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Description

Background of the Invention

[0001] The present invention relates generally to
noise or sound control and more particularly to the con-
trol of radiated sound from vibrating machinery by en-
closing the machinery in what is termed an "active box
or container". The purpose of the active box is to mark-
edly reduce the radiation of the sound from the machine
to observation points in the surrounding field, with avery
lightweight, compact, non-airtight structure.

Discussion of Related Art

[0002] In many applications the radiation of sound
from vibrating machines is an annoying noise problem.
One technique which has been used in the past is to
enclose the machine in a high transmission loss (TL)
box in order to reduce the radiated sound (as described,
for example, in U.S. Patent No. 4,715,599, hereby in-
corporated by reference herein and in "Noise and Vibra-
tion Control" by L. Beranek, 1988). These conventional
boxes attenuate the sound transmitted through their
walls by passive means. In order that the container be
effective, i.e. strongly reduce the sound, it has to be both
airtight and constructed from material which has a high
density and thickness. These two conditions have a
number of practical disadvantages. For example, the
airtight condition implies that it would be extremely dif-
ficult to build an effective high TL container for applica-
tions which require air flow (e.g. a.c. units, compressors,
etc.) or piping and wiring connections or ventilation for
cooling. These requirements would imply significant
holes through which the acoustic energy could leak. The
high density material condition of course would imply
that the box be extremely heavy and large in size, a
problem which is exacerbated as the frequency of sound
becomes lower.

[0003] Previous work has shown the extremely high
potential of using active vibration inputs to structures to
reduce the radiated sound from the structural vibration.
Such work is described in "Apparatus and Method for
Global Noise Control", U.S. Patent No. 4,715,599, 1987,
by C. R. Fuller and "Control of Sound Radiation with
Adaptive Structures", Journal of Intelligent Material Sys-
tems and Structures, Vol. 2, pp. 431-452, 1991, by R. L.
Clark and C. R. Fuller. The control inputs can be in the
form of point force shakers or surface strain devices,
such as piezoelectric elements, bonded to the surface
of the structure. In order that the control approach be
efficient and effective, the variable to be minimized has
to be the radiated sound from the panel, measured, for
example, by error microphones located in the radiated
sound field as in Fuller. The controller format can be any
control approach which adjusts the oscillating voltage
inputs to the piezoelectric inputs, for example, in order
to minimize the radiated sound observed at the error mi-
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crophones. Polyvinylidene fluoride (PVDF) piezoelec-
tric distributed sensors on the surface of a panel have
been used in place of microphones to sense modes of
the panel which are radiating efficiently to the far field
such as that described in "Modal sensing of efficient
acoustic radiators with polyvinylidene fluoride distribut-
ed sensors in active structural acoustic control ap-
proaches", J. Acoustical Society of America, pp
3321-3329, June 1992, by Clark and Fuller. The work of
Clark and Fuller, for example, demonstrates attenua-
tions of the order of 20 dB of sound radiated from panels
in the low frequencies (f < 600 Hz) with only one or two
active actuator inputs.

[0004] From European Patent Specification No. 0 083
718 is known an active noise reduction system having
sound insulation panels at least partly enclosing a noise
source constituted by an oil-filled induction apparatus,
actuator means generating in the enclosure panels vi-
brations to cancel the noise from the source, and error
sensing means detecting the noise in the panels and
providing error signals to a controller means for the ac-
tuator means. No account is taken of noise in the far
field outside the tank of the induction apparatus and the
controller means does not specifically take into account
temporal characteristics of the noise source such as fre-
quency.

[0005] Again, inthe context of an oil-filled transformer
tank giving rise to transformer hum, Patent Specification
No. WO 81/01479 is provided with a reference signal or
waveform generator which controls a vibrator for inject-
ing noise cancellation signals into the oil. Sensing
means for feeding signals to the generator are located
on the transformer tank. Again, no account is taken of
noise present in the far field outside the transformer
tank.

[0006] It is accordingly an object of the present inven-
tion to provide an improved system and method of gen-
eral applicability for achieving high attenuation of radi-
ated sound from a vibrating machine by enclosing it with
a structural container means which forms an active
acoustic transmission loss box.

[0007] Accordingto one aspect of the invention, there
is provided an active noise reduction system as defined
by the appended claim 1.

[0008] According to another aspect of the invention,
there is provided a method of controlling noise radiation
as defined by the appended independent claim 12.
[0009] In the accompanying drawings:-

[0010] Figure 1 is a schematic of a typical box (in this
case rectangular) surrounding a noisy machine. The ac-
tive inputs, error microphones and PVDF film as dis-
cussed above are shown. Also demonstrated is an air
gap in the box side wall.

[0011] Figure 1 is a typical general controller arrange-
ment used to derive the correct active control signal, us-
ing microphones as error sensors.

[0012] Figure 3is atypical general controller arrange-
ment used to derive the correct active control signal us-
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ing PVDF film as an error sensor.

[0013] Figure 4 is a schematic of the use of panels to
surround a noisy structure.

[0014] Figure 5 is an azimuth plot of typical noise ra-
diation from an enclosure with and without active con-
trol.

[0015] Figure 6 shows a typical noise spectrum at a
selected error microphone with and without control. This
result shows control of broadband or multiple frequen-
cies simultaneously.

[0016] Referring now to the drawings, an example
configuration of the active acoustic transmission loss
box is shown in Figure 1 as 10. A machine 11 is operat-
ing and radiating unwanted noise inside the box. The
machine requires some air flow for cooling etc. as well
as piping and electrical connections and an air gap 23
can be provided. In order to control the sound radiation
the machine is surrounded by an enclosure, in this case
a rectangular box 12. In the example of Figure 1, the
box 12 is resting on the machine support base 13 but
also couldtotally surround it. Damping or absorptive ma-
terials can also be added to the box to attenuate high
frequency noise and improve the structural response of
the enclosure. The box can be constructed from a vari-
ety of materials such as thin steel, aluminum, etc. In the
case shown the box is manufactured from 6.35 mm plex-
iglass and has dimensions 304.8 x 304.8 x 406.4 mm.
Piezoceramic control actuators such as 13, 14, 15 (type
G1195 of thickness 0.19 mm and dimensions 38.1x63.5
mm) are bonded to the center of each panel. Each ac-
tuator consists of a piezoceramic element bonded onto
each side, co-located and wired in parallel with 180°
phase shift. Such a configuration produces high vibra-
tion of the panels. These elements can be positioned in
various arrays and also embedded in the material if re-
quired.

[0017] In order to sense the radiated noise field, a
number of error microphones such as 16, 17, 18 are po-
sitioned in the radiated noise field. The number and lo-
cation of the error microphones is dependent upon the
modal contribution (from the panel vibration) and radia-
tion directivity of the noise. A controller 19 is employed
which measures the output of the error microphones
and then constructs an oscillating control signal of the
correct frequency content and phase which, when fed
tothe control actuators 13, 14, 15, etc. causesthe sound
to be markedly reduced at the error microphones and
other locations. An alternative to microphones is PVDF
thin film which can be placed on the walls in such a way
that energy in the radiating modes is sensed. One pos-
sible configuration for the PVDF strips such as 20, 21,
22 is shown in Figure 1. Another alternative would be to
use accelerometers to sense the motion of specific
points on the enclosure walls.

[0018] One particular control arrangement embodies
the Filtered-X adaptive LMS algorithm discussed by
Fuller. An oscillating reference signal which has the fre-
quency content of the noise to be canceled is taken from
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machine 50. This reference signal 51 is also highly co-
herent with the output of the error microphones. The ref-
erence signal is passed through an analog to digital (A/
D) converter 52 and fed through a number of adaptive
filter 53. The number of adaptive filters is equal to the
number of control actuators used. The arrangement of
the adaptive filter is dependent upon the frequency con-
tent of the noise. The outputs of the adaptive filters is
then passed through D/A converters 54 and smoothing
filters 55. For piezoceramic actuators 57, this control
signal is typically passed through a high voltage power
amplifier and then connected to the electrodes of each
actuator. The error signals from the microphones 56 are
sampled using A/D converters and then used in con-
junction with the reference signal and afiltered-X update
equation in the controller 61 in order to adapt or change
the coefficients of the adaptive filters so as to minimize
the error signals from the microphones as far as possi-
ble.

[0019] Inanexperimental arrangementto testthe per-
formance of such a system the noisy machine is re-
placed with a 165.1 mm speaker 58 positioned in a
184.2 m x 184.2 m x 114.3 m reflex box. Various test
frequencies are then fed to the speaker to generate
noise. The reference signal 51a in this case is taken di-
rectly from the signal 59 driving the speaker. For this test
the control actuators on diametrically opposite panels
were wired in phase, creating in conjunction with a top
actuator 60, three independent control channels and
hence three adaptive filters. Three error microphones
such as 56 were positioned at a distance of approxi-
mately 2 m from the box. In this arrangement the air gap
23 shown in Figure 1 is approximated by raising the box
of 254 mm blocks at each corner thus leaving a total air
gap of 361.2 cm2, giving a percentage open area in the
box of 6.5%.

[0020] Figure 5 shows a typical radiation directivity
pattern measured around the box at mid plane and a
distance of 1.7m. The curve 90 labeled "control off"
gives the radiated noise field without any enclosure. The
curve 91 "control on" gives the radiated noise field when
the box is in place but the control is not activated. It is
apparent that the box only provides a small attenuation
of the sound. When the control is turned on, the results
of Figure 6, labeled "with control" show high sound re-
ductions of the order of 20 dB at all angles (i.e. global
control).

[0021] Asdiscussed by Fuller in Patent No.4,715,599
the active attenuation is achieved as follows. The noise
source inside the box radiates sound which strikes the
enclosure walls and causes it to vibrate (at the same
frequency content as the noise source). The vibrating
walls then radiate sound away to the exterior free field
of the box where it appears as unwanted noise. The ac-
tive inputs work as follows. The structural actuators
cause anti-vibration in the walls of the enclosure. When
the inputs to the structural actuators are adjusted cor-
rectly these anti-vibrations cancel out those vibrations



5 EP 0 664 044 B1 8

in the box which were previously radiating sound, thus
leading to global sound reduction. As in Fuller's patent,
not all vibrations (or modes) in the enclosure will radiate
sound and thus the active inputs need only cancel those
vibrations (or modes) that are efficient radiators rather
than controlling all the vibration. This approach leads to
a very low number of control actuators as opposed to
totally canceling the box vibration, and is the key to the
success of the approach.

[0022] An alternative, shown in Figure 4, is to enclose
the noisy structure 80 with close fitting panels 85 instead
of a free standing enclosure. In this case the enclosure
panels are attached directly to the sides of the noise
source. If the regions generating noise are localized or
if noise control is needed in certain directions, an ad-
vantage to this method is that the need to enclose the
entire structure is eliminated. In addition, in many cases
a more compact enclosure can be constructed without
restricting airflow needed for cooling. An example of an
application of this method would be for the reduction of
"hum" from electrical transformers. Transformer noise
is generated from magnetostrictive forces in the coil and
are propagated to the transformer skin through the oil
field and coil foundation.

[0023] Figure 4 shows a cancellation system 80 for
enclosing a noisy structure with close fitting panels.
Controller 81 receives a reference signal 82 from the
structure and inputs 83, from error microphone 84. Ac-
tuators 86 are located on close fitting panels 85.
[0024] Still another alternative shown in Figure 3 is to
place the actuator directly on the surface of the noise
source.

[0025] Figure 3 shows noise reduction system 70 with
active structural control provided with a Noise Cancel-
lation Technologies, Inc. controller 71 and power ampli-
fier 72 having outputs to piezoceramic actuators such
as 73, 74 and inputs from PVDF sensor film strips such
as 75,76, 77.

[0026] An alternative to using structural actuators to
anti-vibrate the enclosure walls is to use loudspeakers
to generate a pressure field inside the box that will pro-
duce the anti-vibrations. Combinations of different sen-
sors such as and microphones can also be used.
[0027] Having described the invention in detail it will
be obvious to those of ordinary skill in the art that chang-
es can be made without departing from the scope of the
appended claims which define the invention.

Claims

1. An active noise reduction system for cancelling a
noise disturbance emanating from a source of
noise, said system comprising

a structural container means (12) at least par-
tially surrounding the noise source and having
a plurality of actuator means (13, 14, 15) at-
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10.

11.

12.

tached thereto to cause the container means to
vibrate and generate anti-vibrations, and

a plurality of error sensing means (16, 17, 18)
adapted to detect noise radiation and provide
error signals, and a controller means (19) com-
prising circuit means connected to the error
sensing means and for controlling the actuator
means 1o generate said anti-vibrations,

characterised in that a reference signal gen-
erator is provided to supply the controller means
with frequency and temporal information on the
noise disturbance, in that the error sensors are
adapted to detect radiated noise in the far-field out-
side the container means, and in that the controller
means independently controls each actuator
means dependently on both the error signals and
the reference signal (51) supplied to said controller
means to drive the error signals to minimum values
simultaneously.

The system of claim 1 wherein said structural con-
tainer means (12) has an air gap (23) therein.

The system of claim 1 wherein said structural con-
tainer means has wall means adapted to be close
fitting to said noise disturbance.

The system of claim 1 or claim 2 or claim 3 wherein
said actuator means are piezoceramic actuator
means (13, 14, 15).

The system of claim 4 wherein said actuator means
are embedded piezoceramic actuators.

The system of claim 4 wherein said actuator means
are surface mounted piezoceramic actuators.

The system of claim 1 or claim 2 or claim 3 wherein
said actuator means are electrodynamic shakers.

The system of claim 1 or claim 2 or claim 3 wherein
said actuator means are loudspeaker means.

The system of any of claims 1 to 8 wherein said error
sensing means are PVDF film (20, 21, 22).

The system of any of claims 1 to 8 wherein said error
sensing means are microphones (16, 17, 18).

The system of any of claims 1 to 8 wherein said error
sensing means are hydrophones.

A method of controlling noise radiation from a noise
source by at least partly enclosing the source in a
noise-reducing container, wherein a plurality of er-
ror sensing means detect noise radiation and sup-
ply error signals to a controller means which de-
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pendently on said error signals supplies drive sig-
nals to a plurality of actuator means for vibrating the
noise-reducing container to generate anti-vibra-
tions, characterised by the steps of (1) sensing the
far-field radiation outside the container by means of
the plurality of error sensing means; (2) generating
areference signal containing frequency and tempo-
ral content of noise source; (3) feeding both the er-
ror signals and the reference signal to the controller
means; and (4) controllingthe sound radiation at the
plurality of error sensing means by adjusting oscil-
lating inputs supplied by the controller means to the
plurality of actuator means in accordance with a
control law to drive the error signals to minimum val-
ues simultaneously.

Patentanspriiche

Aktives Gerauschreduziersystem zum Aufheben ei-
ner aus einer Gerauschquelle stammendnen Ge-
rauschstérung, mit

einem Baubehalter (12), der die Gerauschquel-
le zumindest teilweise umgibt und

eine Mehrzahl von Ansprechvorrichtungen (13,
14, 15) aufweist, die damit verbunden sind, und
die bewirken, daB der Baubehalter in Vibratio-
nen versetzt wird und Gegenvibrationen er-
Zeug,

einer Mehrzahl von Fehlerfeststellvorrichtun-
genbzw. Fehlersensoren (16, 17, 18), diein der
der Lage sind, eine Gerauschstrahlung zu de-
tektieren und Fehlersignale zu erzeugen, und
einer Steuervorrichtung (19), die eine Schal-
tung aufweist, welche mit der Fehlerfeststell-
vorrichtung verbunden ist und die Ansprech-
vorrichtung zur Erzeugung der Gegenvibratio-
nen steuert,

dadurch gekennzeichnet, daf3 ein Bezugssignalge-
nerator vorgesehen ist, um die Steuervorrichtung
mit Frequenz- und Zeit-Informationen Uber die Ge-
rauschstérung zu speisen, daf3 die Fehlersensoren
in der Lage sind, abgestrahlte Gerdusche in weiter
abgelegenen AuBenbereichen des Baubehalters
zu detektieren, und daB3 die Steuervorrichtung jede
Ansprechvorrichtung unabhéangig steuert, und zwar
sowohl in Abhéngigkeit von den Fehlersignalen als
von dem Bezugssignal (51), das in die Steuervor-
richtung eingespeist wird, um die Fehlersignale
gleichzeitig auf Minimumwerte zu bringen.

System nach Anspruch 1, bei dem der Baubehalter
(12) einen Luftspalt (23) aufweist.

System nach Anspruch 1, bei dem der Baubehalter
eine Wand besitzt, die mit enger Toleranz an die Ge-
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10.

11.

12.

rduschstérung angepaft ist.

System nach Anspruch 1, 2 oder 3, bei der die An-
sprechvorrichtung aus piezokeramischen An-
sprechelementen bzw. Ansprechgeréten (13, 14,
15) besteht.

System nach Anspruch 4, bei dem die Ansprech-
vorrichtung aus eingebetteten piezokeramischen
Ansprechelementen besteht.

System nach Anspruch 4, bei dem die Ansprech-
vorrichtung aus an der Oberflache befestigten pie-
zokeramischen Ansprechelementen besteht.

System nach Anspruch 1, 2 oder 3, bei dem die An-
sprechvorrichtung aus elektrodynamischen Rutt-
lern besteht.

System nach Anspruch 1, 2 oder 3, bei dem die An-
sprechvorrichtung aus Lautsprechern besteht.

System nach einem der Anspriche 1 - 8, bei dem
die Fehlerfeststellvorrichtung ein PVDF-Film (20,
21, 22) ist.

System nach einem der Anspriche 1 - 8, bei dem
die Fehlerfeststellvorrichtung Mikrophone (16, 17,
18) aufweist.

System nach einem der Anspriche 1 - 8, bei dem
die Fehlerfeststellvorrichtung Hydrophone auf-
weist.

Verfahren zum Steuern von Gerauschstrahlungen
aus einer Gerauschquelle, die zumindest teilweise
in einem Gerausche reduzierenden Baubehalter
eingeschlossen ist, wobei eine Mehrzahl von Feh-
lerfeststellvorrichtungen Gerduschstrahlungen de-
tektieren und Fehlersignale in eine Steuervorrich-
tung einspeisen, die in Abhangigkeit von diesen
Fehlersignalen Antriebssignale an eine Mehrzahl
von Ansprechvorrichtungen gibt, um den die Ge-
rdusche reduzierenden Baubehalter in Vibrationen
zu versetzen und Gegenvibrationen zu erzeugen,
dadurch

gekennzeichnet, dafi3

a) die weiter weg liegende Strahlung auBerhalb
des Baubehélters mit Hilfe der Mehrzahl von
Fehlerfeststellvorrichtungen festgestellt wird,
b) ein Bezugssignal erzeugt wird, das einen
Frequenz- und Zeitanteil der Ger&uschquelle
enthalt,

c) sowohl die Fehlersignale als auch das Be-
zugssignal in das Steuergerét eingeflhrt wer-
den, und

d) die Schallstrahlung an der Mehrzahl von
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Fehlerfeststellvorrichtungen durch Einstellen
von oszillierenden Eingdngen gesteuert wird,
die durch die Steuervorrichtung in die Mehrzahl
von Ansprechvorrichtungen nach einer Ge-
setzméBigkeit eingespeist werden, um die Feh-
lersignale gleichzeitig auf minimale Werte zu
bringen.

Revendications

Systéme actif de réduction de bruit pour annuler
une perturbation bruyante émanant d'une source
de bruit, ledit systéme comportant

des moyens formant enceinte structurelle (12)
entourant au moins partiellement la source de
bruit et ayant une pluralité de moyens action-
neurs (13, 14, 15) fixés a ceux-ci pour amener
les moyens formant enceinte a vibrer et produi-
re des anti-vibrations, et

une pluralité de moyens de détection d'erreurs
(16,17,18) adaptés pour détecter un rayonne-
ment de bruit et délivrer des signaux d'erreurs,
et des moyens contréleurs (19) comportant des
moyens de circuit connectés aux moyens de
détection d'erreurs et destinés & amener les
moyens actionneurs & produire lesdites anti-vi-
brations,

caractérisé en ce qu'un générateur de signal
de référence est prévu pour alimenter les moyens
contrbleurs en informations temporelles et de fré-
quence concernant la perturbation bruyante, en ce
que les détecteurs d'erreurs sont adaptés pour dé-
tecter un bruit irradié dans le champ lointain a I'ex-
térieur des moyens formant enceinte, et en ce que
les moyens contréleurs commandent de maniére
indépendante chacun des moyens actionneurs en
fonction & la fois des signaux d'erreurs et du signal
de référence (51) délivrés dans lesdits moyens con-
tréleurs afin d'amener simultanément les signaux
d'erreurs a des valeurs minimales.

Systéme selon la revendication 1, dans lequel les-
dits moyens formant enceinte structurelle (12) ont
une entrée d'air (23) a l'intérieur.

Systéme selon la revendication 1, dans lequel les-
dits moyens formant enceinte structurelle ont des
moyens formant parois adaptés pour étre ajustés
de maniére précise a ladite perturbation bruyante.

Systéme selon la revendication 1, 2 ou 3, dans le-
quel lesdits moyens actionneurs sont des moyens

actionneurs piézo-céramiques (13, 14, 15).

Systéme selon la revendication 4, dans lequel les-

10

15

20

25

30

35

40

45

50

55

10.

11.

12.

dits moyens actionneurs sont des actionneurs pié-
zo-céramiques encastrés.

Systéme selon la revendication 4, dans lequel les-
dits moyens actionneurs sont des actionneurs pié-
zo-céramiques montés en surface.

Systéme selon la revendication 1, 2 ou 3, dans le-
quel lesdits moyens actionneurs sont des vibreurs
électrodynamiques.

Systéme selon la revendication 1, 2 ou 3, dans le-
quel lesdits moyens actionneurs sont des moyens
de haut-parleur.

Systéme selon I'une quelconque des revendica-
tions 1 & 8, dans lequel les moyens de détection
d'erreurs sont constitués d'un film de PVDF (20, 21,
22).

Systéme selon I'une quelconque des revendica-
tions 1 & 8, dans lequel lesdits moyens de détection
d'erreurs sont des microphones (16, 17, 18).

Systéme selon I'une quelconque des revendica-
tions 1 & 8, dans lequel lesdits moyens de détection
d'erreurs sont des hydrophones.

Procédé de commande d'un rayonnement de bruit
provenant d'une source de bruit en enfermant au
moins partiellement la source dans une enceinte de
réduction de bruit, dans laquelle une pluralité de
moyens de détection d'erreurs détectent un rayon-
nement de bruit et délivrent des signaux d'erreurs
dans des moyens contréleurs qui, conformément
auxdits signaux d'erreurs, délivrent des signaux
d'entrainement dans une pluralité de moyens ac-
tionneurs pour faire vibrer I'enceinte de réduction
de bruit afin de produire des anti-vibrations, carac-
térisé par les étapes consistant a (1) détecter le
rayonnement en champ lointain a l'extérieur de I'en-
ceinte par l'intermédiaire de la pluralité de moyens
de détection d'erreurs, (2) produire un signal de ré-
férence comportant le contenu temporel et de fré-
quence de la source de bruit, (3) envoyer a la fois
les signaux d'erreurs et le signal de référence dans
les moyens contrbleurs, et (4) commander le rayon-
nement sonore au niveau de la pluralité des
moyens de détection d'erreurs en ajustant des en-
trées oscillantes délivrées par les moyens contrd-
leurs dans la pluralité de moyens actionneurs con-
formément & un principe de commande pour ame-
ner simultanément les signaux d'erreurs a des va-
leurs minimales.
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