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Multichannel active control has been applied to the global reduction of tonal noise from a cooling
fan. In order to achieve consistent far-field attenuation of multiple harmonics of the blade passage
frequency(BPP of the fan, an analytical model has been applied to the control system in order to
determine appropriate transducer configurations. The results of the modeling show that the
additional global reduction possible by locating acoustically compact secondary sources coplanar
with a compact primary source rapidly lessens as the number of symmetrically placed sources is
increased beyond three. Furthermore, the model suggests that there are locations in the extreme near
field of the sources that can be considered ideal for the minimization of far-field radiated power.
Experiments carried out show that a four-channel control system is more effective than a
two-channel system at achieving far-field attenuations, especially at the higher harmonics of the
BPF for the fan tested. In addition, greater far-field mean-square pressure attenuations are achieved
with the error microphones located along the calculated ideal regions than for nonideal placement.
© 2004 Acoustical Society of AmericdDOI: 10.1121/1.1631940
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I. INTRODUCTION teria. A number of studies have been performed with regards
to the maximization of global ANC in a variety of contexts.
Fan noise has been a widely researched application aivhile the majority of adaptive active control schemes have
active noise controlANC) since the development of ad- sought to minimize squared pressure using a form of the
equate digital signal processing technology. Although théilteredx algorithm, other methods have been studied. In
vast majority of investigations has been directed towardsome situations, a cost function based on energy défisity
ducted fans;* such as turbofarss;* a small number of stud- mean active intensifyhas been found to be superior to the
ies has been carried out on the reduction of radiated tonaquared pressure cost function. Much of the research aimed
noise from the axial flow fans used to cool electronicat optimizing transducer configurations has primarily dealt
devices>™’ Single-channel efforts, by QuinlanLauchle with the reduction of structural acoustic radiat®n and,
et al,® and Wu] have shown that active control is indeed amore specifically, the noise generated by extended radiators
viable method of reducing harmonics of the blade passagguch as electrical transforméfst® Because a small cooling
frequency(BPF), which typically dominate the overall spec- fan represents a significantly different noise source, much of
trum. However, at the same time, the research carried O4he research has not been found to be extremely applicable
previously has suggested the need for further study. Two spemd therefore is only briefly summarized where appropriate.
cific improvements that are examined in this paper aré.to The research regarding the role of transducers in ANC
increase global reductions of the first four harmonics of thexgn pe largely grouped in two categories, namely investiga-
BPF by using a multichannel control system, af®l in-  tjons involving control actuators and error sensors. Nelson
crease practicality of the ANC system by locating error sengt 316 described the minimum power output for various
sors in the near field of the fan. Because near-field placeme@bnﬁguraﬂons of free-field point sources, thereby showing
of error sensors while seeking far-field attenuation has beefhe maximum sound power attenuation possible for similar
deemed “risky” by Hansen and colleagu&$an optimiza- configurations consisting of real monopole-type primary and
tion technique is needed to select an appropriate control aGecondary sources. Martin and Roure modeled the primary
tuator arrangement and then to ensure the sensors’ locatioggyrce field using a spherical harmonic multipole expansion
result in consistent far-field reductions for that actuator conjn order to determine the optimal location for control
figuration. sources*17 Others have also examined the use of multipoles
Performance optimization of an ANC system depends orys control sources because significant global far-field attenu-
a number of factors, including the characteristics of the pri-gtign may still be achieved with a primary source and sec-
mary noise source, noise environment, and performance Crsndary multipole located at a relatively large fraction of a
wavelength from each oth&t-2°
@Portions of this work were presented in “Multi-channel active control of The optimization of error sensing techniques has also
EE?HQQ ;Zn ;Srilsee;é‘é?z’rda':]/lge“t&\glit i?ﬁsﬁsgfaalctsisgiigngg lAg]]eC“odglt;S o receiyed considerable attention. A number of neqr-field error
noige.”’ Prdceedings of’lnter-Noise 200Pearborn, MI, August 2002.g Senséng Schemes. ha.'s .been theo.re.tlc.a”y. examined by Qi
gt al.” Despite their finding that minimization of the mean
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the ideal near-field sensing strategy, Beatyal'? compared 2. Control sources
the minimization of intensity versus squared pressure for a
vibrating plate and found that intensity minimization pro-

vided negligible improvement over near-field squared Prespten would have to be compact and self-contained, that is

sure mlnlmlzatlon._AIso, Waﬁﬁ and Mqrtln and Rouré . to say, the actuators and sensors would need to be mounted
made use of genetic search algorithms in order to determing ,."on the device. It is necessary, therefore, to determine

the optimal locations for farfield error microphone locations. ;. ,ator and sensor locations in the near field of the fan that

In this paper, we discuss a modeling technique based o, {5 global far-field reductions. Because the fan is as-

the work of Nelsoret al™ is discussed which is used to both g, neq 1o be baffled, the secondary sources will be located on
determine an appropriate configuration of control SOUrce$he paffle. Furthermore, although the use of multipoles as

and to suggest near-field error microphone locations that I'&ontrol sources has been found to be advantageous in some
sult in consistent far-field reductions for multiple harmonicsinstanceé“'”‘zothe requirement of system compactness pre-

of the BPF radiated from a small cooling fan. Following a .|,des the use of these types of actuators. Finally, because
description of the modeling performed, experimental resultg,o loudspeakers used in this investigation as control actua-
are presented and analyzed. tors have a smaller diameter than the fan and can be consid-

ered more acoustically compact over the frequency range of
II. THEORETICAL MODELING interest, they are also modeled as point monopoles.

A practical ANC system that could be applied to typical
commercial cooling fan application®.g., a personal com-

A. Source modeling B. Determination of control source configurations

With the fan and ANC system actuators modeled as
point monopole sources, an analysis similar to that of Nelson

Before the development of an appropriate method to deet al. can be performed in order to discover an appropriate
termine control system transducer locations, it is necessary toonfiguration for control sources. The purpose of the ap-
first discuss the disturbance noise source itself. The spectruproach is to determine the minimum power radiated by a
of a cooling fan consists of a broadband component upogiven control source configuration. By examining various
which is superimposed one or more discrete-frequencgontrol source arrangements, the optimal configuration can
peaks, which are harmonically related to the BPF. The domithen be determined. The procedure for finding the minimum
nant noise generation mechanism for the tonal noise witlhadiated power for a system of point sources is well docu-
subsonic blade tip speeds is spatially unsteady loading on theented in Refs. 16 and 23, and therefore is briefly summa-
fan blades! Unsteady loading may be attributed to flow rized as follows. First, control source locations are deter-
obstructions near the inlet or exhaust of the fan, such as famined and the sources given arbitrary complex strengths
support struts or finger guardsThese fluctuating lift and relative to that of the primary source. Second, because the
drag forces on the blades generate dipole-like noise. If thenutual acoustic coupling of multiple point sources is well
tonal frequency and fan diameter are such that the fan maynderstood analytically, a mathematical expression for the
be considered aeroacoustically compact, then the far-field raadiated power from all sources may then be obtained. Third,
diation will be that of a dipole, often skewed, as measurethe source strengths that minimize the total radiated power
ments on unbaffled cooling fans have shafrHowever, may be obtained by differentiating the total radiated power
with the fan baffled, the radiation is closer to that of a mono-expression with respect to the real and imaginary parts of
pole. At higher harmonics of the BPF, where the condition ofeach of the control source strengths, setting each resultant
compactness no longer holds, the far-field radiation patterequation equal to zero, and solving for the optimal strengths.
becomes increasingly complex and directional. The numbeB®ther than the baffled source assumption, the analysis is only
of harmonics present, their amplitudes, and directional chardifferent from that of Nelsoret al, in the sense that all
acteristics will largely depend on the nature of the unsteadgources are required to be located in the same plane, a re-
loading. striction not imposed by the previous research. The fact that

Because the radiation at the BPF is fairly smooth andhe sources are baffled only scales all source strengths by a
omnidirectional for the fan and experimental configurationfactor of 2; the relative strengths of primary and secondary
used, the fan is modeled as a point monopole sourcesources and radiated power are identical to the unbaffled
mounted in an infinite baffle. Although the experimental fancase.
may not strictly be considered baffled, since it is mounted in  The source strength optimization technique has been
an aluminum enclosure roughly the size of a personal comearried out for a number of configurations not included in the
puter chassis, the infinite baffle assumption greatly simplifiedNelsonet al.analysis?* Two such configurations, that of four
the calculations. Furthermore, even though the fan’s radiaand eight secondary sources arranged symmetrically around
tion becomes more complex as a function of frequency, thand in the same plane as the primary source, are displayed
decreasing wavelength causes the fan to appear more baffledhematically after the manner of Nelson and colleagues in
at higher harmonics of the BPF. Because of this, the radiatiofrig. 1. The minimum radiated power, relative to the primary
of the fan is modeled as a monopole source up to the fourtsource alone, is shown in Fig. 2 as a functiorkdfwhich is
harmonic of the BPF, which is the highest tone targeted byhe nondimensionalized separation distance between the pri-
the ANC system. mary and secondary sources. Displayed is the radiated power

1. Primary source

J. Acoust. Soc. Am., Vol. 115, No. 1, January 2004 K. L. Gee and S. D. Sommerfeldt: Fan noise active control modeling 229



becomes small, three, four, and eight symmetrically arranged
C) P and optimized secondary sources provide essentially the
@ same power reduction. While the greatest difference between
L the three and four secondary source arrangementkdor
O . Fan O . \ O < is on the order of 1 dB, the largest difference between
four and eight sources over the same range is less than 0.2
O d O dB. Forkd>m, even though the overall reduction possible
) for any configuration is small, it is interesting to note that for
the range shown, the reduction in radiated power for the
tetrahedral distribution is actually less than that of the four
FIG. 1. Point source _mor_10p0|e configurations, _after the manner qf thosgnd eight coplanar source arrangements. However, because
shown by Nelsoru_et_al.ln Flg. Sof Ref. 16. _The primary sourdshadedlis of the desire to locate the primary and control sources as
located at the origin. Configuratidi@ consists of four secondary sources, . . . .
each at a distance, from the primary source and placed at 90° increments. Cl0S€ as possible, this latter result is considered secondary.
Arrangement(b) contains eight secondary sources, each at a distahce, The power-minimization results for the planar configurations
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from the primary source and are each separated by 45° angles. described suggest that either three or four monopole-like ac-
tuators placed symmetrically around the fan is a practical
for the Configurations ana|yzed previous'y by Ne|ml'a|_,16 I|m|t to Optimize g|0ba| COI’ltr0| Of a bafﬂed CompaCt source.

denoted by(N) in the figure legend, as well as for the source
arrangements in Fig. 1. The source configuration that yields o ) )
the most attenuation for a separation distance of less than@ Detérmination of near-field error sensor locations

half-wavelength kd<m) is the tetrahedral arrangement  The preceding analysis does not include the determina-
shown in Fig. ¥c) of Ref. 16, in which the primary source is tijon of error sensor locations that result in global control,
at the center of the tetrahedron and equidistant from all fOUWhich isa necessary Step in deve'oping a Viab'e, robust ANC
secondary sources. While this is not a valid arrangement unsystem. For this particular application, the issue is compli-
der the imposed limitation that all sources be located in theated by the requirement that the error sensors be located in
same plane, it does demonstrate that greater suppressionfe near field, yet yield far-field reductions. Near-field error
power radiated from the primary source can be achieved witdensor placement has been traditionally warned against, in
a three-dimensional source arrangement. that sound power attenuation can vary rapidly as a function

An examination of the five source configurations in of |ocatior? and far-field pressure reductions may be accom-
which the limitation is met erIdS another important result: panied by pressure increases in the near ﬁe‘[ﬂe subse-
the additional reduction that can be achieved as more SOUrC%ent discussion describes the determination of appropriate
are added and symmetry is maintained rapidly lessenkdAs near-field error sensor locations based on a continuation of
the analysis performed in the previous section.

For the active control of free-field radiation, the optimal
error sensor locations are those where the acoustic pressure
attenuation is greatest when the control sources’ strengths are
such that the overall power radiated is minimiZeBrror
sensors may then be suitably located in the near field by
discovering the point or regions of greatest pressure attenu-
ation. The method of locating these regions used in this in-
vestigation is that of plotting the two-dimensional magnitude
of the near-field pressure attenuation in the plane of the
sources for the condition of minimized power radiation, and
then determining an appropriate location graphically. An al-
ternative to the graphical method would be to develop an
analytical expression for optimal placement as a function of
frequency and position relative to the primary source, how-
ever, this approach was not utilized for two reasons. First,

'
[3,]
T

N
o
T

—»— 1 source (N)

Radiated Power Relative to Primary Monopole (dB)

— 2 sources (N) just as the fan and control loudspeakers are not point sources,
7, 3 sources (N the error sensors used in practice are not point sensors, but
—— sources R . . .. .
-e- 8 sources microphones with diaphragms of finite width, and therefore
—--- Tetrahedron (N) . . . . )
sl J 4 . . - - - - it would likely be pointless to attempt to ascertain with ex-
05 1 1.5 2 25 3 35 4 45 treme precision the optimal locations. Second, it may be

shown that some of the points considered ideal are so close
FIG. 2. Radiated power, relative to that radiated by the primary monopoldO the primary source that, in practice, noise induced by the
itself, for secondary source arrangements. The secondary source strengthiFflow across the microphones due to the fan results in a
have been chosen so as to minimize the radiated power of the system. ThoFc)%or signal-to-noise ratio. For these reasons, the graphical
configurations marked by afN) in the figure legend have been analyzed ) . ’ )
previously by Nelsoret al.in Ref. 16. The other two arrangements are those Method has been chosen as a guide for approximate near-

depicted in Fig. 1. field error microphone placement.
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FIG. 3. The magnitude of the radiated pressure, relative to that of the pri- o1 08 0 0.03 0.

mary source by itself, at 370 Hz &BPF) along the dimensions of the X(m)

experimental enclosure for two optimized secondary monopoles located at

(0,0.06 and(0,—0.06 m and the primary source located at the origin. The FIG. 4. The magnitude of the radiated pressure, relative to that of the pri-

regions for optimal error sensor placement are demarcated by the pressumary source by itself, at 370 Hz &BPF) along the dimensions of the

nulls. experimental enclosure for four optimized secondary monopoles located at
(0.06,0, (0,0.06, (—0.06,0, and (0,—0.06) m. The primary source is lo-
cated at the origin.

Although other control configurations have been studied

both theoretically and experimentaff?® the effect of error tar-field. th llis of closed f donl ists in th
sensor location on global reductions for two source arrange-far' 1€ld, the nullis of closed form and only exists in the near

ments has received particular experimental focus. These coﬂ—ﬁld' Tge frequepcyFerindegczse tr?f Itht(ta m;ll Ir:)_ca\tlohn IS
figurations are that of the two sources, placed on opposit own by comparing Figs. 4 and >, the fatter ol which Snows

sides of the primary source, as discussed by Netoal, the near-field pressure attenuation at the fourth harmonic of

and the four sources located symmetrically around the pri-
mary source. The magnitude of the near-field pressure, nor- 0
malized by the pressure of the primary source by itself, for
these two configurations is plotted in Figs. 3-5, for the di- 0.1 TS
mensions of the enclosure face on which the control sources
are located. For these figures, the control source strengths 0.05 oo
have been set so as to minimize the overall radiated power.
The distance between the primary source located at the ori-
gin and the secondary sources is 0.06 m. Figures 3 and 4
display the pressure magnitude for 370 Hz, the BPF of the
fan used in the experiments, for the two and four control e
source arrangements, respectively. It is clearly seen from §
these two plots of the near-field pressure that nulls exist in -0.1
the radiation pattern when the control sources radiate in the
minimized-power state. Because the pressure attenuation is 015
the greatest in these regions, the ideal error sensor locations
are delimited by the nulls. In the case of the two control
source configuration, the two nulls that curve between the
primary and secondary sources continue out to the far-field,
approaching asymptotes that pass through the origin. The
slope of these asymptotes gradually lessens as frequency in-
creases; however, over the range plotted the arclength is 041 005 0 005 041
small enough that the locations of the nulls remain fairly X(m)
constant for the first four harmonics of the BPF. _ ) ) _
The near-fed pressure nul for the four source configu 12, % T et o e s s, e o it o e
ration demonstrates markedly different behavior than thosg,yces as in Fig. 4, showing the changed shape in the near-field null at 45°
of the previous analysis. Instead of continuing out to theangles relative to the location of the secondary sources.

-0.25 45
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FIG. 6. Linear three-dimensional directivity at 370 Hz for the system with . . . L .
two optimized secondary sources described in Fig. 3. Symmetry of the raFlG. 7. Three-dimensional directivity, repregente(_j Ioga_rlthmlcally in (_jB, at
diation about they axis signifies that the plane of the sources may be con-370 Hz andr=0.072 m for the control configuration with four optimized

sidered an ideal location for error sensors, because there is no dependeri@ondary sources described in Fig. 4. The radiation is not symmetric about
on the polar angleg. any of the three Cartesian axes in this case, demonstrating that the near-field

null location is a function of both the azimuthal anglg, and the polar
angle, 6.
the BPF, which is 1480 Hz. Like the two control source case,
the dependence of the null location on frequency is not ex-
treme, but it does suggest that an appropriate compromisghe pressure directivity for the optimized four control source
would be to locate an error sensor closer to a control sourcgonfiguration as a function of azimuthal angig,and polar
rather than equidistant between two control sources, wherangle, ¢, is displayed in Fig. 8. The polar anglé, is mea-
the null location change is the greatest. This techniqugured from the axis perpendicular to the source plane, and
clearly demarcates appropriate near-field error sensor locdhe azimuthal angleg, is measured from the axis, shown
tions that should allow the control sources to operate undep Figs. 3—7. The directivity shows that the depth of the null
optimal source strength conditions, and therefore lead tés constant ag, which is equal ton/2 in the plane of the
maximum far-field attenuations. sources(i.e., z=0), is lessened. This behavior of the null
demonstrates that the plane of the sources may also be con-
sidered ideal for the placement of error sensors. This same
D. Justification of error microphone placement in behavior has been verified for various near-field rédiand
source plane frequencies and is found to be consistent as longiasuch

Before proceeding to an experimental verification of thisthat it includes the near-field null. If error sensors are to be
technique for the two configurations analyzed, it is importantolaced anywhere beyond the null, it may also be shown that
to justify placement of the error sensors in the source plane,
rather than off the plane. After all, it was shown in the pre-
vious section that to begin to truly maximize the reduction of
far-field power forkd<sr, a three-dimensional distribution
of secondary sources is needed., the tetrahedral configu- 80
ration of Nelsonet al). This justification of error sensor
placement may be expressed as a need to determine the b os
havior of the pressure attenuation off the source plane to se 60
if the nulls are perhaps deeper than in the plane of the;
sources. For the two control source case, it can be seen frors
the directivity plot in Fig. 6 that the pressure radiated from 40

the system of sources is symmetric aboutytfais. It is then ! N
clear that placement of the error sensors in the plane of the
sourcegthe x-y plane in Fig. 6 may be considered ideal for 20
this configuration. However, for the four control source case, 0
the radiation is not axisymmetric, as can be easily seen ir 5

0

Fig. 7, which shows the directivity of the radiation for 370 0 1 2 3 4 5 6
Hz at a distance =0.072 m from the primary source. The ¢ (rad)
distance has been chosen on the basis that the thre'gl-G 6 Atwoud onal tation of Fig. 7, with the polar angl

. . . P TR _fi . O. O-dimensional representation ot Fi1g. /7, wi € polar a e,
dimensional dlrgctlv!ty will include the near-field nu,”_at & on the vertical axis and the azimuthal angtg, on the horizontal axis,
number of locations in the plane of the sources, providing th&nowing the behavior of the pressure nulls off the source plane, where

opportunity to observe the behavior of the nulls off the plane = =/2.
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9 n IV. RESULTS AND DISCUSSION

& The results of the theoretical analysis carried out have
been utilized in conjunction with the above experimental ap-
paratus to investigate the effect on the global attenuation of
03 the fan by (1) a two-channel versus a four-channel ANC
system; and?2) the placement of error microphones in ideal
) versus nonideal locations. Graphical results from both of the
= m " actuator configurations, meant to demonstrate typical reduc-

tions achieved with the error microphones located ideally,
are first shown. These results are followed by numerical re-
sults and a discussion of the mean performance of each of
the four configurations.

A. Graphical results

3 i 5 g 0 In order to determine the global mean-square pressure
¢ (rad) reductions achieved by a particular control configuration, a
FIG. 9. Two-dimensional representation of the directivity &t1.0 m and a referenc? pressure measurement WIthOL'Jt ANC has been
frequency of 1480 Hz for the four secondary source arrangement, demortaken using the measurement boom. In Figs. 10 and 11, the
strating that the source plane may no longer be considered an ideal locatiairectivity of the fan without control is represented by a wire
for error sensors. frame mesh for each of the four targeted harmonics of the
BPF, namely 370, 740, 1110, and 1480 Hz. The fan’s radia-
the greatest areas of pressure attenuation are not found in thien pattern becomes more directional and complex with in-

source plane, but above (for example, see Fig.)9 creasing frequency, as the fan becomes less aeroacoustically
compact.
lIl. EXPERIMENTAL SETUP Results are displayed in Fig. 10 for the first experimental

configuration, a two-channel setup with the loudspeakers lo-

The results of the theoretical modeling carried out indi-cated on opposite sides of the fan and along the same axis, as
cate that there are appropriate near-field error sensor locgescribed previously. The test channel count refers to the
tions for the two and four control actuator configurations.number of loudspeakers, error microphones, and control sig-
These configurations are now examined experimentally. Alnals generated by the adaptive controller. A two-channel con-
though Ref. 25, which comprises a parallel investigation orfiguration will be often referred to hereafter as %2 con-
the practical aspects of multichannel ANC of cooling fantrol.” For the trial shown in Fig. 10, the reductions in far-
noise, contains a more complete description of the experifield mean-square pressure for the four harmonics of the BPF
mental apparatus used, the major components are summare 6.6, 9.8, 9.3, and 2.8 dB. The overall A-weighted tonal

rized here. reduction[dBAredin Eq. (1)] is 7.5 dBA, which is calculated
The cooling fan used is a seven-bladed, 80 mm DCaccording to

Mechatronics fan, which has been housed in axd8 4 ) 5
X 16 in. (0.24<0.46x 0.41 m) aluminum enclosure intended 2 n=1Panc_ore (fr)A%(f,)
to simulate a desktop computer tower or server chassis. A dBAred=10log —z 2 2 ,
. . : > n=1Panc_on (f)A<(f,)
one inch wide rectangular obstruction has been mounted on
the inlet side of the fan to create a time-invariant flow dis-wherep?(f,,) signifies the mean-square pressure forritie
tortion. Four 1-1/8 in(0.029 m diameter Radio Shack loud- harmonic of the BPF, represented by, andA is the nar-
speakers surround the fan such that they are equidistant fromwband A-weighting function evaluated at the appropriate
each other and the distance between the center of the fan afréquency. As with virtually all multichannel tests, the sec-
the center of each loudspeaker is 0.06 m. The reference signd harmonic, shown in Fig. 16), is reduced more than the
nal, which is required in the single reference, multiple outputtundamental, which is displayed in Fig. (H). In this case,
adaptive filtered¢ controller, is supplied by locating a small the reduction of the third harmonic is also greater than that of
infrared LED on the inlet of the fan and a matched pho-the BPF. This may be attributed to the relatively poor re-
totransistor detector on the exhaust side of the fan, such thaponse of the loudspeakers at 3702 Attenuation for the
the blades passing between them creates a pseudosquérarth harmonic, shown in Fig. 16), is much less signifi-
pulse train whose period corresponds to the BPF. Larsonant than for the other three harmonics.
Davis Type-I microphones are mounted on the surface of the The global attenuations for a four-channel<4) test,
aluminum enclosure for error sensing and additional microagain with the error microphones located ideally, are shown
phones are mounted on a rotatable semicircular measuremantFig. 11. The mean-square pressure reductions for the four
boom of radius 5 ft(1.52 n) for global performance moni- targeted frequencies are 9.5, 18.5, 14.4, and 7.6 dB, resulting
toring. The 13 boom microphones are placed at equal anglés an overall tonal reduction of 11.4 dBA. Again, the attenu-
along the boom and can therefore provide an estimate of thation of the second and third harmonics is greater than that of
global mean-square pressure radiated by the fan at a givehe fundamental, which may be seen by comparing Figs.
frequency. 11(a)—11(c). The attenuation of the fourth harmonic, seen in

@
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FIG. 10. Directivity of the BPF and harmonics withogmesh and with (solid surfacg two-channel active control, with the error microphones located in a
theoretically ideal region. Both the radius from the origin and shading are proportional to the sound pressure level for a given angle.

Fig. 11(d), is only about 2 dB less than that of the fundamen-instability, and these divergent trials would need to be some-

tal, which again demonstrates the limitations imposed by théow included in the analysis to yield unbiased results. The

loudspeakers on the performance capabilities of the systemesults in Table | therefore serve as an average of the maxi-

at low frequencies. mum mean-square pressure reductions yielded by the four
configurations.

B. Numerical results

The results displayed in the previous section are useful” Discussion

in understanding the capabilities of the multichannel ANC  The data in Table | demonstrate that, on the whole, the
system for a single trial; however, little has been reported it X4 setup provides a greater global attenuation of the fan
the literature about the mean performance of active contraiones than does thex2 configuration, corroborating the
systems. In Ref. 25, however, data are presented that shawsults of Ref. 25. In addition, placement of the error micro-
average mean-square pressure reductions of the tonal noishones along the theoretical nulls results in greater overall
solely as a function of actuator configuration. Shown inA-weighted tonal attenuations for both the two- and four-
Table | are the results of averaging the mean-square pressuthannel systems, although for thex2 arrangement, the
attenuations for X2 and 4x4 control, for both the error nonideal locations yield greater mean-square pressure reduc-
microphones located along the theoretically ideal regions antons for the third and fourth harmonics. While the tabular
also for nonideal placement. The results are obtained by selata serves to show quantitatively that greater reductions are
lecting, for each configuration, the eight trials that yield thepossible with the error microphones located along the re-
largest overall A-weighted tonal reductions. It is not possiblegions calculated to be theoretically ideal, some other quali-
to consider the mean performance of all trials because sontative observations are also worthwhile regarding system be-
nonideal error microphone locations quickly led to controllerhavior as a function of error microphone placement.
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FIG. 11. Directivity of the BPF and harmonics withduesh and with (solid surface four-channel active control, with the error microphones located in a
theoretically ideal region. Both the radius from the origin and shading are proportional to the sound pressure level for a given angle.

Some comments with regards to controller stability, al-duces large control signals and loudspeaker distortion, ulti-
though qualitative in nature, help in fully describing the ef- mately leading to positive feedback and divergence of the
fect of error microphone placement on global tonal attenuaeontrol system. This is especially true of thex4 system,
tions. Placement of the error microphones in locationsvhereas the 2 system tends to be more stable under loud-
determined to be theoretically ideal tends to result in controbpeaker distortion, but often yields net global increases in the
signals with smaller amplitudes and therefore a more stablmean-square pressure rather than attenuations. These results
controller; the adaptive controller very rarely diverges with corroborate the findings of Baek and Elliott, which state that
the error microphones located ideally. However, nonideatransducer positions resulting in low control effort are good
(e.g., randomplacement of the error microphones often pro-choices when robust control is desiréd.

TABLE I. Mean-square pressure reductitMPR) and standard deviatiofrr), in dB, averaged over the eight

best trials for each type of configuration. “Ideal” signifies the error microphones are located along the theoret-
ical nulls; “nonideal” means the error microphones are located somewhere off the nulls. Results for the first
four harmonics of the BPF and the overall A-weighted tonal levels are shown.

A-weighted
370 Hz 740 Hz 1110 Hz 1480 Hz Total

All results in dB MPR o MPR o MPR o MPR o MPR o

2X2 nonideal 53 2.5 10.9 5.0 6.9 3.9 4.2 2.5 6.5 2.7
2X2 ideal 8.4 25 11.9 3.1 5.9 2.7 3.1 3.0 8.0 12
4X 4 nonideal 8.2 1.6 14.9 3.4 11.0 3.9 7.4 4.1 9.5 15
4X4 ideal 10.1 1.0 16.1 2.1 12.8 2.4 8.7 3.5 11.4 0.4
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