

(Laplace domain: s = jw)

Mobile equipment: Mpms, Rms, Cms U(S) = Ze(S)/(S) — BZV(S) (2)
Moving coil: Re, Le
Electrodynamic transduction: B¢ where Ze(s) =5sle + Re

Enclosure: V},

Diaphram area: Sy
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Electroacoustic absorbers

General description

Newton's law on the mobile equipment
(Laplace domain: s = jw)

st(s) V(S) = Sderont(s) - BZI(S) (1)

Mesh law on the electric circuit
(Laplace domain: s = jw)
1

I(s) = FAD) (U(s) + BLV(s)) )

Mobile equipment: Mpms, Rms, Cms
Moving coil: Re, Le
Electrodynamic transduction: B¢
Enclosure: V},

Diaphram area: Sy
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Electroacoustic absorbers

General description

Mobile equipment: Mpms, Rms, Cms
Moving coil: Re, Le
Electrodynamic transduction: B¢
Enclosure: V},

Diaphram area: Sy

Room Modal Equalisation with EAs

Newton's law on the mobile equipment

SdPfront(s) = [ (5o ] B¢

Z:5) Vis)+ Z-UGs)
(1)

Diaphragm acoustic impedance

Pfront(s)

“6= v

[st(S) + (B‘})T BLU(s)

Zc(s) Ze V(s)
()
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Electroacoustic absorbers

Absorption performance

® |[ncident pressure p;

® Reflected pressure

Zs(s) —Zc
=I(s)pi= ——"——pi

pr =T (s)p; 7.(5) T 2 pi

(under normal incidence)

® Total pressure psont = Pi + Pr
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Electroacoustic absorbers

Absorption performance

Sound absorption coefficient
Zs(f) — Zc
Z(f) + Z

Bandwidth of efficient sound absorption BW

1
Frequency range over which El}ot £ Tideel) oo
— oy >~ 0.83

2

[}
a(f):f:l—
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Electroacoustic absorbers

Absorption performance
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Electroacoustic absorbers

Designing Multiple Degree-of-Freedom Resonators

Electrical resonator Electromechanical resonator
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Electroacoustic absorbers

Designing Multiple Degree-of-Freedom Resonators

Electrical resonator Electromechanical resonator

R,
q 87 q
(B} (BL) l S, I, +1,) 5 (BLYC
D SPR+R) SR +R) "' BLY 3 52
1
Zs(s) = = [Zms(s) + Zme(s)]
Sd
Znea(s) = —(EY
me3\S) = S ———
Ze1 + R 5
Zme1(s) = ) <5d15d2 >
(BE) . sCap1
s(Le + L))+ Re + R+ — 7 s Comt Can (Bey?
s ms2 42~ ~ N P
! v v s(Cab1 Cap2)  Ze2 + 22
b1,2 b1,2
Cabr2 = — Cabr2 = —
pc pc
Room Modal Equalisation with EAs Hervé Lissek - Etienne Rivet 10




Control Design
coeo

Electroacoustic absorbers

Designing Multiple Degree-of-Freedom Resonators

Electrical resonator Electromechanical resonator

o < T

Optimisation strategy

. Az/max(a(f)—aﬂ,,o) df
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Electroacoustic absorbers

Designing Multiple Degree-of-Freedom Resonators

Electrical resonator Electromechanical resonator
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Electroacoustic absorbers

Hybrid Sensor-/Shunt-Based Control

Constitutive laws

st(s) V(S) = Sderont(s) - BZI(S)

I(S) = @(S)ment(s)

Acoustic impedance

Zms(s)

%)= 5 " Bees)
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Electroacoustic absorbers

Hybrid Sensor-/Shunt-Based Control

Transfer function

o(s) = M) _ 54Z4(8) = Zns)
Pfront(s) B¢ Zst(s)
Z. =
=8 s 4O

Rivet et al., IEEE Transactions on Control Systems Technology, 2016
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Electroacoustic absorbers

Hybrid Sensor-/Shunt-Based Control
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Modal Equalisation in 1D Case

With Hard
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Modal Equalisation in 1D Case

With a Loudspeake

1000

500

250

125

Frequency (Hz)

63

315

140

130

120

110

100

90

80

16
[}

Room Modal Equal

02 04 06 08
X

on with EAs

1

(m)

12 14

16

18197

Magnitude (dB re 20 ;Pa.V'")

Magnitude (dB re 20 ;Pa.v"")
2
8

)
S

)

©
3

80

315 63 125 250 500 1000
Frequency (Hz)

ervé Lissek - Etienne Rivet 13



Control Design
ocoe

Modal Equalisation in 1D Case

With an Electroacoustic Absorber
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e Optimisation
@ Target Impedance
@ Optimisation of Multiple Degree-of-Freedom Target Impedance
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Target Impedance

1D Case under Normal Incidence

zeta(l)=1 Eigenfrequency=101.16+4.0558i Surface: Sound pressure level (dB)

A9l

¥ 56,9

Duct dimensions: L=1.7m, W =H =30 cm
Target acoustic resistance: Rs = (pc
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Target Impedance

1D Case under Normal Incidence

A 00984 A 25110 A0974 A134x107
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1 1
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1 0 1 o
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Rs = 0.15pc
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Sound pressure (color), active sound intensity (gray)
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Target Impedance

1D Case under Grazing Incidence
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v -0.673 ¥ 6.06x10° ¥ 0415 ¥ 5.46x10°
Rs = pc Rs = 0.32pc

Faps = 10cm, S,ps = 314 cm?

Sound pressure (color), active sound intensity (gray)
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Target Impedance

In rooms?

® Design of demonstration prototypes

— Value of target impedance?
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Target Impedance

Optimization on Modal Decay Time

Medium room M2
L=7.87mW = 6.36m,H = 3.48m

Medium room M1

Small room S L = 7.02m,W = 5.10m,H = 2.70m

L =5.33mW = 3.76m H = 2.13m

# 8 E:
% i ¥ i @& i
o F F
Modal decay time of mode n
3In(10
MTeo, = 21n20)
On
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Target Impedance

Modal Decay Time

Small room S

L =5.33mW = 3.76m,H = 2.13m

0
16 315 63 125 250 500
Specific Acoustic Resistance (Pa.s.m”)

Room Modal Equalisation with EAs

Frequency (Hz)

Optimisation
00000e00

Medium room M1
L =7.02m W = 5.10m,H = 2.70 m

Frequency (Hz)

16 315 63 125 250 500
Specific Acoustic Resistance (Pa.s.m™)

Medium room M2

L =7.87mW = 6.36m,H = 3.48m

1 315 63 125 250 500
Specific Acoustic Resistance (Pa.s.m’')

120

110

100

Frequency (Hz)
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Target Impedance

Modal Decay Time

Small room S Medium room M1 Medium room M2
12 120 1 120 120
11 110 11 110 110
1 1
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%0 %0 %
s £ 50 T o &
o § o § ™ g
o § 0 0 §
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50 50 50
W 0 40
30 01 50 01 30
0 20 20 20
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22
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Target Impedance

Modal Decay Time

Small room S Medium room M1 Medium room M2
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Target Impedance

Active Sound Intensity

Data set=Study 1/Parametric Solutions 2 zeta(l)=1 Eigenfrequency=32,513+2.7498i
Active Intensity Pressure (Pa)
Al A1.69x10"

%10
7

0
¥ 1.3x107

Mode (1,0,0) with Rs,,. = {pc Sound pressure (color), active sound intensity (gray)
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Design

ultiple degree-of-freedom target impedance

1

ZStn—DOF (w) = n 1

i Lot (@, Vyy_15 Retyye_ 15 v3¢)

where

. Mps 1
Zst, (w, V. Rst,v,, ) = jw + Rst + -
st (@, Va1 Rots Vo) = Sy st Jjw Savy, Cime

with conditions

n n—1
vy =VmMm — E :Vzk—l and v, =vg — § :”2k
k=2 k=1

Modified sound absorption coefficient

Zs(f) — Rs |?
Zs(f) + Rs

&(Rs, f) =1—

Room Modal Equalisation with EAs Hervé Lissek - Etienne Rivet
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Performance Optimisation

— RoomS — Room M1 — Room M2

Frequency (Hz)

16,
16 315 63 125 250 500
Specific Acoustic Resistance (Pa.s.m™)
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Performance Optimisation

—RoomS — RoomM1 — Room M2

160 n
125 0o

100 08
80 0.7
63 06

Frequency (Hz)
@

g
Frequency (Hz)
o
&
Magnitude ()

16,
16 315 63 125 250 500 250 500
Specific Acoustic Resistance (Pa.s.m™) Specific Acoustic Resistance (Pasm™")

Weighting function of optimal resistances

_(Rs—gRy (M)’
2(agf + bg)

Rso,,r(Rs, f) = (aif + b1) exp

Room Modal Equalisation with EAs Hervé Lissek - Etienne Rivet 25
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Performance Optimisation

—RoomS — RoomM1 —— Room M2
160 nt
125 0o
100 08
80 07
L e z 06 %
> z T
g 50 g 052
3 & =
8 40 g 048
i s
315 03
25F 02
20 (]

16 8
6 315 63 125 250 500 250 500
Specific Acoustic Resistance (Pa.s.m™) Specific Acoustic Resistance (Pa's m”)

Weighting functi

f optimal resistances

_(Rs—gRy (M)’
2(agf + bg)

Rso,,r(Rs, f) = (aif + b1) exp

Optimisation strategy

Ay = //max (&(R57 f) — Qitp, 0) Rsopt(Rs, f) dRs df

Hervé Lissek - Etienne Rivet
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Performance analysis

( 3\ 4 )
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500 500
& 400 / g 400
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Performance analysis

Zsfz -DOF
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Room Modal Equal
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Performance analysis
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Modified Sound Absorption Coefficient

4 N\
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Optimisation of Multiple Degree-of-Freedom T:

Optimisation

o00e

get Impedance

Modified Sound Absorption Coefficient

Basic
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(Co)

Room Modal Equal
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Specific Acoustic Resistance (Pa.s.m™)

sek - Etienne Rivet
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Optimisation of Multiple Degree-of-Freedom get Impedance
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Optimisation of Multiple Degree-of-Freedom Target Impedance

Modified Sound Absorption Coefficient
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Objective Evaluation

Experimental Setup: Small Room
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Objective Evaluation

Experimental Setup: Medium Room
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Modal Equalisation: Small Room
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Modal Equalisation: Medium Room
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Decrease of Modal Decay Times
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M. H. Richardson, D. L. Formenti, " Global curve fitting of frequency response measurements using the rational
fraction polynomial method.” Proceedings of the Third International Modal Analysis Conference, 1985.
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Decrease of Modal Decay Times
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Conclusion

Summary of results

® Design guidelines for setting electroacoustic absorbers

® Impedance control through multiple degree-of-freedom resonators
® Hybrid sensor-/shunt-based impedance control

® Performance optimisation

® Definition of new performance metrics
® Methodology for performance improvement

® Performance evaluation for modal equalisation

® Development of demonstration prototypes
® Objective evaluation in real rooms
® Subjective evaluation of music playback in rooms (not presented here)
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Conclusion

Perspectives

® Absorber design

® Ratio surface/mass
® Active panels controlled by electrodynamic inertial actuators
® Development of electroacoustic absorption-diffusion systems

® Performance optimisation
® Target impedance (reactive terms in simulations)

® Calibration of electroacoustic absorbers directly in the room

® Performance evaluation
® Spatial sound field reconstruction (compressive sensing)
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Conclusion

Thank you for your Attention

Etienne Rivet PhD Thesis No. 7166 to be released soon
https://infoscience.epfl.ch /record /222866
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