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Descri pti on Non-|i near Reduced-Phase Filters 5
For :Active Noi se Control Technical Field This invention
relates to active noise (or vi bration) control and nore particularly to
the use 10 oVOHN® near reduced phase filters in active ndCTASITSLS or
vi bration) control systens. Background Art It is known in
the art of active noise (or 15 vibration) control (ANC) systens, that such
syst ens are used to electronically sense and cancel undesi red noi Se

(or vibration) from noise producing
Description

Non-linear Redusced-Phase Filters
5 For Active Noise Comtrol

Tashnical Field
This invention relates te active noise {(or
vibration) control and more particularly to the use
10 of non-linear reduced phase f£llters in active noise
{or vibration) control systems.

Background Art
It is known in the art of active noise (or

15 wvibration) contrel (ANC) systems, that such systems
are used to electronically sense and cancel
undesired noise {or vibration) from noise producing
sources such as fans, blowers, electronic
transformers, engines, etc. One methodeology for

20 sensing and cancellation involves a “collocated”
approach were a sensor {such as a microphone} and an
actuater (such as a speaker) are located along the
same plane as the wave-front plane of the
disturbance noise {or vibratiom}.

25 A known “collocated” active noise contrel
system for an HVAC (Heating, Ventilating, and Aix
Conditioning) duet, consists of a speaker which
injects acoustic waves {or “anti-noise”) into the
duct which are cut-of-phase with the aforementioned

30 noise waves s0 as to cancel the ncise waves near the

_ ocutput of the speaker, and an error microphone {mic)

. located in the plane of sound waves from the
speaker, which senses the amount of cancellation of
the noise. Signals from the errcr mlicrophone are

35 fed to active noise control electronic circuitry



sources such as fans, blowers, electronic transforners, engines, etc.
«One net hodol ogy for 20 sensing and cancel lation involves a coll ocated"
approach were a sensor (such as a mcrophone) and. an actuator (such as
a speaker) are located along the sane plane as the wave-front plane of
t he di SQenseee noi se (or vibration). 25 A knovectrosstiogsisat ed”
active noise control system for an HVAC (Heating, Ventilating, and Air
Condi tioning) duct, consists of a speaker which .. injects acoustic waves

(or "anti'n0i35é§/69t89§£the axfil Protiiliel 2hCe E%%Fficé¥1 vy th the -

af orenent i oned noi se waves so as to cance noil se maves near the
output of the SAgBREto frive the Spegkerophick pravides thepcated in the

pl ane of soundw&@t@%&@@@ti&usmcs@a@ham. s¥ha & Ned MISARIZee chgount  of
cancel | ati on of noi se. nals fromthe error m crophone are 35

fed to active BEFSE @% ?$0§i§ﬂ§§ﬂ psed; perpipsy the term Bangirsoo7s
PCT/ US97/ 084 32noise” is used to represent the noise-cancelling :

signal produced by the speaker.

In an ideal collocated system, the closed loop
transfer functicn (from disturbance moise in te
anti-noise at the error mic out) would be equal to

10 -1 {(or a pressure release condition). To achieve
this -1 1limit, high loop gain (or controller gain}
is needed.

However, the time delay for the acoustic anti~-
noise signal to travel from the speaker to the error

15 mic {(as well as time delays within the speaker)
causes a pure time delay (e™®') to exist in the
contrel loop. Known linear control theory and Bode
gain-phase relations establish limits on the
performance-stability tradeoffs of a linear .control

20 system with a time delay in the loop. In
particular, to prevent instabilities in the control
system, the loop gain must be decreased in the
regicn where the phase lag increases rapidly due to

the time delay. Such a reduced loop gain results in
25 lower bandwidth and slower time response thereby

limiting the performance and feasibility of such a

collocated design approach.

Thus, it would be desirable to develop a

collocated duct active noise contrel system which
30 allows high loop gain while maintaining sufficient

stability margin in the presence of a time delay to

provide stable control of the loop.

35



and/ or software and provides an electrical drive signal to drive the

speaker” whi ch provides the "antienoi se" acoustic signal so as to
mnimze the error noi se signal. As used herein, the term"anti- 5

noi se" is used to represent the noise-cancelling signal produced by the
speaker . WO 97500T8, an i deal col | ocated system the cl osedCEgSps132
transfer function (from di sturbance noise in to anti-noise at the error
mc out) would be equal to 10 -1 (or a pressure release condition). To
achi eve thi Disdlidiuire BEJAnVEARIGRAI N (OF controller gai n) S )

needed. t he t del ay faor t aco c.anti- noi se
signal to travel froﬁ%ﬁﬁﬁt§p8§ktget ?éﬁ%ﬂ%ﬂﬂe %%@emell as tine
del ays within tprofdsioesy pf a codisested muat @@t&véeheg(sé etexitdgl t o exi st

gai n- phase 1ol atRERCRATSRECE PR odR Yl ahe Rk CPRRRRIEL 1111,

tradeoffs of5aImaﬁaﬂ'aammei&atﬁﬁnosysten1mﬁth atinme delay inthe loop. 1In

particular, to prevee&? ?’%@ &’tfﬁégé éviﬁ%%%%h an SYSL &M the | oop

gai n nust be decr eas ret Rate ag | hcreases
rapidly due to miaehdqr Wibgatign) mﬁ@lrmm ce@prwsw aresults in 25

| ower bandw dt h Mﬁ&%ﬁ&@z&eﬁms&t&%ﬁmc antlli@idd1g the

per formance and fea5|b| ity of such a col |.ocat ed_desi gn approach.

Thus, it woul d #@b?@sﬁ’enﬂév@oﬁ) drive sigppli RRPBXRRX active noi se
cont rol Sysﬂ@n1W$§ﬁ§br disposed sc as to sense the acoustic anti-

noise signal from the actuator and to sense
disturbance noise and provide an error sigmnal
indicative of a combination thereof;
- a contreoller respensive tc the error signal,

15 comprising a filter having energy states, and non-

linear reset logic which temporarily resets the

" energy states in the f£ilter to zero when the error
signal crosses zero; the controller providing the
drive signal to the actuator:; and the acoustic anti-

20 noise signal having an amplitudé and phase 80 as to
attenuate the disturbance noise at the sensor.

According further to the present invention, the
filter is a first order low pass {lag) filter.
According still further to the present inventicn,

25 the filter is a discretized filter. 8till further
accord to the present invention, the non-linear
reset logic regsets the energy states to zerc for one
sample time.

The invention represents a significant

30 improvement over the prior art by providing a
reduced phase shift non-linear filter having a reset
element for active noise (or vibration) contrel
applications. Such a filter has a first harmonie
magnitude frequency response profile substantially

33 gimilar te that of an analogous linear filter (e.g.,
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30 allows high | oop gain while maintaining sufficient stability margin

Fn the presence of a tine delay to provi de stable control of the | oop.
35 . - 2- - WD 97/ 50078

PCT/ US97/ 08132 Di scl osure of Invention Obj ects of the
present i nVERIHEPT® ncl ude provi sion of a collocated dustr/é@iaigs NOi se
control system having a high I oop gain and thus inproved 5 noise
cancel | ati on. According to the present invention an active

e dos an or AbEANLaf OB/ el WBAAEEIERAThe prd¥ 1207 WAL CD. -

provi des an acoustic anti-noil se I'n respons o a drive signal;
an error frequency), but has a first harmgnic phase frequency

response which exhibits less phase lag than the
assocliated limear filter. Accordingly, the
5 inventiomr allows a collocated active noise conmtrol
system (which has a pure time delay phase lag) to be
implemented with increased gain and bandwidth and
thus acceptable noise cancellation performance.
The foregoing and other objects, features and
10 advantages of the present invention will beccme more
apparent in light of the following detailed
description of exemplary embodiments thereof as
illustrated in the accompanying drawings.

15 Brief Description of Drawings

Fig. 1 is a schematic block diagram of a
collocated duct active noise control system in
accordance with the present invention.

Fig. 2 is a control system block diagram of the

20 collocated system of Fig. 1, in accordance with the
present invention.

Fig. 3 is a detailed control system block
diagram of the collocated system of fig. 1, im
accordance with the present invention.

25 Fig. 4 is a block diagram of digital
compensation having a non-linear reset element, in
acecordance with the present inventien.

Fig. 5 is a magnitude frequency response plot
of prior art linear compensation and nonlinear

3¢ compensation in accordance with the present
invention.

Fig. 6 is a phase frequency response plot of
prior art linear compensation and nenlinearx
campensation in accardanee with the present

353  invention.



10 sensor disposed so as to sense the acoustic anti - noi se signal from
the actuator and to sense di sturbance noi se and provide an error signal
i ndi.cati ve of a conbination thereof; a controller responsive to the
error signal, conprising a filter having energy states, and non-

| i near reset w%%wﬁmﬁﬁlch temporarily resets the ener gy JCA(GSIIRRA3E he
filter to zero when the error signal crosses zero; the controller

provi di ng the drive signal to the.actuator; and the acoustic anti- 20
noi se signal having aregdgl i1 Ude aataphase souns pressuredllb®slaispiie

d b h ' furth h
nventi on. tho  VETFIY RSRIGhaY SOF BPASPRRGIIIHER (PROP phEer

According still fhisder compensagiienenand memnlimmr z@mpehsatibmeinis a
di screti zed f'lteéc?égdéﬂcélﬁfﬂgf%hf gggggﬁéc&ﬁ epPresent invention, the
ogl Cc rese

non- | i near rese energy statés to zero for one
sanple tine. $ The invention represents a S|gn|f|cant 30

i nprovenent over é%¥ailng S fldd dgéfgiﬁ§|gﬁegﬁﬁ§ Inventddged phase shift

non-linear filter reset or actlve noi se (or
vi bration) control R%ﬁﬁimw tonFigsuth a ¢ollonatedsagtive snoise nonic

magni t ude frequengyy ag RPP UG ol Yol BnSHURE ikt dothpBses! #1 4@kt Lo that of
an anal ogous Ilnear | ter g.
along which acoustic disturbance noise waves 12 (d)
10 (shown as wave-front lines) propagate in a direction
14. An error microphone 16 detects the noise 12 and
provides an electrical signal {e}] on a2 line 18 to an
active noise control (ANC) contreller 20. Instead
of a microphone; any acoustic measurement device may
15 be used if desired. The controller 20 provides an
electrical drive signal (U) on g line 22 to a
speaker 24, e.g., an B” diameter circular speaker by
JB Lancing, Model No. JBL2118H, mounted to a wall of
the duct 10. Other speakers may be used if desired.
20 Iinstead of a speaker any acoustic actuatcr may be
used if desired, e.g., a non-voice coil film
actuator, e.g., PVDF, voided PVDF, electrostatic,
piezo-electric, piezopolymer, piezoceramic, etc.
_ The duct 10 is a rectangular duct having a height H
25 of 5 inches (12.7 cvm) and a depth {into the page) of
10 inches (25.4 cm). Other duct shapes and
dimensions may be used if desired.
The speaker 24 produces out-of-phase acoustic
waves or “anti-noise” (not shown) of an appropriate
30 amplitude and phase so as to cancel the noise waves
12. As discussed hereinbefore, the term “anti-moise”
is used to represent the noise-cancelling signal
produced by the speaker. Any residual noise which
is not canceled by the anti-noise from the speaker
35 24 is sensed by the errcr microphone 16 and provided
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ssimlar dB/decade profile beyond the break frequency), but has a first
har noni ¢ phase frequency response which exhibits | ess phase | ag than

t he associated linear filter. Accordingly, the 5 invention allows a
col | ocat edweet/s8s®8 noi se contr ol system (whi ch has a REUyuSsYeenE2 del ay
phase lag) to be I npl emented with i ncreased gain and bandw dth and

t hus acceptable noi se cancellatlon per f or mance. The foregoing and

ot her objects eeﬁgr d gniﬂge?iéé i ePr@gent invention wifll

becone nore apparen ow ng detailed description
of exenpl ary eﬁb@@tﬂ&?&%;%ﬁﬂﬁ@é@ﬂ@§§l {e}illustrated in the acconpanying

dr awi ngs. 15 Bri efpndessdiPiditFophoReay6 I$ located a Fig. 1 is a schematic
bl ock di agram of a col | ocated duct actlve no%ge contro systemin

accor dance wi t Rredeteymingd diskenceom away from gpg 8goRgtit onirol system
bl ock di agrem phatheidl effdcreabdd thysspsarér /) idl.g.}, 2 Anahes;dance with

the from the speaker 24 face (at the duct wall), i.e.,
where the pressure amplitude and phase of the wave
is equal to the plane wave component which emanates
from the speaker. Other distances for g; may be used

1¢ if desired. The controller 20 adjusts the output
signal {U) on the line 22 to the speaker 24 zo as to
reduce the total acocustic noise at the microphone 16
{and the error signal (e)]), and, thus, reduce (or
attenuate) the propagating noise in the duct (in a

15 certain fregquency range) downstream of the speaker
24,

The controller 20 comprises known electronic
circuits and/or software to provide the functions
described herein. The details of the controller 20

20 will be discussed more hereinafter.

Referring now to Fig. 2, the mic 16, the
controller 20, and the speaker 24 (including the
duct dynamics between the speaker 24 and the mic 18)
of Fig. 1, are represented by control system blocks

25 50,60,70, respectively. The error mic block 50
receives the input disturbance noise signal d on a
line 52 and an anti-noise signal y on a line 54
{both as independently seen at the errcr mic 16),
sums the signals d,y, as represented by a summer 56,

30 and provides the error signal e on a lime 58
indicative of the sum of the noise and anti-noise
signals. The errcr signal e is fed to a controllex
block 60 having a transfer function C({s! indicative
of the controller 20 (Fig. 1) dynamics which

35 provides the signal U on a line 62. The signal U is
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present invention. Fig. 3 is a detailed control system bl ock

di agram of the collocated systemof fig. 1, in accordance with the
present invention. 25 Fig. 4 is a block diagram of digital
conpensation hav;no‘a non-linear reset elemt, in accordance with the
present i nveWPiSFARI7 Fig. 5is a magnitude f r equenc PGTEBEHIME p| ot
of prior art linear conpensation and nonlinear 30 conpensation in
accordance with the present i nventi on. Fig. 6 is a phase
frequency reSpor@ﬁaﬁdéd do a plahtomack 70 naavingoaperansEen and nonl | near

cqrpensation 1N ASOLLG sl 1By BEeRER G il praBEcOVhRRL e b ichpy )

versus f requencyptmridgs divepaigatl oy, to pcheomisa block bUnearthe®npensati on,
and nponli near CO£B§Q§§&JOH in
8 Referring now to Fig. 3, a more detailed
' control system block diagram of the controller block
60 and the plant block 70 of Fig. 2 is provided.
Within the controller 60 C{s), the signal e on the
line 58 frem the microphone block 50 is provided to

10 an analog low pass anti-aliasing filter 70 having a
break frequency of, e.g., 7K Hz, typically at least
half the sample frequency. The low pass filter 70
acts as an anti-aliasing filter to attenuate high
frequencies and aveid aliasing of the input signal

18 which can occur in a digital sampled data system as
is known. Other break frequencies and/ocr f£llter
orders may be used if desired depending on the
sample rate, the amount of desired attenuvation, and
amount of phase lag allowable, as is well known.

20 The low pass filter 70 provides a filtered
signal on a line 72 to a known A/D (Analog-to-
Digital) converter 74 which converts the analog
signal on the line 72 to a sampled digital signal
ri{k) on a line 76. The signal r({k] is fed teo

25 digital control {or compensation or non-liinear
filter) logic 78, e.g., a microprocessor or digital
signal processor, such as a DSP chip Part No. TMS
320€40, having a sample rate of, e.g., 14K Hz. Other .
sample rates and other microprocesscrs may be used

30 if desired.

) The digital control logic 78 is designed to
provide the desired contrel system response time and
bandwidth, thereby providing adequate noise
cancellation. In particular, the digital contrel

35 logic 78 comprises a reduced phase shift digitized
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~accordance with the present invention. Best Mode for Carrying out the

Invention Referring to Fig. 1, a collocated active noise

control systemfor an HVAC duct conprises a duct 10 al ong whi ch
acoustic disturbance noise waves 12 (d) 10 (shown as wave-front |ines)
propagat e | womrgsgT@cti on 14. An error m crophone 16 deggcdesmige noi Se
waves 12 and provides an electrical signal (e) on a line 18 to an
active noise control (ANC) controller 20. I nstead of a m crophone, any

acoustic measur t 1 devi c S | f_des The controller 20
provi des an ele§£$£%§ﬂé%ﬁh §§% %ﬁ%m?%;g KS%_?§§ﬁ§%z % to a speaker 24,
e.g., an 8" diahereﬁnaﬁtemaha@%@ dig@éa&ecct@@dmsld@amc7mgpr§bﬂdéshb

JBL2118H, gé &f%sg eagj'&?@ ihg(ﬂyc&n ltigéﬂ'%re Ege?llj yg By be 20

used if desire er any acous or may be
used if desired Dw@al&atqmgdewm’%%ﬁ 82 (whickhccoavertsethe, PVDF,

voi ded PVDFs a1l €l rSpill & ) €602 884144 5 RirBA0RE YBine

pi ezoceram c, etc. The duct 10 is a rectangular duct having a height H
of 5 inches (12% 84. cn) and a depth (into the page) of 10 inches (25.4
cm. Qher duct BhaResIvYl sd,lgmm%ﬁnﬁh@am@ 8459% ithadesi akd.

The speaker 24 oduces out of aco waves or_"anti-noise"
(not shown) of G%Eﬂpgtggit%cﬁ%ﬁ‘gg’éngoaa@rFﬁ Xcancel the
noi se waves fﬂé@uéﬁﬁgﬂaﬁ;u&sgﬂ h@KeHapehal £, L ®/Beoitpadt i - noi se”
10 sample rate. The analog low pass filter 86 acts to
smooth the stepped (or quantized) output signal from
the D/A converter 82, thsreby providing a smooth '
analecg signal. Other break frequencies and/or filter
orders may be used if desired depending on the
15 amount of desired smoothing, and amount of phase lag
allowable, as is known. The smoothed analog signal
on the line 88 is provided to a power amplifiexr %0
which provides the amplified elsctronic drive signal
U on the line 62. The gain of the power amp 90 and
20 the gain K in the compensation 78 are sized to
provide the desired system performance.
The drive signal U on the line 82 is fed to the
plant 70 P{s)} which cocmprises a transfer functiocn
bleck 92 representing the dynamics of the speaker 24
25 (Fig. 1). The speaker block 92 provides the
acoustic “anti-noise” signal on a2 line 94, in
.response to the drive signal U, which is fed te a
block 96 representing the propagation {or pure} time
delay of the acoustic speaker signal to the error
30 mic and any additional assocciated acoustic dynamics
ef the duct 10. The most dominant dynamic of the
block 96 is the pure propagation time delay for the
anti-~noise signal to travel from the speaker 24
{Fig. 1) to the mic 16. When the anti-noise signal
35 reaches the error microphone 16 (Fig. 1) it is



I's used to_represent the noi se-cancelling signal produced by the
speaker.” Any residual noise which I's not cancel ed by the anti-noise
fromthe speaker 35 24 is sensed by the error mcrophone 16 and provi ded
WD 97/ 50078 PCT/ US97/ 08132 to
the control | W28 t he | i ne 18 as the el ectrical erro®PCTUSNHIR1a) .
The error m crophone 16 is |located a predeterm ned di stance g[err] away
fromthe acoustic 5 near field effects of the speaker, e.g., 2 inches,

fromthe speaker 42y %tgﬁégga%ﬂg@ %asl\/\?qlah, theel%xée ?gyhemfe tah 4pr essure’

anpl i tude and phase o ual tot pl ane wave conponent
whi ch emanates noiseosignalsyecemkdihe dime 54i apdnthe $put nany be used 10

if desired. The cORthebhBke28s@hlsd o tRe0ULAB 52 aréidiididdd #@n the line
22 to_ the speaker 24 so reduce t%ﬁ total ac S}IC noi se at the

m cr ophone 16 th@aﬁJrP?iZmiﬁgr@"%lF qitaande e gymmex 9% (3% 4uce (or
5 discussed hereinbefore) . '
' In an ideal collocated active duct nolse
control system, the transfer function from the input
disturbance d to the anti-poise signal y seen at the
microphone 16 (the closed loop transfer function
i y/d) is equal to <1, i.e., a2 magnitude of 1 and a
phase of 180°. The dynamics arocund the open loop
system of Fig. 3 comprises the anti-aliasing filter
7¢, the digital control logic 78, the smoothing
filter 86 and the time delay in the box 86, all of
15 which comprise the major components of phase
contributions to the open lcep stability analysis.
0f these coumponents, the most significant facter is

the pure time delay in the block 96 represented as
e® where T is the time delay in seconds that it
20 takes for the acoustic wave to propagate the
distance g: from the speaker 24 to the microphone 16
(Fig. 1).
With the pure time delay 96 in the system, the
maximum value of the gain in the compensation logic
25 78 is fized for standard linear low pass filter
compensation to keep the system from exhibiting
instabilities.
Referring now to Fig. 4, the digital control
logic 78 has the form K*G{z). The input signal r{k)
3¢ to the compensation logic 78 is fed on the line 78
to digital low pass filter compensation logic G{z)
having a non-linear reset element 130, discussed
more hereinafter. The low pass filter G(z} iz a

THIS SHEET Hag BEEW |
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attenuate) the propagating noise in the duct (in a 15 certain frequency
range) downstream of the speaker 24. The controller 20
conpri ses known el ectronic circuits and/or software to provide the
functions descri bed herein. The details of the controller 20 20 w ||
be di scussegvowwsesmier ei nafter. Referring now to Fe@rossmakfae M C
16, the controller 20, and the speaker 24 (including the duct
dynam cs between the speaker 24 and the sic 16) of Fig. 1, are

represented by cpnirol .s l.oc , TAV ti,vely. The error
m c bl ock 50 sg?‘é%%¥%e’¥£é%er2$nzﬁ{( %E[%E‘F gggaglg%c‘%oqns@%n%? d on a

line 52 and an madelediky sidjmdreteostatei agusions gfhdhle forimmdependently
seen at the error mc 162?%('5}:4:[%6%1@,,5(%@@;@&@ dy, aqméﬁggﬁsent ed by a

sumer 56, 30 and provi error signal e on alin i ndi cative
of the sum of the noise dhtk)enti*¥ik)sé¢ D*U{k} gnals. TH&gerRdr signal e is

of the contrbl |4peEs 3 S dIadibalz, (e Lo, WEPRY S gnal G on'a
line 62. The sigparegpénrding to values obtained using a backward
integration discretized first order low pass {or
lag) digital filter with a break frequency of 100
Hz. Other break frequencles and discretization
10 methods may be used 1f desired. Also, other values
for A,8,C,D may be used, depending on the break

frequency and the discretization method used.

The block diagram representation of the above
equations Eg. 1 and Eg. 2 is shown in Fig. 4 where
. 15 the signal r(k) on the line 76 is fed to a gain

bleeck (B) 104 which provides a sigral on a lime 106
to a positive input of a summer 108. The output of
the summer is provided on a line 110 to a storage
element {or energy state) or sample delay {z’') 1i2.

20 The outpunt of the storage element 112 is a delayed
gsignal X (k) which is provided on a line 114 and fed
through a gain (A} 116 on a8 line 118 to another
positive input of the summer 108. The signal X (k]
en the line 114 is also fed to a gain block {C) 120

253 which provides a gain shifted signal on a line 122
to a positive input of a sumer 124.

The input signal r{k) on the line 76 is alsc

provided to a galn block (D] 126 which provides a
signal on a line 128 to another pesitive input of

30 the summer 124. The summer 124 provides a signal on
a line 129 indicative of the sum of the signals on
the lines 122,128, to a gain multiplier 131 K having
a value so as to produce the desired system
response. The gain adjusted signal is provided on

35 the line 80 as the output sigmnal Z({k}.
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provided to a pl

ant bl ock-70 having a transfer function P (s)
I'ndi cative of the plant dynam cs which provides the signal y to the
m c. bl ock 50 on the line 54. 5 Referring nowto Fig. 3, a nore
detail ed control system block diagramof the controller block 60
and the pl ant®®P5®E™B70 of Fig. 2 is provided. Wt hin t REVESHEBER| er 60
C(s), the signal e on the line 58 fromthe m crophone block 50 is

provided to 10 an analog | ow pass anti-aliasing filter 71 having a
break frequency of , Rige, EMéFimp@ﬁ4§$§ﬁdlqukp|@ﬁsthe Liﬂ§ﬂ16 tike sanpl e’

frequency. The
attenuat e high
whi ch can occur

I t I f
propdaiehe; etartrommil apazedgt ofosif 185k ay
nonaldhgat aresenps ehetett)a whicshesamsles thes ilnpumin.

on the | canp BHRRLE(EL' &8y, te (S uCE (R MEE bdeelEF

on the sanpl

lter to
nal 15

O her
dependi ng
amount-

of phase | ag @l | Ehabhgh zerds{iwe!, kihanged28ign), tifhddgdw 338s filter 71

provides a filtegad
Digital) converter
to a sanpl ed di géeap Epynene SWJ(R)P%@O&I PRel x;@ica

converts

to 25 digital cqmprol (or conpensatlon or non-linear filter)
e.g., a n1croprocessor or gltég si gnal processqr, such as a

Part No. TMS
10

15

20

25

30

35

ferr w to Fig. 5, first harmonic
magnitude frequency response of the non-linear
filter logic 78 [Fig. 4) of the present invention is

indicated by a curve 160, and a magnitude frequency

5,the heRe sGiL diiR 1R (k017 SROME Yide 498 881 O

on the line 72

by gndline(k) is fed-

| ogi c, 78,
DSP Chlp

response of the prior art linear version of the same

filter logic without the zero—-crossing and reset
logic 130 is shown by a dashed curve 162. The
curves 160,162 exhibit substantially similar
magnitude response profiles.

Referring now to Fig. 6, a first harmonic phase
frequency response of the nonlinear filter logic 78
(Fig. 4) of the present invention is indicated by a
curve 164, and a phase frequency response for the
prior art linear version is shown by a dashed curve
166. The phase response curve 164 of the nonlinear
filter is the phase approximation of the first
harmonic or describing function and shows

significantly less phase lag from that of the linear

version. In particular, at the break frequency 100
Hz, the phase of the nonlinear filter is -32
degrees, as indicated by a point 168 on the curve
164, whereas the phase of the linear filter is about
59 degrees as indicated by a point 170 en the curve
166. Also, the phase of the nen-linear filter at
1000 Hz is approximately 60 degreés, as indicated
by a point 172, whereas the phase of the linear
filter is approximately -100 degrees, as indicated

= 3] =~

T R “md THIS SHEET HAS BEEW
LT H 1™ e




320C40[err] having a sanple rate of, e.g., 14K Hz. O her sanple rates

and ot her m croprocessors nmay. be used 30 if desired. The digita
control logic 78 is designed to provi de the desired control system
response tine and bandw dt h, thereby providing adequat e noi se
cancel | ati on™OSPEBOFERrti cul ar, the digital control 35 | ogi ecifisspemRia ses a
reduced phase shift digitized filter wwth reset elenents

- (di scussed nore hereinafter) The digital control Ioglc 78 provi des
a digital outputpsignalima( KlreQn @tlsﬂ@uﬁ@ He v d@é:?t £5401 {3 - t o- Anal 0g)
converter 82 whic converts the 5 digital na ﬁ to an analog si gna

~on a line 84P ase lag @fTﬁbea%%P%%rsg%ﬁﬁﬁﬁ’éﬁ @ﬂedegﬁ%e%4m¢%2fed to an
anal og | ow pass gimpt4s r@g&@bk%e&@uﬁ@%ﬂt@ feRkts of faSMEHP-T € 9.,

7K Hez, half t*“*él'?téi @nvemsi@n {i.e., zero-order hold effect).
5 Referring now to Fig. 7, the sound power level
{SPL) versus frequency for the system of Fig. 1 is
- plotted measuring the amount of acoustic noise
propagated downstream of the speaker 24 (Fig. 1).
Such data of Fig. 7 was measured by a microphone
10 (not shown] located downstream of the speaker away
from the near-field effects of the speaker 24 (Fig.
1). In particular, a baseline curve 200 without any
. noise control compensation indicates a peak noise
level of about 110 dB over a frequency range of
15 . about 80-150 Hz. If the controller 20 uses typical
- linear compensation, the response of the system is
shown by a curve 202 which indicates a peak response
of greater than 110 dB at approximately 280 Hz.
However, if the non-linear reduced phase shift
20 filter as described herein is used, the acoustic
noise level stays below 100 dB across the entire .
spectrum as indicated by curve 204. Also, while at
high frequencies, e.g., greater than about 350 Hz,
there is some noise addition greater than that of
23 the linear filter response 202, it is still at an
acceptable noise level.

Thus, using the non-linear filter 78 of Fig. 4
in the collocated contrel system provides acceptable
noise cancellation across the entire frequency range

30 of interest. In particular, it allows the gain X of
the control logic 78 to be increased while
maintaining adequate stability margin in the system,
thereby providing sufficient bandwidth and time
response of the closed loaop system (y/d) sc as to

35 allow the system to respond tc the disturbance noise

- 12 -



10 §§%ple rate. The analog |ow pass filter 86 acts to smoot h t he

st epped (or quantized) output signal from the DJA converter 82, thereby
providing a snooth anal og signal. OQher break frequencies and/or filter
orders may be used if desired depending on the 15 anout o LI
smoot hi ng, FAY4MB®t of phase |ag allowabl e, as is kn%ﬁﬂﬁiﬁwgg@oothed
anal og si gnal on the Iine 88 is provided to a power anplifier 90

whi ch provides the anplified electronic drive signal Uon the line 62.

The gain of the @anchdeapade tie 2hd grmvddensufiicidnt omisensation 78 are

sized to provi de.th de5|r r The drive
signal U on the qainﬁglgﬁgggnfgg g %&iﬁé‘é& s kﬁéﬁo %ﬁ%ﬁ whi ch conprises a
transfer function ItbShoulQZbeemmt%ngﬂgcﬂgtbhé Wiyhberi e sontrelspeaker 24
25 (Fig 1). %gj,%p%kﬁasbm&ﬁ JésdiiBedIEs bBtng imPhuslied ant | -nol se-

signal on a i onse to the drive signal mhlch is fed to

a bl ock 56 mﬂéﬂwnétt%c%%m%d@ﬁ#@?dw Q§err§k1 lege| ay of the

acoustic speakeryySiggahrkOchle €hé fnvifit i6hCwlnyl @106 AfsHY vatdl adSsoC at ed
acousti c dynam cs he duct . st dqglnant dynam c of the

bl ock 96 is theﬁﬁﬁﬁégpFSSEQQFl%ﬁ ?h@n?ﬁﬂﬁ FSF Yheh 2ero,Gross,; se signal
to travel from (i@ Seaaketodde. In (it c@get,othéeim@m Higndien t he

anti-noise signal 3% peCaShfiotls £ Yerd CrOBOPESs nd Wifkn the' ¢ 'S
- 10 input crosses zero, all the amaleg energy storage
elements (e.g., capacitors, inductors, etc.) would
be set to zero. Also, the zero—-crossing and reset
logic 130 {Fig. 4) may be implemented in digital or
analog logic or in software.

18 It should be understood that instead of using
electrical wires and electrical signals for the
signals described herein, the invention will wozk
equally well with optical fibers and optical sigmals
used in place thereof for any portion of the system.

20 Even though the invention has been described as
being used with a collocated active noise control
system, it should be understood that the invention
may be used with any active noise or vibration
control system configuration employing a first order

25 low pass filter where decreased cpen loop phase lag
is desirable to improve performance. Also, as used
herein, the te;mé *noise” and “vibration® may be
used interchangeably {(taking inteo account known
differences between the analogous active noise

30 control and active vibration control systems).

- 13 -
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conbi ned at the error mc block 50 and the sumer 56 (as *5 ¢ di‘sclissé&d
her ei nbef ore). In an ideal collocated active duct noise

control syS¥@#ysee®c transfer function fromthe input POrARoRpace d to
the anti-noise signal y seen at the m crophone 16 (the cl osed | oop
transfer function 10 vy/d) is equal to. -1, i.€., a nagnitude of 1 and a
phase of 180[err] . The dynam cs around the open loop . systemof Fi-g. 3
conpr.ises the anti-aliasing filter 70, the digital control logic 78,.

t he snoot hi ng filter 86 and the ?ﬁ@émaelay in the box 96, all of 15

whi ch conpri seg, hé%ggﬁor conmponent s of phase contributions to the open
| oop stability analysis O these conponents, the nost significant

factor is. I Lthe Puractive nedisgy coptrad sysientamgriedagted as
e[err] where T is the di6iRs %i%:ﬁ ?%ﬁgil&és {%r r‘ﬁ&ﬂ’}s?tg‘m %ﬁéis for the

acoustic wave to propagate { stance Speaker 24 to
the ni crophbneRgdse sigmaly in EFSP@RS@ to %@t ke gdemelzi ne delay in the

system theg an error sensor disposed so as to sense said

5 @acoustic anti-nolse signal from said actuator amnd to
€ sense disturbance noise and provide an error gsignal
7 4indicative of a combination thereofs

-8 a controller responsive to said error sigmal,
9 comprising: '

10 a filter having energy states; and

11 non-linear reset logic which temporarily

12 <zesets said energy states in said filter to zero
13 when sald error sigmal crosses zero;

14 sald controller providing said drive signal to
15 said actuator; and '
18 sald acoustic anti-noise signal having an

17 amplitude and phase so as to attennate said
18 disturbance noise at sald sensor.

1 2. The active noise control system of Claim 1
whereln said filter is a first order lag filter.

1 3 The active noise control system of Claim 1
wherein said filter is a discretized filter.

1 4. The active noise control system of Claim 3
wherein said non-linear reset logic resets said
3 energy states to zero for one sample time.

1 B, The active noise control system of Claim 1
wherein salid actuator comprises a speaker.

This heetHasBeemReﬂ | B THIS SHEET HAS BEEN
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maxi mrum val ue of the gain in the conpensation logic 25 78 is ﬂ“:

standard linear |ow pass filter conpensation to keep the sphHs

exhi biting instabilities. Referring nowto Fig. 4,*the dig ta *
control Iogig@%%%has the formK*G (z). The input signal r(k to the
conpensati on 37 is fed on the line 76 to digital PFOWYIRESIR |ter
conpensation |ogic (z) havi ng a non-linear reset elenent 130,

di scussed - nore hereinafter. The |ow pass filter (z) is a

AVENDED SHEET1 €. The activélmetle totitsolebiaeentdflalm flunction which

's 2 wherein said sensor comprises a microphone.

1 7. An active noise control system, comprising:
2 actuator means for providing an acoustic anti-
) 3 noise signal in response to an drive signal;

4 error sensing means for sensing said acoustic

5 anti-noise signal from said actuator means, for

6 sensing disturbance noise, and for previding an

7 error signal indicative of a combination thereof;

8 signal processing means responsive to said

9 error signal and having energy states, for filtering
10 said error signal and for temporarily resetting said
11 ensrgy states to zero when said error signal crosses
12 zezo, and for providing said drive signal to said
i3 actuator means; and
14 said acoustic anti-noise signal having an
18 amplitude and phase 3¢ as to attenuate said
1€ disturbance ncise at said sensor.

1 8. The active noise control system of Claim 7
wherein said filtering comprises a first order lag
3 filter function.

i 3. The active noise control system of Claim 7
wherein said filtering comprises a discretized
3 £ilter function.

1 10, The active noise controcl system of Claim 9
2 wherein said resetting resets said enexrgy states to
3 zero for one sample time.

1 1i. The active noise controcl system of Claim 7
wherein said actuator means comprises a speaker.

N
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ekl 7 o o g euations of the Jorm iy + D*L“W“nﬂlim 1

[Eq. 2] 5 where A =0.9718, B =0.0282, C=1.0, and D=0 € b *
correspondi ng to val ues obtai ned using a backward - integration

di screti zed WO PHIO® der | ow pass (or | ag) digital filtecTwssiesszbr eak
frequency of 100 Hz. Other break frequencies and discretization 10

nmet hods may be used if desired. Al so, other val ues for A BC, D may be
used, dependj ng SRl f %ation nethod”
used. . 4 1% ?ﬁscﬁédl aeranrgirstraeg?géﬁg%t&%tlon écihsékhe a ve equati ons
Eq. 1 and E? 2vherehpwhaid euxpr sepsdng peany eonpnjmes B(k) on the line 76
is fed to a fai fierophbRek (B) 104 which provides a signal on a line 106

. to a positive input of a summer 108. The out put of the sumrer is
provided on a line 110 to a storage el ement (or energy state) or sanple
del ayI (§<E E; r%) 1%12 Azﬁetﬂwdm médlu@&nbfﬁzﬁé@{ i@iﬁ@ﬁ 112hl s a del ?X;ed
si gna ichis ed on alin an through a gain :
116 on a |irfe 118 toPJ Bi‘/‘klg'? i@ea@?\%&m&e BHemddetn108. The signal
X( k) on 3herésp@n§é4tmmlmﬁ&@igaaa,gal n bl ock (© 120 25 which .

Drov des 2 SN ST ogh SNl QIS 581 mqssd bl LV P O
provi ded to & gaens:h:nbg)c&ismzwﬁ:a/\m&bepr ami@maﬁdmg singezkesn a |ine 128 -
to another @S'gigﬁawﬁme&t&% dt"% cAMBVRE{Gi tnbliRcdyMTer 124 provides a.
Stgnat on filtering sald error signal and temporarily ’ '
8 resetting energy states in said filtering step to
9 zero when sald error sigmal crosses zero, and
18 providing sald drive signal; and
11 said acoustic anti-noise signal having an
12 amplitude and phase 80 as to attenuate said
13 disturbance noise at said sensor.

1 314. The active noise control system of Claim 13
2 wherein sald step of filtering comprises a first
3 order lag filter function.

1 18. The active noise control system of Claim 13
2 wherein said step of filtering comprises a
3 discretized filter function.

1 18. The active noise control system of Claim 15
2 wherein said resetting step resets said energy
3 states to zero for one sample time.

1 317. The active noise control system of Claim 13
wherein said step of providing an acoustic anti-
3 noise signal is performed by a speaker.

- 16 =
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a line 129 indicative of the sumof the signals on the Ii mmm?mﬂ]
to a gain nultiplier 131 K having a value so as to pr OdUCmn ‘ mmm

system response. The gain adjusted signal is provided on 33 ¢fhetlithe® *
80 as the ou pgnal Z(k). - 10-

Al so, the in%%al r(k) on the line 76 is provi dedPGTgUSS7/8132
zero-crossing and reset logic 130 (or a non-1inear reset el enent)

whi ch sanpl es the input ~signal r(k) and, if the input r(k) has crossed

5 through zeto (B.e. The herigierk siodsk, coherébgysth0 6f Clasat 53t he next
state signal X(k+ t i . aor. one_sanpl e period, as
i ndi cat ed by %( l;w%z%r i g%‘i:ééé%sjl}&% geepRle? éé%% &A/ggani g. 5 a first

harmoni ¢ 10 3ragmicoephdnequency response of the nonlinear filter
logic 78 (Fig. 4) of the present invention is i ndi cated by a curve
160, and a nmagni tude frequency response of the prior art |inear

versi on of the sane

= 17 -



filter logic without the zero-crossing and reset 15 logic 130 is shown by

a dashed curve 162. The curves -160, 162 exhibit substantially simlar
magnit ude response profil es. Referring nowto Fig. 6, a first

har nmoni ¢ phase frequency response of the nonlinear fi#&ﬁﬁ%@ & 78 20
(Fig. 4) of WR&Bsent invention is indicated by a curve , and a
phase frequency response for the prior art linear version is shown by a
dashed curve 166. The phase response curve 164 of the nonli near -
filter is the phase approxi mati on of thé/@3rst 25 harnonic or describing
functi.on and shows significantly | ess phase lag fromthat of the |inear
version. In particular, at the break frequency 100 Hz, tht phase of the
nonlinear filter is -32 degrees, as indicated by a point 168 on the
curve 30 164, whereas the phase of the linear filter is about -59
degrees as indicated by a point 170 an the curve 166, Al so, the phase
of the nonlinear filter at 1000 Hz is approximately -60 degrees, as

i ndi.cat ed by-f~Pai Nt 172, whereas the phase of the linear 35 filter is

ny

approxi mat el y - Z0eyr ees, as i ndi cat ed




PCT/ US97/ 08132 by a point 1imsmwaf&ggﬁh«

phase lag of the linear filter is 14 |EEIE ”H ~ than 45 degrees
- fonversion (i.
e

efigcedinder st ood that the

f :F\‘\

because of the effects of anal og-to-|[S¥A[l Al [HI

zer o- or der ect) 5 Refer1'ing now to Fi.g. 7, d power
| evel (gﬁé97 sus frequency for the System of Fi:g. ?éﬁﬁhﬁ tted
nmeasuring the anount of acoustic noise . pr opagat ed domnstrean1of t he
speaker 24 (Fig. 1). < Sych data of -k 7 was nmeasured by a m crophone
10 (not shown) Iocatednat%TsLLeag1Qj,t e speaker away fromthe
near-field effects of the (Fig. 1). In particular, a

péaker 24
basel i ne curve 20@%Ftitot SANN, ise control conpensatlon i ndi cates a
peak noi se | edel bver a frequency.#ange of 15 about

80-150 Hz. If thel ypi cal li neam conpensation, the
response of the s |z a curve 202 whi §hg ndi cates a peak
response of greater *ttrgr appr oxi mat efy 2&- Hz. However ,

9ri bed herein is

B %ross the entire

~Ttligh frequencies,
[y

i f tshe non-lineag/jrigduced ghaee ghift
used, the acougfig JTOToE TR
spectrum as iQdi catied &y
e.g., greaten~thad abol
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there is sonme noise addition greater than that of 25 the linear filter

response 202, it is still at an accept abl e noi se | evel. Thus,
using the non-linear filter 78 of Fig. 4 in the collocated control
system provi cj@@@gﬁ%ot abl e noi se cancel |l ati on across t entl Le
frequency ran of interest. In particular, it allows thé galn of
the control logic 79 to be increased while mai nt ai ni ng adequat e
“stability margin in the system theﬁgﬂﬁl provi ding sufficient bandw dth
and tine r sg of the cl osegeep=—sy-sSi-em-{Vmeh: ~tg—35. Loy
- the systemto ?ﬁﬁﬁrﬁtothe di stu lEar([s noijse| | “% |
12 WD 97/ 50078 0 == + H F=08132
©d in adequate time and provide suffjigi it noj s¢ 5] 150 @ NS NEAR,
: Eggﬁgorrequency range. 7 It s:,l”clf d be ur&ﬁ'@k _t:f_1 ‘&Qi‘:i tihe
MAG (H).dB —20f~rTrHi— : Y
_ | 1
wwp
10 10 10°
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FIG.6 e T TTITNT 1T Treal 1M
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Togic 78 has been described as being”fhbfénehtéd 5 digitally, it shoul d be

under st ood by those skilled in the-art” that the invention will also -:
_work W|th_ an ~  analog version of the sane filter . with zero cross - and
reset logic. In that case, the input signal woul-d be nonitored for zero

crossings and when the 10 input crosses-zero, all the analog energy . :
st orage el enentBige. B.is cagranboraf sk rresswie Yevpul FPL) be set
to zero.. Al so, ]nﬁm S s SIS Eifler 1001 G0 (Hitg. 4) may be
i mpl enent ed | rYé | g.%g#&o%‘?&{ g%alfg% | ogi ceqosrat:llr?%g'b%@mg%.é%% I>/t

shoul d be undéristern admpenssticn, dndigianinear | qommensatinn d and

el ectrical si . 5.0 ¢ e 'qﬂgl SiGld rein, the invention wll
wor k equa%%;iécsvr“éﬁq“{cv\% tk"ﬁ’“%%ﬁ@ém |%E§£§s£§1‘} Bptél}g'al signal s used in
pl ace ;herﬁof for any portion of the system 20 ' Even t hough the = -
invention has been descri - : ' | col'l ocated active

noi se control é)%set St«g%iérﬁ&e?c%ng @%naer?‘%ﬁ%}é}% t he invention:

may be used with ariefettirey nipo sEigy Y, la ardldocated attiore noslisem

configuration enployin first ord | filte d
open | oop phasf@rg)%fggi sgyéjl%e‘%le@?% Eisl) Mi%ﬁgﬁg%éo%%&%cw e‘q’sdg?cggaﬁged
herein, the tefivng Misel @esustidrdilsnmbarme hwise weess i1 efdihangeabl y

(taking int t k . di ff b J _ '
(L0014, S04, K00 b EESUSS, DRI, Ul 21l Aot ve

14. An errcr microphone 16 detects the noise waves.
12 and provides an electrical signal (e} on a lLine
18 te an active noise control iANC)-cdntr@llef 20,
Instead of a micrbphone[ any acoustic measurement '
15 device may be used-iﬁ desired. The controller 20
provides an electrical drive signal (U) on a2 line 22
to a speaker 24,:é.g., an 8”7 diameter circular
speaker by JB'Lancing, Model No. JBL2118H, mounted
to a wall bﬁ the duct 10. Other speakers may be |
' Zd used if desired. 'Instead'eﬁ 2 speaker any acQuStic
actuator may be used if desired, e.g., a nen-voice
coil film actuatcr, e.g., PVDF, voided PVDF, -
eiectréstatic, piezo-electric, piezopolymer,
pilezoceramic, etc. The duct 10 is-a rectangular
25 duct having a height B of § inches {(12.7 cm) and a
‘depth (intc the page} of 10 inches (28.4 cm). Other
duct shapes and dim@nsions may be used if &esired.
_ The speaker 24 producés aut%of@phase accustic
waves gz'“antimnoise” {not sh@wﬁz of an appropriate
30 amplitude and phase so as to cancel the noise waves
12. As discussed hereinbefore, the term “anti-noise”
is used to gepxeseni_the noise-cancelling signal
produced by the speaker. ARy residual noise which
is not canceled by thejantiﬁn@ise from the speaker
35 24 is'seﬁﬁed_by the error micrcph@ne 16 and provided

=5 - |
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13 ' - 'craims W claim. 1 1. - An

‘active noi se control system conprising: - an actuat or .which - :
.provides an acoustic anti- 3 noise S|gnal in response to a 'dfive signal; -
4 an error sensor disposed so as to sense said 5 acousti anti-noise .

signal fromsaid actuator and to 6 sense disturbance noise and provide an
error signal provided cie iaLbint klosinat deting evftrargsfer a3 control er

' respon5|ve t(fﬁﬁﬂéiéﬁrﬁ%sﬁ'ﬁﬁ&ﬁcat;ve of the plant dynamics which
provides the signal v to the mic block 5C on the
line 54. - |
5 . 'Referring now to Fig. 3, a more detailed
controcl system block diagram of the controller block
60 and the plant block 70 of Fig. 2 is provided.
Within the controller 60 C{s}, the signal e on the
line 58 from the microphone block 30 is provided to
10 &an analog low pass anti-aliasing filter 71 having a
break frequency of, eag.,'7K Hz, typically at least
half the sample f&eqUGncy The low pass ﬁllte* 71
acts as an anti-aliasing filter to attenuate high
ér@quenCﬂas and avoid aliasing of the input signal
15 whick can occur in a digital sampled data system. as
is known. Other_break frequencies and/ocr filter |
orders may'be used if desiréd'degending en the
sample rate, the amount of desired attenuation, and
amount of phase lag allowable, as is well known.
20 - The low pass filter 71 provides a filtered
signal on a line 72 to a known A/D {Analog-to-
Digital} ccnvérter 74 which'converts the analog
signal on the line 72 tc a sampaed digital signal
r(k}) cn a line 786. The signal r(k) is fed to
25 digital comtrol (or ¢cmpensa@ion or non-linear
flltéra logic 78, e2.g., a m1crapr©cesscv or digital
' signal processor, such as a DSP chip Part No. TMS
320C40¢ having a sample rate of, e.g., 14K Hz. Other -
_ samplgﬁgates and other micropfaéessars may be used '
3¢ if desired. o -
 The digital control logic 78 is designed to
. provide the desired contrcl system response time and
- bandwidth, thereby crcvzdlng adequate ncise
-cancellationo In partxcular, the d;gltal ccntral
35 lcgic 78 comprises a reduced phase shift digitized

= J =
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9 conprising: 110 a fllter haV|ng energy states; and 11
¢non-linear reset |ogic which tenporarily' =12 ‘resets said energy states-in:
_.said filter to zero 13 when said error S|gnal crosses zero; 14 said-
controller providing said drive signal to 15 said actuator; and 16

‘having an 17 anplltude and phase so as to

sai d acousti ¢ - NOJ si.gna
attenuate sali@d%@ @w Bt S isdiade "at"f’sﬁh@ Jefior=4. fhe antime active

noi se cont rolmﬁ)gé %ﬂ(ﬁ{ap&aldﬁ khe 1MhRY 84N 55 drid ligRjud s a first order |ag
filter. 1 active noise contral systemof Caiml 2 where in

said filter |d§55:%1?é1€§ iSlemal |4 gn the lipe SZrggeyqampinest #& control

system of O &g drkeRBICIHLGA G0 e RATsuBRSt 0y [esets said 3
ener gy states to zero for one sarrpl e tine. e active noi se

control §@st@%ﬁﬁu5§%ﬂIQQF%}nhﬂﬁﬂﬁﬁr}sald actuator conpri'ses a speaker.
: In an ideal collccated active duct noise

cantrol‘system, the transfer function from the input
disturbance d to the anti-noise sigral y seen at the
micrcphecne 16 {the clésed loop transfer function
10 y/d} is equal tc_sl; i.e., a magnitude of 1 and a
phase of 180°. The dynamics around the open loop
system of Fig. 3 compzisgs the anti-aliasing filter
70, the digital control logic 78, the smoothing
filter 86 and the time'delay in the box g6, all of
15 which comprise the majér components of phase
contributions tc the open lcop stability analysis. -
Of these c@mponents,.the most significant factor is.
' the pure time delay in the hlock 96 represented as
" where T is the time delay in seconds that it
20 takes for the acoustic wave to propagate the
distance g, from the speaker 24 to the microphone 16
{Fig. 1). - | i
| With the pure time delay in the system, the
maximum value of the gain in the compensaticn legic
25 78 is fixed for standard linear low pass filter '
'campensatien t@ keep the system from exhibiting
lnstabilltles. ' '
Referring new to Fig. 4, the digital . contzol
legice %8 has the f@zm K*Giz) The input gignal ri{k)
30 to the compensation logic 78 is fed on the. line 76
to digital low pass filter compensation logic G(z)
having a ngnalineaz reset element 130, discussed
more hereinaﬁter;* The low pass filter G{z) is a
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1 6. The active_nOisé cbntroi sysfen1of Caiml 2 mhéﬂéfn

said sensor conprises a mcrophone,.: 1: -7 An active noise control *
system conprising: -2 . actuator neans for provi ding an acousti.c antie®
'3 noi se saignal in response to a drive signal; 4 error sensing means

for sensing sald,ac -nai.se fro sai,d ac tor means,
for 6 sensing di stu tﬁjfﬁ %&Wip%%ﬁdl% 71.1@?@( ?rsaésgnal

i ndi cati ve of
responsive to
10 said- error

@mﬂd@@htﬁ@)@dﬁ&fﬁ@‘%l&g and r¥s¥alloyiecasy NBxeans
%g_ erraor s%gn |._an havln ene y states, for filtering -
gna1 S8t K5t esithe; tnputer gy st at es

to zero ‘when sam@mﬂrmﬂﬁl gml, dfotses mmtzmm a3 eosevi ding said

drive S|gn%i
anti-noi se

10

18

- 25

aid 13 act at or >ans; 14 sai d acoustic
ﬁ?ﬁ@ﬁg% fi e., changed s%gnB, the lecgic 130

sets the next state signal X{k+1} on the line 110 te
zero for One sample period, as indicated by a line
132, , | R o

Referring now to Fig. 5, & first harmgnié
magritude frequency response of the non-linear
filtet-legic’?& (Fig. 4) cof the presénﬁ invention is
indicated by a curve 160, and-a.magnitude frequency
response of the prior art linear version of the same
filter legic without tné_zerQQC£cssing and reset
legic 130 is shown by a dashed curve 162. The -
curves 160,162 exhibit substantially similar
magnitude response prcfiles. |

Referring now to Fig. 6, a first harmonic phase

frequerncy response cf the nonlinear filter logic 78

{Fig. 4) of the present invénti@n is indicated by a
curve 164, and a phase frequency response for the
prior art linear versicn is shown by a dashed curve
166. The phase respcnse c@:ve 164 of the noﬁlingar _
filteb is the phase apprcximatién of the first
harm@n;ﬂ cr descr;bing functiun and shcws

: SLQn*flcantly less phase lag from that of t%e linear

versiocn. 1Im pazticular, at the break frequency 100

.Hzp the phase of the nenlinear filter is e32

30

s

degreeé, as indicated by a point 168 on ‘the curve
164, whereas the phase of the linear filter is about
-89 degrees as indicated by a p@int 170 on the curve .
166. Also, the phase of the ngnal;near filter at
100C Hz is approximately -60 degrees, as indicated

by a point 172, whereas the phase of the linear
filter is apgreximately ~100- degrees, as indicaﬁed,_
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15 anplitude and phase so as to attenuate said 16 di st uf|BIR

-sai d sensor. 1 8. The active noi.se control system of Ji[‘;f mﬂmmmﬂﬁm‘m .
. Wherein said filtering conprises a first order lag 3 filté&r Yurkcti®on® *1 -
9. The active noise control systemof Caim?7 2 wherein said filtering
conprises a discretized 3 filter function. 1 10. The active noise
control systemof Claim9 2 wherein said resetting resets said energy
states to 3 zero for one sanple tinegyaide 11. The active noise control
systemof Caim7 2 wherein said actua?or “means conprlses a speaker
- 15- We claim:

1 3. An active'hoise'cqntrol system,'comprising:
yi ar actuator which provides an acoustic anti-
3 noise signal in response %o a drive signal;
4 an error sensor disposed so as to sense said
§ acoustic anti-noise signal from said actuator and to
6§ sense disturbance noise and pzovide'an error signal
7 indicative of a combination therecf;
8 a ccntroller respbnsive-te said error signal,
c@mp 151ng'
.10 a filter having energy states, and
11 non~-linear reset logic which temporazrily

12 . resets said energy states in said filter to zero
13  when said error signal crosses zerc; o
i4 said cocntroller providing said drive signal to-
15 said actuatoer; and o | |
16 . said acoustic anti-noise signal having an
17 amplitude and phase 3o as tc attenuate said

18 disturbance noise at said sensor.

1 2. The active noise cgntrol system of Claim 1
wherein said filter is a first order lag filtez.

3. The active noise control system of Claim 1

wherein sald filter is a discretized filter.
. : _ _

L I - _
4. The active noise contrcl system of Claim 3

wherein said non-linear reset logic resets .said
3 energy states to zero for one sample time.

1 &§. The active noise control system of Claim 1
wherein said actuator comprises a speaker.

18- C AMENDED SHeEr



1 12. The active noise control systemof Caim?7 Hmmﬂlﬂnﬂmmj ror :
"sensing means conprises a 3 mcrophone. 1 13. Al 4 . ?v'ng~é
1noi se, conprising: 2 provi ding an acoustic ant | - noi se S|gﬁal in 3e

response to a drive signal; 4 sensing said acoustic anti-noise -
signal, 5  sensing dlsturbance noi se, and providing an error 6 signal
i ndi cati vk of6a cdfie mdtive tteisfcoritrol sydtem avf @lasixm ol error si gnal

o0 STRO% 21 ] G ORI SIS | R hdlg 7 5t op fo 9

zer o when" sai ror LR

si gnal ; and 11 sai d acoustlc anti-noi se 5|gnal havi ng an 12
anplitude pha t enuat.e ald dlsturbance noi se at said
sensor . %Fh @‘f & EPHHRY o WERF {493 2 wherein

sai d st epzof fl | t%gmmem fof lgﬁvﬁlw@f dandidd edntfanction,
noise signal in response to a'drive'signal;

error sensing means for sensing sald acoustic
anti-noise sigral from said actuator m@éns,_fcr
sensing disturbance noise, and for providing an
error signal indicative of a combination therecf;

sigral processing means responsive to said
error signal and having energy states, for filtering
10 said error signal and for temporarily reéetting said
11 energy states to zero when said error signal crosses
12 zero, and f@r-prcviding said drive signal to said

W @ 2 & U s W

13 actuator means; and
14 sald aceustic'anﬁiaﬁoise signal'having an
15 amplitide and phase so as to attenuate saild
16 -disturbance noise at said sensor.

1 8. The active ncise control system of Claim 7
'wh@r@in said filtering comprises a first order lag’
3 filter functicn.

i 9. The active noise control system cf Claim 7
wherein said filtering comprises a discretized
3 filterifunéti@na
| & :
10. The active noise control system of Claim 8
wherein said resetting resets said egérgy states to
3 zero for one sample time.

1 1i. The acﬁive noise control system of Claim ? '
wherein said actuator means comprises a spgakez@
 AMENDED SHEET
- 18 =



1. 15. The active noise control systemof Caim13 2 |IK 1
of filtering conprises a 3 discretized filter function.!/Essga: *W{M‘
noi se control systemof Claim11l5 2 wherein said resettlng'Step resets said»
energy 3 states to zero for one sanple tine. 1 17. The active noise
control systen1of Claim13 2 wherein said step of providing an acoustlc
anti- 3 noilse ¥2¢gnafhesagsiver pedispycontpebksysten of Claim 7

- 16- 0
PCT/ US97/ 0§132 Rere=p saidC@fkal géﬂs@? means comprises a

3 =microphone.

13. A method for reducing noise, comprising:
providing an acoustic anti-noise signa in
response to a drive signal;
sensing said acaustic anti-noise signal,
' senalng disturbance noise, and providing an error
signal indicative of a combination thereof;
filtering said error signal and temporarily
resetting energy states in said filtering step to
zero when saild error signal crosses zers, and

8 @ ) W e W N

=
(=]

providing said drive signal; and
sald acoustic anti-noclise signal having an
ampllitude and phase so as to attenuate said
disturbance noise at said sensor. .

= e
W by =

1 14. The active noise control system of Claim 13
wherein said step of filtering comprises a first

3. order lag filter function.

1 18. The active noise ccntrol'system of Claim 13
2 wherein said step of ﬁ;lterlng compr Lses a

3 dlscxetlzed filter function.
1 16. The active noise ccntrcl;system cf Claim 13

1
wh@reig sald resetting step resets said energy
3 &tates to zero for cone sample_time, |

17. The active noise control system of Claim 13
wherein said step of providing an acoustic anti-
noise signal is performed by a speaker.

[

€ (D

- 16 - |
AMENDED Chzg -+



The active noi se control

s,

systemof Caim1l3 2 wherein said sensing

., step is perforned by a 3 mcrophone, -
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