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complication of all active noise systems is that the duct characteristics are

superimposed upon the noise canceling process which includes noise emitted and
reflected back from the noise canceling loudspeaker towards the noise source. This
additional noise will be sensed by the input microphone and, if not properly accounted
for, will lead to system or feedback instabilities. So, as part of canceling the noise, it
‘is necessary to identify and separate the reflected and generated noise from the control
loudspeéker from that due to the noise source at the input im'crophone. Another
drawback of conventional active noise cancellation schemes is the cumulative
physical distances serially required between the input noise sensor, the noise canceler
and the error noise sensor. The physical distances reflect the time required to sense
the noise, process the information, produce a canceling signal and to sense the result
of the canceling signal with each step corresponding to a time delay which requires
additional physical distance. The reduction of these time delays would result in a
reduced package size thereby maklng ANC more commercially attractive.
Additionally, previous ANC systems have used adaptive infinite-impulse-response
(TIR) filters to model feedback from the control loudspeaker to the output microphone.
However, by their structure, IIR filters can be prone to stability problems.

A major improvement provided by the present invention is the elimination of an
adaptive IIR filter structure. As a result, a system is provided which has a stabler
control structure and greater system robustness. The présent invention employs two
cumulative structures that may be used individually, but preferably together. One
feature is the use of two sensing microphones which are spaced apart a short distance
along the duct thereby permitting the distinguishing of forward and reverse
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It is an object of this invention to produce a signal from a noise canceling loudspeaker

that is directly proportional to the forward propagating acoustic pressure wave.

It is another object of this invention to permit the distinguishing of the forward
propagating pressure wavefront which propagates from the source towards the ANC
system and therefore eliminating the need for feedback modeling.

It is a further object of this invention to reduce the input microphone to loudspeaker
distance or acoustic plant length required for active noise control related to ducts.
These objects, and others as will become apparent hereinafter, are accomplished by

the present invention.

Basically, a plurality of spaced sensing microphones are located at or near the noise
source and the sensed signals are processed such that only the forward traveling wave
component of the sound wave originating from the noise source is isolated and
provided as an input to the canceling loudspeaker’s driving circuitry. The velocity of
the speaker cone of the canceling loudspeaker corresponds to the sound being
produced by the canceling loudspeaker. By sensing the velocity of the speaker cone
and comparing the sensed velocity to the driving signal the response time and
distances can be shortened.

Figure 1 is a schematic representation of a PRIOR ART noise canceling system;
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Figure 5 is a schematic representation of a forward pressure wave approximation filter
yvhich is an alternative to the Figure 4 embodiment;

Figure6is a schematic representation of a system using a digital implementation of
the controller; and

Figure 7 is a schematic representation of a system using an analog implementation of
the controller.

Figure 1 is based upon U.S. Patents 4,677,676 and 4,677,677 which are'drawn to an
active noise cancellation system using an adaptive infinite-impulse-response (IIR)
filter. Rather than trying to cancel the feedback sound component with special analog
electronics and filters, the effects of both feedforward (sensing microphone to
loudspeaker) and feedback (loudspeaker to sensing microphone) sound paths are
modeled. Briefly, at start up, switch S1 is closed connecting white noise source 10 to
canceling loudspeaker 12 in addition to its connection to adaptive error path filter 14,
and multiplier 16. The filter coefficients for filters 14-1 and 14-2 are zero at this time.
Switch S2 is open so that white noise source 10 is providing the only input for
loudspeaker 12. Filter 14 models the path from the input voltage to canceling
loudspeaker 12, due to white noise source 10, to the output voltage measured by error
microphone 18. The output of error microphone 18 and the output of filter 14 are
supplied to adder 20. The output of adder 20 is supplied as an input to multiplier 16
and the output of multiplier 16 is supplied as a second input to filter 14. Filter 14 is



provided as an input to the canceling | oudspeaker's driving circuitry. The
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representati ong of sl opened and switeh ¥2%5 bBsed. "Hheaiaptve fifdhs 24 and 24 are now
identified while control is being performed at canceling loudspeaker 12. System
performance is measured at error microphone 18 and fed back to the control system
via multipliers 26 and 28 to update filters 22 and 24, respectively. Specifically, with
switch S2 closed, sensing microphone 30 senses the noise produced in duct 32 by a
noise source 34, represented by a loudspeaker, as well as from anti-noise or canceling
loudspeaker 12 and provides an input representative of the sensed noise to filters 14-1
and 22. The filtered output of filter 14-1 is supplied as a second input to multiplier 26
~ whose output is supplied as a second input to filter 22. The output of filter 22 is
supplied to adder 36 whose output is supplied to canceling loudspeaker 12 via addér
38, to filter 24 and to filter 14-2. The output of filter 14-2 is supplied as a second
- input to multiplier 28 and the output of multiplier 28 is supplied as a second inputto
filter 24. The output of filter 24 is supplied as a second input to adder 36. The
structure of filters 14, 22 and 24 is generally implemented as transverse adaptive
filters and the adaptation process is implemented using standard least-mean-square
(LMS) techniques. '

In Figure 2 structure corresponding to structure in Figure 1 is given the same label and
the numeral 32 generally designates a duct such as that used in the distribution of
conditioned air. Mechanical equipment such as compressors and fans produce noise
and are collectively illustrated as a loudspeaker 34 which is a noise source producing
a forward pressure wave, Pg, which is proportional to the forward component of the
acoustic particle velocity of the sound and is represented by an arrow in Figure 2. In
acoustics there are, primarily, two different velocities. The first is the particle velocity
which is the actual molecular level velocity. The second is the velocity at which
information propagates, i.e. the speed of sound. The first or particle velocity is based
on the input or source conditions. The second velocity, or speed of sound, is based
upon thermodynamic and physical properties of the fluid medium. Downstream noise

sources as well as duct characteristics causing reflections produce a reverse pressure
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Canceling speaker 13 is operated to produce a sound to cancel the sound of noise
source 34. Specifically, speaker 13 produces a forward pressure wave, Pg, which is
transmitted both upstream and downstream in duct 32 relative to speaker 13.
Referring to Figure 3, speaker 13 includes a permanent magnet having north poles
13-1 and a south pole 13-2. An air gap is defined between poles 13-1 and 13-2.
Speaker cone 13-3 is supported on frame 13-5 by cone suspension 13-4. A portion,
13-3A, of cone 13-3 is located in the air gap and serves as a "former" for coils 13-6
. and 13-7 which are glued to the former 13-3A of cone 13-3. The former 13-3A is
essentially massless and provides stiffness to hold coils 13-6 and 13-7 which are
movable therewith. When an altemnating electric current is applied to coil 13-6 it is
caused to move within the magnetic field in the air gap and carries cone 13-3 in its
movement which results in the generation of noise/sound. Movement of coil 13-6
also causes the movement of coil 13-7 causing the inducing of a voltage in coil 13-7
with the induced voltage being proportional to'the velocity of cone 13-3 and coils 13-

6 and 13-7 which are moving as a unit.

Error microphone 18 is located in duct 32, spaced from speaker 13 and on the
opposite side of speaker 13 from noise source 34. Sensing microphones 30-1 and 30-
2, speaker 13 and error microphone 18 are connected through circuitry and coact to
sense noise, cancel the sensed noise and correct the cancellation. Progressive wave
filter (PWF) 40 is connected to sensing microphones 30-1 and 30-2 and, as best
shown in Figure 4, distinguishes the forward pressure wave, Py, from the reverse
pressure wave, P,. In this implementation, flow effects are neglected and microphones

30-1 and 30-2 have the same gain sensitivities. The noise sensed by sensing
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second i nput t Geprestnis tBe forWafd pressure wave, Py, and is supplied via switch S2 to filters 14-1
and 22 and is supplied as a first input to time delay 50 in the feedback loop. Feedback

deléy 52, having a time delay of 27, provides a second input to delay 50. A loss term
of 0.95 appears in the feedback loop as block 54 which receives an input from delay
50 and supplies a second input to adder 48. This small leakage in the feedback loop
controls the stability of the filter 40 and keeps the filter gain at its poles within
reasonable limits. This value was arbitrarily set to 0.95, however, any value between
0.9 and 0.99 could be chosen without éppreciable loss in accuracy.

In Figure 2, filters 22 and 14-1 receive the output of PWF 40, which represents P; at
microphone 30-1, as an input. Filter 14-1 w!iich is copied from filter 14, as described
above with respect to Figure 1, provides a first input to multiplier 26 and an output
signal from error microphone 18 is provided as a second input to multiplier 26. The
output of multiplier 26 is provided as a second input to filter 22. Filter 22 has an
output representing the corrected forward pressure wave which is supplied via adder
38 to adder 41 as a first input. The output of filter 22 accounts for the time delay from
microphone 30-1 to the canceling loudspeaker 13 and any anomaly associated with
the frequency response of loudspeaker 13. The output of adder 38 which represents
the driving force for speaker 13 and any gain corrections that may be required due to
system effects is supplied to speaker 13 via adder 41. Referring again to Figure 3,
power supplied to coil 13-6 via adder 41 causes its movement and the movement of
integral cone 13-3 which produces sound. Coil 13-7 moves therewith and the
movement of coil 13-7 in the air gap between pole 13-1 and pole 13-2 induces a
voltage in coil 13-7 which is related to the movement/velocity of coil 13-7. Since coil
13-7 is moving as a unit with cone 13-3 and coil 13-6, the voltage induced by

movement of coil 13-7 is a direct indication of the velocity of movement of cone 13-3
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In comparing Figures 1 and 2, it will be noted that the Figure 2 device eliminates
filters 14-2 and 24 and multiplier 28 and adder 36.

Turning now to Figure 5, the progressive wave filter 40, PWF, of Figure 4 can be
replaced with forward pressure wave approximation filter 100. The noise sensed by
sensing microphone 30-1 is supplied as a first input to adder 101 and as an input to
divider 102. The noise sensed by sensing microphone 30-2 is supplied as a second
input to adder 101. The output of adder 101 is supplied to integrator 103 which
supplies an input to divider 104. The outputs of dividers 104 and 102 are supplied as

' first and second inputs, respectively, to adder 105 which has an output P.. The
embodiment of the PWF 40 described in Figure 4 reduces to that in Figure 5 when kL
<M/8 where k is the acoustic wave number, L is the separation distance between
microphones 30-1 and 30-2, and A = the acoustic wavelength.

Before proceeding with the description of the embodiments of Figures 6 and 7, note

~ their common servo (feedback) mechanism at the loudspeaker 112 and power
amplifier 113. The servo mechanism provides a feedback signal that is proportional
to the loudspeaker's cone velocity through feedback gain stage 114, having a gain K.
The velocity feedback signal could be achieved via a variety of mechanisms such as |
providing a coil on the cone, as in Figure 3, which moves with respect to the magnet
of loudspeaker 112 so as to produce a signal indicative of movement of the cone and
thereby of the sound being generated by loudspeaker 112. The feedback gain, K is not
known and would have to be predetermined before control starts. This gain would be
loudspeaker dependent and in general would be on the order of, 100. In addition, the
power amplifier 113 is assumed to have a unity power transfer function. The power



5 wave, Pl[err], which is also represented by an arrow in Figure 2.
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applied to col -
indicated noise source 134 can be either on, or off during Steps 1 and 2. It is assumed

that the noise source 134 is on during Step 3. Ifit is off, the ANC system will be

essentially inoperative.

To initiate calibration of loudspeaker 112, switch S3 is closed, switches S4 (Figure 6

~ only) and S5 are open and noise source 134 is on. The white noise source 110
(constant amplitude, broadband frequency distribution) supplies-a signal to the
Loudspeaker Correction Filter (adaptive Finite Impulse Response (FIR) structure)
116, Hc, multiplier 129, and Desired Loudspeakér Velocity Response Filter, 117, Hp,
in loudspeaker adaptive correction block or circuit 190. Circuit 190 has the function
of computing the required correction ﬁltei 116, Hc, for the loudspeaker's velocity
resonse based upon a d&ﬁired response, Hp, of filter 117. The output of H; correction
filter 116 is supplied as an input to the servo-loudspeaker via closed switch S3 and
adder 138. The servo-output (i.e. velocity of the loudspeaker’s cone before gain, K) is
fed back to adder 128 negated and summed with the output of the velocity response

- filter 117. This signal represents an error signal and is the deviation of the actual
loudspeaker's cone velocity from the desired loudspeaker’s cone velocity. The error
signal is combined in a least mean square, LMS, fashion with the input signal from
the noise generator 110. Specifically the signal from adder 128 is multiplied with an
input signal from noise generator 110 in multiplier 129 and a small constant (not
shown), generally referred to as a convergence parameter, which is typically 0.1% of
the input power. The process continues until the error signal is reduced to a
predetermined small value. After convergence, the H-filter 116 is copied to filter
116-1 of the FIR controller 192 or 192', as indicated, and filter 1 16-2 of C-plant



caused to nmove within the magnetic field in the air gap and carries cone
13-3 in its novenent which results in the generation of noise/sound.
Movenent of coil 13-6 al so causes the novenent of coil 13-7 causing the
i nducing.of a voltage in coil 13-7 with the induced voltage being
proportional to the velocity of cone 13-3 and coils 13- 6 and 13-7 which
are noving as a unit. Error mcrophone 18 ©s |ocated in duct 32, spaced
from speaker 13 and on the opposite side of speaker 13 from noi se source
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connected to sensing m crophones 30-1 and 30-2 and, as best shown in Figure

4, distinguishes the forward pressure wave, Plerr], fromthe reverse
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: input voltage to filter 1 16-2’ to the output voltage from microphone or sensor 130-2.
To initiate C-plant identification in adaptive error path identification filter block or
circuit 194 of Figure 6, switch S, is closed, switches S, and S; are open and white
noise source 110 is on. Noise source 110 supplies a signal to adaptive C-filter 140
which is a Transverse Filter (adaptive FIR structure) model of error plant (path from
input voltage to servo-loudspeaker to output voltage from microphone 130-2) and to
LMS multiplier 141. White noise source 110 directly feeds the input to the servo
loudspeaker via closed switch S4, correction filter 116-2, _adder 138 and power
amplifier 113 which excites the duct 32 with sound energy via the loudspeaker 112.
This acoustic signal is sensed by microphone 130-2, negated and summed in adder
142 with the output of filter 140 producing an error signal. The error signal is
combined at the multiplier 141 in an LMS fashion (convergence parameter not shown)
with the output of the noise generator 110. This process continues until the error
signal is reduced to a predetermined, small value. After convergence the C-filter 140
i copied to filteF 140-1 of the FIR controller or adaptive digital active noise control
* filter block or circuit 192, as indicated. |

To initiate FIR controller or control filter circuit 192 of Figure 6 and 192' of Figure 7,
switch S5 is closed and switches S3 and S4 (Figure 6 only) are open and white noise
source 110 is off. Prior to the closing of switch S5 noise from the noise source 134 is
propagated down the duct 32 towards microphones 130-1 and 130-2, and the
loudspeaker 112. The duct 32 acts as an acoustic waveguide in that the dominant
acoustic energy in the duct 32 propagates as plane, acoustic waves (same acoustic
pressure in any duct cross-section). At the loudspeaker 112, the acoustic energy
associated with the noise source 134, responds to the variation in the normal duct
impedance caused by the presence of the loudspeaker 112 (i.e., the loudspeaker has
different mass, stiffness and damping properties than that of the duct). Some of the



respectively. Forward delay 46 provides a tine delay, [err], where [err]
and L is the separation distance of m crophones 30-1 and 30-2 and c is the
speed of sound in duct 32, as a second input to tinme delay 45. Delay 45
provi des a second input to adder 44. The output of adder 44 is supplied as
a first input to adder 48. The output of adder 48 represents the forward
pressure wave, Plerr], and is supplied vippswitch S2 to filters 14-1 and 22
and is supplied as a first input to tine delay 50 in the feedback | oop.

Feedback delay 52, having .a ti el of rr],,provides a segcond input
Lo delay 50, opgiseteuey sie loudgeskse Hp 5 it onk o ©udpBite Bhise ks
whi ch recei Vﬁ%u?d% l'SQPMJ k%ﬂﬁi&&d@@n@i@d&?ﬂ@hﬁ@&e%é%&%ﬁ&?ﬁh&? adder

48. This snm | eakage 1 n the feedback | oop controls the stability of the

filter 40 ancthronghshe motion bf Ge lopdspeaker's diaphpagnes Ahanyhdownséreamrdact e [inits.
This value was arbitrardily set tp 0.95 .  however, any val ue.between 0.9 and
0,60 coul'd bedisatnpityton dkafible 4 Pranch ok teriRROR, 5 sl e oflRE T o 5
filters 22 angfiédioh, trixtshiission &1 diskipiition oF sl efbrgy\boias. FRiM fiehySicall er r ]

at mcrophone 30-1, as an input. Filter 14-1 which is copied fromfilter

14, as descr i daseriptiomgiven hare wespethat the seung field, or agoustic peessure,fB, in theidugtit t o

2 second | npufetis RRoN R by bABE yooks G bl Ha B BAIBRGR 2y fudtelihe 0o 0
a second i npup, didectioh e thedict. MMathemaichllyothe followihg Bguations esirpleteRoddsbibe

corrected forward pressure wave which is supplied, via_adder L.
the plane-wave, acoustic pressure, P, and acoustic particle velocity, U, at any point in

the duct where x, is the longitudinal duct coordinate, j isv—1, k is the acoustic

wavenumber, p is the duct medium density, ¢ is the duct medium speed of sound and

the subscripts f and r designate forward and reverse directions, respectively:

P= Pf . e-j-t’-x + P,, . eu'-k'u: U= Uf . e-j-&’-x - Ur . e+i-t'-x
U ! =—, r = —

pe pe

The constants in the above equation are defined by,

k* =k, -(1- M), k™ =k, -(1+ M)

k = ko —ja (M)
¢ 1- M?
where:
M = Mach Number
and

o (M) = Attenuation Factor.
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38 to adder 41 as a first input. The output of filter 22 accounts for the
time delay from mi crophone 30-1 to the canceling | oudspeaker 13 and any
anonaly associated with the frequency response of |oudspeaker 13. The

out put of adder 38 which represents the driving force for speaker 13 and
any gain corrections that may be required due to systemeffects is supplied
to speaker 13 via adder 41. Referring agai hlto Figure 3, power supplied to
coil 13-6 via adder 41 causes its novenment and the novenent of integra

cone 13-3 whic e |y 13-.7 h th and t he nobvement
of coil 13-7 iﬁloﬁ"h@ ﬁ}e "ggfﬁg@ﬁpﬁ’o%g PP lgiﬂ%‘ EO‘FXA % g"l“fﬂﬁsc@g o

vol tage in coi bhéh3(ﬂawm&§hm&s1gtﬁ|aﬁﬁuda reversd sressue P hd ¥c0ueti¢ partiele veRkity,
13-7. Since coll 13-7 is nmoving as a ,unjt wth cone 13-3 and coil 13-6, the

vol t age i nduc eHnwvmneﬁw-nlﬁswegatwssm s The total aequstic pressure isrn ssplar he
velociih o AR, 14 N oy dr AL 0 A
proportional tcortfast, theraceusticivelsity) ¥, isa wectof quantitys pedibedefiriilion hds)bottaused by
LLS movemenl.  Hition and tagnifade. The positive x-direction was arbianly Sosen tobe - 9"
gain
represented by waves propagating in a left-to-right fashion in the duct 32, note that the
negative sign in the reverse velocity, U,, wave reflects this. The ultimate goal of an
ANC system is to cancel all noise which propagates to the receiver. In most cases,
this would be at some point located downstream of the ANC system. For these cases,
the only offending component of the noise to be canceled is that energy associated
with the forward component of the wave propagation. Since all energy propagating in
| a reverse direction in the duct is assumed to be caused by a reflected component of the
forward wave (assuming no downstream sources) at some point in the duct, the
reflected wave compohent would be forced to zero in the absence of any forward
propagating component. In addition, by sensing only the forward wave component of
the sound field all feedback sound energy from the loudspeaker 112, when active,
~ would be rejected since these sound waves from the loudspeaker 112 are actually

reverse sound waves relative to the progressive wave, PW, microphone array.

Since a microphone measures the total acoustic pressure at any point (summation of
forward and reverse waves) it would be desirable to devise some means by which only
the forward component of the pressure wave is measured. This is exactly
accomplished with the PW filter 132.

Notice that the forward acoustic velocity component, U, is related to the forward
pressure component via the specific acoustic impedance quantity, p ¢ (i.e. U;=
(P¢/p-c)). By having an ideal velocity source (flat frequency response) the acoustic
pressure can be exactly replicated. By utilizing a servo mechanism, and correction

function H,, the loudspeaker’s velocity response essentially becomes ideal.
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step 42 as gain-K and supplied as second input to adder 41 thereby
correcting the driving signal for speaker 13 responsive to the actual
operation of speaker 13. In conparing Figures 1 and 2, it will be noted
that the Figure 2 device elimnates filters 14-2 and 24 and nultiplier 28
and adder 36. Turning now to Figure 5, the progressive wave filter 40, PWF,
of Figure 4 can be replaced with forward prigssure wave approxi mation filter
100. The noi se sensed by sensing m crophone 30-1 is supplied as a first

o A R i a7, e s TR b B
out put of addeghelfily, ANC sy3Rinh RGokRowthe sy Aﬁ{atéﬁﬁeuﬂhﬁﬁl&gﬂmfm@f‘mbﬂpm
to divider 104. The outputs of dividers 104 and 102 are supplied as first

and second i npsystsms Thisalelayreprgsentsothe timnerit takes the farwardpressuresvayemeaspesdral |

Th mbodi t _of R ' ' ' d . t hat i
Figure 5 when EEcropliie 0-GiofaREla B barby osheies 113, R Rled e pehacactp,
separation di syakmee BEWEEE hicfophicHNI30eSandohtralNBudspeaker #1Z theddldy, T, édbe
acoustic wavel ength. Before proceeding with the description of the

embodi ment s of calcylated dyprdd. WhenoLeistnowithe distancefreramvicropheseil0e k jo control

Techant m pr ovIUSPEKRLOAE. 5t HavE pEapagaBoB sy 19 aifion, e goretoa

'KOUdS peaker’s ogfiff fatfdr® frlcontbl, B4 ub6 HRUBLVOS uRtiSsWSeribldy whve' N9 2 gai n
propagation, is K = [-;—%] . In this equation, AR is the area ratio of the
duct-to-loudspeaker and assumes a 1-to-1, pressure-to-voltage transfer function for
microphones 130-1 and 130-2. The Figures 6 and 7 ﬁnplementaﬁom use progressive
wave filter 132 which corresponds to PW filter 40 of Figure 4. Because there could
be some variability in both the delay and gain required for control due to flow and
high order acoustic effects, the control embodiment of FIR controller 192 or control
filter circuit of Figure 6 uses an adaptive filter 120(A). In addition the previously
mentioned "theoretical” gain factor assumes a 1-to-1, pressure-to-voltage transfer
function for microphones 130-1 and 130-2. This is generally not the case which

~ makes the adaptive system as described in Figuré 6 desirable over that in Figure 7.

This technique automatically computes the required gain and delay and also accounts
for any variation over time in these two quantities. However, for a lower cost and
potentially lower performance system, the FIR controller or adaptive noise control
élter block or circuit 192’ of Figure 7 may be employed. In Figures 6 and 7,
microphones 130-1 and 130-2 provide input signals to progressive wave filter 132
and, additionally, microphone 130-2 provides an input to FIR controller or control
filter circuit 192 of Figure 6 and 192" of Figure 7.

Referring specifically to Figure 6, the output of filter 132 is supplied as an input to
filter 140-1 and adaptive filter 120 of FIR controller or control filter circuit 192. Filter
140-1 provides a first input to multiplier 150. Microphone 130-2 provides a secohd
input to multiplier 150. The output of multiplier 150 is supplied to adaptive filter 120.



The velocity feedback signal could be achieved via a variety of nechani sns
such as providing a coil on the cone, as in Figure 3, which noves with
respect to the nagnet of |oudspeaker 112 so as to produce a si‘gnal

i ndi cati ve of novenent of the cone and thereby of the sound being generated
by | oudspeaker 112. The feedback gain, Kis not known and woul d have to be
predet ermi ned before control starts. Thisldain would be | oudspeaker
dependent and in general would be on the order of 100. In addition, the
power anplifi ' [ . L.pn. The
bover ampl i e B ARSI kgl Mt 16 ARNE buphERShlc IS SioaRE
drive current #Q videlosedsvdich $i§candlaider 138 and poweesinplifiendt80on. A nmj or

di fference between the enbodi nents of Figures 6 and 7 fromthose of Figures
24 is that m crophone 130-2 is used in both the PWfilter 132 and as the

error sensor, | : i : : .
Al ternativel yﬁﬁkﬁﬂét@!ﬁé?’ﬁgg}l éi)}r% ?’g%%?‘lgﬁgﬁfﬁ l‘%glﬁiétg?@c]wg%g?%gﬁ# géﬂiont r ol
| oudspeaker 1Xkfrcuith95 aswalfirshinpdt ofgaire]52ofiRIR chiifoltenor bantral filer cironit 192",
of fduring Steps. 1 and t is,assuned.that the ise source 134 is on
during Step 3%1@9%“? 53%kfpf°‘?‘iﬁ§ agrgo ‘El‘ﬁ%‘!‘l‘ggeﬁ’e output of gain 152 is
supplied to filter 116-1 whose output is supplied to speaker 112 via closed switch S5,
and adder 138 and power amplifier 113. In Figure 7, the error signal supplied by

microphone 130-2 is used as input to an analog automatic gain control circuit 152

with a fixed time delay circuit 195. This circuit has the advantage over a fixed gain

filter, suggested by the feed gain factor K = [;”A;] in that it can respond, in a DC

fashion, to any vaﬁation in loudspeaker or microphone sensitivity. This system is not
as robust as that of Figure 6 in that it cannot respond tc individual frequency
variations and therefore its performance may be less than that of Figure 6. However,
this system would cost dramatically less than that of Figure 6.

The systems of Figures 6 and 7 described above offer a number of advantages over
prior art systems in that they permit reducing the distance requirements for the
instailation. The'sensing microphones 30-1 and 30-2 can be separated.by a relatively
small distance, e.g. 1/8 of the wavelength of the highest frequency of interest for a
purely analog system located within a duct. The sensing of the movement of cone 13-
3 via coil 13-7 permits the determination of the sound being produced by the driving
structure as opposed to knowing the input signal and sensing the results thereof after
the fact. For the analog version, all components of the ANC system including
“microphones, servo-loudspeaker and ancillary electronics are assumed to be "ideal”.
That is having a unity input-to-output voltage transfer function. In the case of a
digital system, adaptive filters are used to compensate for uncertainties, i.e. non-ideal

transfer functions, that can occur in an actual ANC system,

In both the digital and analog PW systems of Figures 6 and 7, respectively,
microphone 130-2, is used to monitor and provide feedback information on system



essentially inoperative. To initiate calibration of |oudspeaker 112, swtch
S3 is closed, switches S4 (Figure 6 only) and S5 are open and noi se source
134 is on. The white noise source 110 (constant anplitude, broadband
frequency distribution) supplies a signal to the Loudspeaker Correction
Filter (adaptive Finite Inmpul se Response (FIR) structure) 116, Herr],

mul tiplier 129, and Desired Loudspeaker Veldocity Response Filter, 117,
Herr], in loudspeaker adaptive correction block or circuit 190 Crcuit

190 has the f f ting t d
Fer 1. for t HEriopMmEsdsiRo euscri i oo provits it (e FY il 147. B Bflems
response, Hf ergd,@kerd tbhﬁhn%%g the bR6rall lp&ésyﬁre@i mlri{repudnquoxzeqtmm dsdnter 116

is supplied as an input to the servo-loudspeaker via closed switch S3 and
adder 138. Th efomes um@quuﬂfmw copditioniat thedpudspeakeer, L 12; pehgreby'all trgsmittsds or e
gain, K) is fed ck to ad 8 negated and sumred with the output of the
vel ocity respoifd® Fﬁ‘?’%?”of en 287 % gnal represents an error signal and is
t he devi ation of the actual Ioudspeaker s cone velocity fromthe desired

| oudspeaker's cone velocity. The error signal is conbined in a | east nean
square, LMsS, fashion with the input signal fromthe noise generator 110.
Specifically the signal fromadder 128 is nmultiplied with an input signal
fromnoi se generator 110 in nultiplier 129 and a small constant (not

shown), generally referred to as a convergence paraneter, which is
typically 0.1% of




t he ﬂ process continues until the error signal is reduced to
a pr ﬂ m lﬁ!ﬁ&“ﬁw !! val ue. After convergence, the Hc-filter 116 is copied
to fi e FIR controller 192 or 192', as indicatéd, and filter
116-2 of GC-plant 9 identification 194 (Figure 6, only). FIR controllers
192 and 192' produce outputs that mnimzes the sound pressure at

m crophone or sensor 130-2. C-plant identifilbcation or circuit 194 is the
adaptive error path identification circuit whose function is to identify
the transfer function, C that defines te fromthe input voltage to
filter 116-2 to 'the output voltage fromm‘%one or sensor 130-2. To
initiate Gplant identification in adaptive error path identification
filter block or_circ |1; 194 of Figure 6, switch S[err] is closed, swtches
S[err] and § erwl}at&‘r laypedhisand white noise source 110 is on. Noise source
110 supplies a signal to adaptive C-filter 140 which is a Transverse Filter
(adaptive FIR structure) nodel of error plant (path frominput voltage to
servo-| oudspeaker to outfut v noiggcahcelingrsysternfonarcaid @istribytiom stracturk VS

mul tiplier 141. Wi,t.e noi se source 110 directly feeds the input to the
servo comprising:

duct means (32) for delivering air;

a source of noise (34) located with respect to said duct means so as to
transmit noise into said duct means as a forward component which is subject to
reflection due to coaction with said duct means to produce a reflected component
whereby noise from said source of noise can be present in said duct means as both a
forward component and a reflected component;

sensing means (30-1; 30-2; 130-1; 130-2) located in said duct means;

noise canceling means (13; 112) located with respect to said duct
means so as to fransmit a canceling noise into said duct means;

| circuitry connected to said sensing means and said noise canceling
means and including means for ﬂistinguishing between said forward component and
said reflected component and for producing an output representative of said forward
component (40; 100; 132) and means for driving said noise canceling means so as to

“produce noise corresponding to said forward component.

2, The system of claim 1 wherein said means for distinguishing
between said forward component and said reflected component is a progressive wave
filter (40; 132).

3. The system of claim 1 wherein said means for distinguishing
between said forward component and said reflected component is a forward pressure

wave approximation filter (100).
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sed switch S4, correction filter 116-2, adder 138 and
BE@E@EE“‘H@E'& whi ch excites the duct 32 with sound energy via the

i s acoustic signal is sensed by m crophone 130-2,
negat ed and summed in adder 142 with the output of filter 140 producing an
error signal. The error signal is conbined at the nultiplier 141 in an LMS
fashi on (convergence paraneter not shown) p¢ith the output of the noise
generator 110. This process continues until the error signal is reduced to
a predetermned, small value,  After c nver ce the Cfilter 140 is cop| ed

to filter 140- 1 of the R ca'll?PlsHtF‘BP G‘a“ﬁ ercip sgif Gireuifry nqlides means
control filter s&gsmgtz{eéﬂm ?31930""%@“*‘“?2 fo3kRAl outputiof 'silki%!%e'ihﬁéelmg

controller or con rol cult gure 6 and 192' of Figure 7,
switch S5 is gheansandundams\(#2;cl1d} fopFealimg libtk(sﬁdgmd outpnt tp)saig meansdor and

white noi se source 1;LO|s off ... Prior to the cI e from
t he noi se souds¥ngsald @‘iﬁ%ﬁ%‘é‘géﬁea&%%aﬁﬁ@dﬂﬁ @%"?’E\@‘F%‘i&%%‘iﬁaﬁﬁ
'130-1 and 130- ﬁ“i*’%?ﬁ Ioudspeaker 112. The duct 32 acts as an acoustlc

wavegui de in & m nant acoustic energy in the duct 32 propagates as
pl ane, acoustic waves (sane acoustic pressure in any duct cross- sectlon)

At the | oudspeaker 112, the QuSt.i C som
source 134, responds t 0 he \a/é‘resﬁ’ft%r? cﬁuﬁﬁ gdgﬂ‘g&h&%pr&ggﬁcme caused
by the presencgipi(23) @rieshtiainRat te tithé nédesfury for fh@lsh Godssatdsontcdufnoise to

travel between said sensing means and said noise canceling means.

6. The system of claim 1 wherein said sensing means (30-1; 30-2;
130-1; 130-2) is a pair of sensors in a spaced relationship relative to said source of

noise.

T The system of claim 6 further including:

a second sensing means (18) located in said duct means at a location
such that said noise canceling means is located intermediate said second sensing
means and said source of noise;

‘said second sensing means being connected to said circuiti'y mearns so
as to provide a signal representative of the result of interaction between noise from
said source of noise and said noise canceling means;

said circuitry including means (41) responsive to said signal
representative of the result of interaction between noise from said source of noise and
said noise canceling means to adjust said means for driving said noise canceling

means.

8. The system of claim 6 wherein one of said pair of sensors.
(130-2) is located opposite said noise canceling means, and said one of said pair of
sensors (130-1) is connected to error sensing means (132) which forms a part of said

circuitry.

T




nt mass .
Sone of i@mﬁiﬁ . c energy at the | oudspeaker 112 is reflected back

upstrea e source 134, sone is transnmtted down the duct 32
and the r*est S SSl d as heat through the notion of the | oudspeaker's
di aphragm At any downstream duct discontinuity, for exanple a branch or
termnation, a similar interaction of thelteflection, transnission and

di ssi pati on of sound energy occurs. Fromthe physi cal descri ption given
here we see that the soy nd fﬁé%st&ﬁomgwgweﬁgmessure P, in the duct can
be described as two pl ane acoustic waves trave in a forward, Plerr],

and reverse, P., direct 48 circmtrymodhdes angtdfsalvawauaﬁltyc (thz)oomMedgo
equations conpletely describ

e-wave, acousgti F PR Chec and
acoustic part S@d@awefamsw;an a ‘&Etegfﬁﬁmnﬁq“g@ﬁ&épgb\j% %“Phe
| ongi t udi nal Fpgeﬁs &uﬁm
S '? he duct n§§€ Cor#gﬂ%@ﬁg&%r&ﬁéﬁ%ﬂg‘gg&gﬁdvgéﬁd and t%e P

subscripts f aﬂdnbnsdemcghngmeéns:vvard and reverse directions, respectively:
[err]

10.  The system of claim 9 further including:

a loudspeaker calibration circuit including a white noise source (10;
110), an adaptive transverse filter (140), and a desired loudspeaker velocity response
transfer function; and

means (S3) for selectively connecting said calibration circuit to said

noise canceling means and disabling said output of said controller.

11. ©  The system of claim 10 further including:
a an adaptive error path identification circuit including an adaptive
transverse filter (14; 116) and connected to said white noise source.

12.  The system of claim 11 wherein said controller includes a filter

(140-1) copied from said adaptive transverse filter of said identification circuit.

13.  The system of claim 12 wherein said controller includes a filter
(116-1) copied from said adaptive transverse filter of said speaker calibration circuit.

14.  The system of claim 10 wherein said controller includes a filter
(116-1) copied from said adaptive transverse filter of said speaker calibration circuit.

15.  The system of claim 1 wherein said sensing means includes a
pair of sensors in a spaced relationship relative to said source of noise located

upstream of said noise canceling means.
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[err] The constants in the above equation are defined by, [err] [err]
where: M[err] Mach Nunber and [err] (M [err] Attenuation Factor. Not e
that, the forward pressure, P[err], and acoustic particle velocity, Uerr],
waves are in phase (have the sane sign) and the reverse pressure, Plerr],
and acoustic particle velocity, U, -wave are in anti-phase (negative sign).
The total acoustic pressure is a scalar quddtity, that is it has no
apparent direction associated with it, only magnitude. In contrast, the
acoustic velocity, U, is a vectgy AN meQ@s—ﬁ;ﬁ nition has both

di rection and nmagni tude. The 8%% mog'aﬁﬁb@twguﬁipitrari |y chosen to
be represented by waves propa THng T atert-to-rrgnt rashion in the duct
32, note that the

Two microphones spaced along a duct of an air conditioning system provide inputs to

- |

circuitry whereby the noise being generated is distinguished from reflected noise. The
circuitry imposes a time delay corresponding to the time required for generated noise
to pass from the upstream microphone to a canceling speaker. The canceling speaker
is driven by the circuitry, subject to the time delay, such that noise at the speaker is
canceled by the appropriately driven speaker. In a preferred embodiment movement
of the speaker is sensed whereby the actual sound being produced can be compared
with the sound required by the canceling speaker driving signal.

FIGURE 2



negative sign in the reverse velocity, U[err] wave reflects this. The
ul'timte goal of an ANC systemis to cancel : aII ‘noi se whi ch propagates to
the receiver. In nost cases, this would be at sone point |ocat'ed downstream
of the ANC system For these cases, the only offendi ng conponent of the

noi se to be canceled is that energy associated with the forward conponent

of the wave propagation. Since all energy propagating in a reverse
direction in the duct is assunmed to be caused by a refl ected conponent of
the forward wave (assum ng no downstream sources) at sone point in the

duct, the refl|ected wave conponent mould be forced to zero in the absence
of any forward propagating conponent ?gdltlon by sensing only the
forward wave conponent of the sound flelé all feedback sound energy from -

t he | oudspeaker 112, when active, would be rejected since these sound waves
fromthe lo eaker 112 are actual ly reverse sound ya@s relative to the
progressive PW m crophone array. Since a m crophone neasures the
total acousti e at any p0|nt (sunnatlon 0 formard and reverse
waves) it woul S alas=Wai= onl'y the forward
conponent of the
with the PWfilter
conponent, Uf, is
specific acousti

essure mave IS
132. Notice that “te warfd acoustic velocity
elated to the forya#d p ﬁks re jconponent via the

quant i t ‘
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(Plerr]p.c)). By having an ideal velocity source (flat frequency response)
the acoustic pressure can be exactly replicated. By utilizing a servo
mechani sm and correction function Herr], the | oudspeaker's velocity
response essentially becones ideal. 12 Referring again to Figures 6 and
7, in theory, all that is required for cancellation for the PW ANC system
is to know the appropriate tinme delay and gain factor for the system This
delay represents the tine it takes the forward pressure wave neasured at

m crophone 130-1 to travel to the control |oudspeaker 112. Know ng the
separation di stance between m crophone 130-1 and control |oudspeaker 112,
the delay, [err], can be calculated by, [err]=L/c. Were L, is nowthe

di stance from m crophone 130-1 to control | oudspeaker 112 and c, is the
wave propagation speed. In addition, the th&gbetical "gain factor" for
control, based upon the above equations describing wave propagation, is K =
[err]. In this equation, AR is the area ratio of the duct-to-|oudspeaker
and assunes a 1l-to-1, pressure-to-voltage transfer function for mcrophones
130-1 and 130-2. The Figures 6 and 7 inplenentations use progressive

/13

A

"\\. /1 3-1

| P 77

SO 08N

13-3— ‘ 7

N

SESESES TS

N

—13-2

NN

S 13- 31
S °
4
13-4 §
S
K> FIG.3
>



wave filter 132 which corresponds to PWfilter 40 of Figure 4. Because
there could be sone variability in both the delay and gain required for
control due to flow and high order acoustic effects, the control enbodi nent
of FIR controller 192 or control filter circuit of Figure 6 uses an
adaptive filter 120(A). In addition the previously nmentioned "theoretical
gain factor assunes a 1-to-1, pressure-to-voltage transfer function for

m crophones 130-1 and 130-2. This is generally not the case which nakes the
adaptive system as described in Figure 6 desirable over that in Figure 7.
This technique automatically conputes the required gain and delay and al so
accounts for any variation over tine in3y@§se two quantities. However, for
a lower cost and potentially | ower performance system the FIR controller
or adaptive noise control filter block or circuit 192" of Figure 7 nmay be
enpl oyed. In Figures 6 and 7, m crophones 130-1 and 130-2 provide input
signals to progressive wave filter 132 and, additionally, mcrophone 130-2
provides an input to FIR controller or control filter circuit 192 of Figure
6 and 192';ﬁi_§igure 7. ring specifically to Figure 6, the output of
filter 132 % | et -as— an—i npat—to—f H ter —t40—1—and-adaptivefi [ ter 120
of FIR contr qr control filter cppcuit 192. Filter 140-1 priovides a

first inputzgoomult)plier 1pO0. pphone 130-2 provides a second input to
rrultiplier:i out put of iplier 150is48suppliedto adaptive filter
120. A | - I n 1

54 @ ~50 Y oot

2
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2
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13 The output of filter 120 is supplied to filter 116-1 whose output is
supplied to speaker 112 via closed switch S5, and adder 138 and power
anplifier 113. Referring nowto Figure 7, the output of filter 132 is
supplied via fixed tine delay circuit 195 as a first input of gain 152 of
FIR controller or control filter circuit 192'. M crophone 130-2 provides a
second input to gain 152. The output of gain 152 is supplied to filter
116-1 whose output is supplied to speaker 112 via closed switch S5, and
adder 138 and power anplifier 113. In Figure 7, the error signal supplied
by m crophone 130-2 is used as input to an anal og automatic gain control
circuit 152 with a fixed tinme delay circuit 195. This circuit has the
advant age over a fixed gain filter, suggested by the feed gain factor K =
[err], in that it can respond, in a DC fgsiion, to any variation in

| oudspeaker or m crophone sensitivity. This systemis not as robust as that
of Figure 6 in that it cannot respond to individual frequency variations
and therefore its performance may be | ess than that of Figure 6. However
this system woul d cost dramatically | ess than that of Figure 6.
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The systens of Figures 6 and 7 described above offer a nunber of advantages
over prior art systens in that they permt reducing the distance
requirenents for the installation. The sensing m crophones 30-1 and 30-2
can be separated by a relatively snmall distance, e.g. 1/8 of the wavel ength
of the highest frequency of interest for a purely anal og system | ocated
within a duct. The sensing of the novenent of cone 13- 3 via coil 13-7
permts the determ nation of the sound bei ng produced by the driving
structure as opposed to knowi ng the input signal and sensing the results

t hereof after the fact. For the analog version, all conponents of the ANC
system i ncl udi ng m crophones, servo-|oudspeaker and ancillary el ectronics

are assuned to be "ideal". That is having/8 unity input-to-output voltage
transfer function. In the case of a digital system adaptive filters are
used to conpensate for uncertainties, i.e. non-ideal transfer functions,

that can occur in an actual ANC system In both the digital and anal og PW
systens of Figures 6 and 7, respectively, mcrophone 130-2, is used to
nmoni tor and provi de feedback information on system 14
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performance (error sensor) - it also provisss |npu,f »K@.i--ftﬁtweg:stmﬂ/:fpagtﬁém..132;‘}@;_;@{1.t..
Both systems would tend to mininmize the overall pred8dBengt) m:qrephanes pagsd ..
130-2. Thi$ in essence forces a pressure-equal -zer,g ic Ohdivtig®) :al=¢de.. to pagéd

| oudspeaker 112, whereby all transmtted sound eneldy Mmmube t enedd. 2¢6 dasced

15 CLAIMS What is Cained is: 1. A ndt se cancel ng systemfor an air FEETE
distribution structure conprising: duct neans (32)| f@krdehivieriy i
source of nQi;ERphdfids J0OF AdEI-2is RppIRFNE Frstlifpuficdaddubi4 aRPise-dol

transmt noise Pnto sai d duct neans as a forward conponent which is subject

t flecti d i i ' ofl .
ommonent  wiEEEHIvaD; £V fia/de frofidesa fine el S vefe PO Cis'fid | 20 2

duct nmeans as both a forward conponent -and a refl ected cor‘rPonent;
separation distance of microphones 30-1 and 30-2 and ¢ is the speed of sound in duct

32, as a second input to time delay 45. Delay 45 provides a second input to adder 44.
The output of adder 44 is sup"plied as a first input to adder 48. The output of adder 48
represents the forward pressure wave, Py, and is supplied via switch S2 to filters 14-1
and 22 and is supplied as a first input to time delay 50 in the feedback loop. Feedback
delay 52, having a time delay of 2t, provides a second input to delay 50. A loss term
. of 0.95 appears in the feedback loop as block 54 which receives an input from delay
50 and supplies a’second input to adder 48. This small leakage in the feedback loop
- controls the stability of the filter 40 and keeps the filter gain at its poles within
reasonable limits. This value was arbitrarily set to 0.95, however, any value between

0.9 and 0.99 could be chosen without éppreciable loss in accuracy.

In Figure 2, filters 22 and 14-1 receive the output of PWF 40, which represents Py at
mifcrophone 30-1, as an input. Filter 14-1 which is copied from filter 14, as described
above with respect fo Figure 1, provides a first input to multiplier 26 and an output
signal from error microphone 18 is provided as a second input to multiplier 26. The
output of multiplier 26 is provided as a second input to filter 22. Filter 22 has an
output representing the corrected forward pressure wave which is supplied via adder
38 to adder 41 as a first inpﬁt. The output of filter 22 accounts for the time delay from
microphone 30-1 to the canceling loudspeaker 13 and any anomaly associated with
the frequency response of loudspeaker 13. The output of adder 38 which represents

. the driving force for sbmker 13 and any gain corrections that may be required due to
system effects is supplied to speaker 13 via adder 41. Referring again to Figure 3,
power supplied to coil 13-6 via adder 41 causes its movement and the movement of
integral cone 13-3 which produces sound. Coil 13-7 moves therewith and the
movement of coil 13-7 in the air gap between pole 13-1 and pole 13-2 inducesa
voltage in coil 13-7 which is related to the movement/velocity of coil 13-7. Since coil
13-7 is moving as a unit with cone 13-3 and coil 13-6, the voltage induced by

movement of coil 13-7 is a direct indication of the velocity of movement of cone 13-3
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sensi.ng neans (30-1; 30-2; 130-1; 130-2) located in said duct neans; said
sensing neans includes a pair of sensors in a spaced relationship al ong
said duct neans relative to said source of noise; noise canceling neans
(13; 112) located with respect to said duct nmeans so as to transmt a
cancel i ng noise into said duct neans; cixcuitry connected to said sensing
nmeans and sai d noi se canceling neans and i ncl udi ng neans for distinguishing

bet id d t d i d f d t d f
D o fnd Besdhrs oo e Shetuged 6 gk S TP A 0nd B0, 100,
132) and meg %gﬂfgnbmdﬁgl ﬁ%@ﬁg@%ﬁ%%ﬂ%%r%&&?m&ﬁseﬁr@q e

noi se correspon ly to sali rd conponent. 2. The system of claim
1 wherei n smiostemestn Theooltagesindwogd iin boih 13-7 ds sensed, passad fhoougly fdedhank gaiant and

said refl ected ,conpanent js a..pyogressi.ve wave,filter (40: 132 3. The
system of cFt&P ﬂ?i’sngﬂgﬁg?‘ﬁi %S]d&%? '%&P%itgﬁﬁﬁmléﬁ?ﬁ@ W&e\ﬁE‘@%ﬂ’fai d
forward congguagisighalfop gbdikéﬁ@' re§oRsive R e Ahl dperatich Of ¥peallePIRSSUr € wave
approximation frilter (100). .
In comparing Figures 1 and 2, it will be noted that the Figure 2 device eliminates
" filters 14-2 and 24 and multiplier 28 and adder 36.

Turning now to Figure 5, the progressive wave filter 40, PWF, of Figure 4 can be
replaced with forv:fiard pressure wave approximation filter 100. The noise sensed by
sensing microphone 30-1 is suppliéd as a first input to adder 101 and as an input to
divider 102. The noise sensed by sensing microphone 30-2 is supplied as a second
input to adder 101. The output of adder 101 is supplied to integrator 103 which
supplies an input to divider 104. The outputs of dividers 104 and 102 are supplied as
first and second inputs, respectively, to adder 105 which has an output P;. The
embodiment of the PWF 40 described in Figure 4 reduces to that in Figure 5 when kL
<M/8 where k is the acoustic wave number, L is the separation distance between

microphones 30-1 and 30-2, and A = the acoustic wavelength.

Before proceeding with the description of the embodiments of Figures 6 and 7, note
their common servo (feedback) mechanism at the loudspeaker 112 and power _
amplifier 113. The servo mechanism provides a feedback signal that is proportional
to the loudspeaker’s cone velocity througl; feedback gain stage 114, having a gain K.
The velocity feedback signal could be achieved via a variety of mechanisms such as
'providing a coil on the cone, as in Figure 3, which moves with respect to the magnet
of loudspeaker 112 so as to produce a signal indicative of movement of the cone and
thereby of the sound being generated by loudspeaker 112. The feedback gain, K is not
known and would have to be predetermined before control starts. This gain would be
loudspeaker dependent and in general would be on the order of 100. In addition, the
power amplifier 113is assumed to have a unity power transfer function. The power
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16 4.- ‘_7 §EPEK€ENEN1' smr 1 wherein said circuitry-inctudes nmeans (13-7) -
|

for’ sensi Bafaet-er=—t espondi ng to actual output of said noise
cancel.i ng maans and: (42; 114) for feeding back said sensed output to
sai d nean or 1&F5 @ﬂ@ggai d noi se cancel | ng nmeans so as to adjust said
means for |drii | cancel ing neans. 5. The systemof claim1
wherein sg d C|rCU|try prOV|des a time delay (22) corresponding to the tine
necessary ' 'd source of n8ise to travel between said
sensing neans and sai d noi se cancel ing neans. 6. The systemof claiml
further incl %ﬂlﬁierqw?&&g&tﬁﬁ?ihﬂﬂemﬁéﬂ&t é@ﬁﬂéﬁ&de%uﬁ%ﬂo%@t means
at a location such that said noise canceling neans is |located internediate
‘'sai d second dewdspeakerdd? forapqhirediagtugion.ce of noi se; said second sensing
means being connected to said circuitry neans so as to provide a signal
representative of the result of interaction between noise fromsaid source -
of noise and £a ﬂtﬁﬁ&&n@@%&ﬁbéﬂﬂc%&&&meﬁ@'dﬁﬁgﬁmiﬂw fioml thekesf Neans

(41) responsive to_said signal
Figures 24 is that microphone 130-2 is used in both the PW filter 132 and as the error

sensor, being placed directly over the control loudspeaker 112. Altematively, if-
desired, it could also be located downstream of control loudspeaker 112. The
indicated noise source 134 can be either oh; or off during Steﬁs 1 and 2. Itis assumed
that the noise source 134 is on during Step 3. Ifitis off, the ANC system will be

—h

essentially i moperatxve

To initiate calibration of loudspeaker 112, switch S3 is closed, switches S4 (Figure 6

_ only) and S5 are open and noise source 134 is on. The white noise source 110
(constant amplitude, broadband frequency distribution) supplies-a signal to the
Loudspeaker Correction Filter (adaptive Finite Impulse Response (FIR) structure)
116, H, multiplier 129, and Desired Loudspeaker Velocity Response Filter, 117, Hy,
in loudspeaker adaptive correction block or circuit 190. Circuit 190 has the function

- of computing the required correction filter 116, H, for the loudspeaker’s velocity
response based upon a désired rwponse, H, of filter 117. The output of H, correction
filter 116 is supplied as an input to the servo-loudspeaker via closed switch S3 and
adder 138. The servo-output (i.e. velocity of the loudspeaker’s cone before gain, K) is
fed back to adder 128 negated and summed with the output of the velocity response

. filter 117. This signal represents an error signal and is the deviation of the actual
loudspeaker’s cone vélocity from the desired loudspeaker’s cone velocity. The error
signal is combined in 2 least mean square, LMS, fashion with the input signal from
the noise generator 110. Specifically the signal from adder 128 is multiplied with an
input signal from noise generator 110 in multiplier 129 and a small consfant (not
shown), generally refcﬁed to as a convergence parameter, which is typically 0.1% of
the input power. The process continues until the error signal is reduced to a
predetermined small value. After convergence, the Hc-filter 116 is copied to filter
116-1 of the FIR controller 192 or 192", as indicated, and filter 116-2 of C-plant



repres tativeof the result of interaction between noise from said source

se cancel ing neans to adJ ust said nmeans for driving
sal qmg lg i“]ﬂlj E' nmeans. : The system of claim1 wherein one of said
pair NSOK'S S Iocated opposite said noi se cancel i ng neans, and
said one of said pair of sensors (130-1) isjgonnected to error sensing
nmeans (132) which forns a part of said circurtry. - 17 8. The 'syst em of

claiml1 wherein: said circuitry includes a progressive wave filter (40;
132) connected to said pair of sensors ad@Léﬂﬂ&hite i mpul se response
controller (192; 192) connected to one of said pair of sensors and said
progressive wave filter and providing an output to said noise canceling
means. 9. The sSwHaei® Clhintddds:m 8 further including: a | oudspeaker

calibration circuit including a white noise source (10;

1. A noise.canceling system for an air distribution structure
comprising:

duct means (32) for delivering air;

a source of noise (34) located with respect to said duct means so as to
transmit noise into said duct means as a forward component which is subject to
reﬂ'eétion due to coaction with said duct means to produce a reflected component
whereby noise from said source of noise can be present in said duct means as both a
forward compbnent and a reflected component;

sensing means (30-1; 30-2; 130-1; 130-2) located in said duct means;

said sensing means includes a pair of sensors in a spaced relationship

along said duct means relative to said source of noise;

noise canceling means (13; 112) located with respect to said duct
means so as to transmit a canceling noise into said duct means;

circuitry connected to said sensing means and said noise canceling
means and including means for distinguishing between said forward component and
said reflected component and for producing an output representative of only said
forward component (40; 100; 132) and means for driving said noise canceling means
so as to produce noise corresponding only to said forward component.

2. The system of claim 1 wherein said means for distinguishing
between said forward component and said reflected component is a progressive wave
filter (40; 132).

3. The system of claim 1 wherein said means for distinguishing
between said forward component and said reflected component is a forward pressure

wave approximation filter (100).

|REPLACEMENT SiEeT)

12FEB 1999 I |




110), an ‘ad’aptive transverse filter (140), and a desired | oudspeaker

vel oci t - er function; and neans (S3) for selectively
connectﬂlﬂﬂﬁgﬁmﬂHﬂmﬂmi on circuit to said noise canceling neans and
di sabling sal d owtpst ©f said controller. "10. The systemof claim?9,
further including: a an adaptive error path jgdentification circuit

I ncl udi ng an adaptive transverse filter (14; 116) and connected to said

whi te noi se source. 11. The system of claim 10 wherein said controller
includes a filter (140-1) 4opi ddersygamenficlpimdaphercia said cireyity daclndespngans

sai d identificatj | MG s f1m of ' e i
controller incl 3%1%2) gdrfslgﬁ"%gfa%%T@?tf{%%ﬁéxgﬁ&f%n%cgjzg?g&pg@fz]ﬁﬁ%éﬁ#ga%er e
filter of said spaakend means(d211id) far feading back3aid serided onipat tonsainf medmsifor 9
wherein said controller.includes a filter (1116; 1gai$pi edsz rom.sai d ,adaptive
transverse filt&nvee sad W‘%&ﬁé‘“&ﬂ?ﬁ"ﬁ?‘éﬁ torpdiys peans for driyjag s31d nglse of
claim1 wherei ncﬁﬁécﬂng%crané?f sensors in a spaced relationship relative to
said source of nolse I's |ocated upstream of said noise canceling neans.

5. The system of claim 1 wherein said circuitry provides a time
delay (22) corresponding to the time necessary for noise from said source of noise to

travel between said sensing means and said noise canceling means.

6. The system of claim 1 further including:

a second sensing means (18) located in said duct means at a location
such that said noise canceling means is located intermediate said second sensing
means and said source of noise; _

said second sensing means being connected to said circuitry meaxss 50
as to provide a signal representative of the result of interaction between noise from
said source of noise and said noise canceling means; '

said circuitry including means (41) responsive to said signal
representative of the result of interaction between noise from said source of noise and
said noise canceling means to adjust said means for driving said noise canceling

- means.

7. The system-of-claim 1 wherein one of said pair of sensors.
(130-2) is located opposite said noise canceling means, and said one of said pair of
sensors (130-1) is connected to error sensing means (132) which forms a part of said

circuitry.
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8. Tixe system of claim 1wherein:

said circuitry includes a progressiv; wave filter (40; 132) connected to
said pair of sensors and a finite impulse response controller (192; 192") connected to
one of said pair of sensors and said progressive wave filter and providing an output to

said noise canceling means.

9.. The system of claim 8 further including:
a loudspeaker calibration circuit including a'white noise source (10;
110), an adaptive transverse filter (140), and a desired loudspeaker velocity response
transfer function; and —
' ' ttieans (S3) for selectively connecting said calibration circuit to said

ﬂoise canceling means and disabling said output of said controller.

10. The system of claim 9. further including:
a an adaptive error path identification circuit including an adaptive
transverse filter (14; 116) and connected to said white noise source.

11. The system of claim 10 wherein said controller includes a filter
(140-1) copied from said adaptive transverse filter of said identification circuit.

12.  The system of claim 11wherein said controller includes a filter
(116-1) copied from said adaptive transverse filter of said speaker calibration circuit.

_ 13. Thesystemofclaim 9 wherein said controller includes a filter
(116-1) copied from said adaptive transverse filter of said speaker calibration circuit.

14. The system of claim 1 wherein said pair of sensors in a spaced

relationship relative to said source of noise is located upstream of said noise
canceling means.
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