Improving compactness for active noise control of a small axial cooling

fan
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An active noise control (ANC) system was previously developed by Gee and
Sommerfeldt for the reduction of tonal noise radiated by small axial cooling
fans, such as those found in desktop computers. That system had a 125
X 125-mm? footprint, composed of four small loudspeakers surrounding an 80
X 80-mm? axial cooling fan in a mock computer casing. A smaller system is
described in this paper that has a footprint of 80X 80 mm?, which is the space
allotted for the 80X 80-mm? standard sized fan. Compared with the previous
system, the current system employs a smaller fan running at a higher speed and
smaller control speakers. It is demonstrated that the higher output noise levels
and higher frequency tones produced by the smaller fan can be reduced by the
current ANC system, such that the global control achieved by the smaller system
is comparable or better than that achieved by the previous system for the
targeted frequencies. It is also shown that control at the second and third

harmonics of the blade passage frequency approach theoretical limits.
© 2007 Institute of Noise Control Engineering.
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1 INTRODUCTION

The active control of noise radiated by small axial
cooling fans has received some recent scientific atten-
tion, particularly with regard to fans found in typical
electronic office equipment (e.g., desktop computers).
Noise radiated from these fans affects the workplace,
the home, and the classroom. Such noise can be
disturbing or distracting and cause unnecessary annoy-
ance. While these noise levels are typically not high
enough to cause hearing damage, it has been found that
prolonged exposure to even low levels of office noise
can be detrimental to health and well being’.

Fan noise is characterized acoustically by discrete
tones superposed on a broadband spectrum, as can be
seen in Fig. 1. These tones are caused by spatially
unsteady time-invariant fluid loading on the rotating
fan blades. This loading may be ascribed to flow
obstructions near the inlet or exhaust of the fan, such as
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stators or finger guards. The tones present in the fan
noise spectrum are found to be both harmonically
related to each other and related to the rotational speed
of the fan. The first major tone, referred to as the blade
passage frequency (BPF), often lies between 100 and
600 Hz for cooling fan applications. The BPF generally
exhibits the highest radiation level and is calculated, in
hertz, from revolutions per minute (RPM) as
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Fig. 1—A typical power spectrum of fan noise
consisting of both broadband and tonal

noise.
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where N is the number of blades on the fan. Although
both noise components mentioned are present in the
spectrum of cooling fan noise, the BPF and harmonics
typically dominate the overall sound pressure level and
perceived noise level®. Tonal noise has therefore been
the emphasis of most studies on fan noise reduction.

Active noise control has become an increasingly
attractive solution for the reduction of fan noise
because of ongoing refinements in digital signal
processing technology. Notable efforts have been made
to combat the axial fan noise problem in the free field
with some successful results. Quinlan® achieved global
sound power reductions of 12 dB for the BPF, and 7 dB
for the second harmonic, by using a single secondary
control source loudspeaker placed next to a fan in a
baffle. Wu* showed confirming results, with a setup
similar to that of Quinlan. Lauchle et al.” utilized the
fan itself as the secondary control source by driving the
fan with a shaker. This approach resulted in sound
power reductions of 13 dB and 8 dB for the BPF and
second harmonic, respectively. Homma et al.® added a
duct and multi-channel control and incorporated hybrid
active and passive control. Their method exhibited both
tonal and broadband noise reduction, with an overall
sound power reduction of 4.9 dB.

A study performed by Gee and Sommerfeldt’
showed that multiple control sources surrounding the
fan resulted in global reductions of the BPF and
harmonic levels. The study reported spatially averaged
squared pressure reductions of 10.1 dB, 15.3 dB,
12.8 dB, and 8.7 dB for the fundamental, second, third,
and fourth harmonics, respectively. This control system
was based on a multi-channel version of the filtered-x
LMS algorithm developed by Sommerfeldt®.

There are three points of particular significance in
the control approach taken by Gee and Sommerfeldt
that distinguish it from previous work. These are: (1)
extension to multiple control sources of Quinlan’s
coplanar control-source/fan arrangement, (2) imple-
mentation of multi-channel adaptive control, and (3)
use of microphone(s) placed in the near-field of a fan as
a robust, stable method of noise control. The study
further proposed that optimal locations for these error
sensors exist coplanar with the fan and control actua-
tors, such that global control may be achieved’. The
research of Gee and Sommerfeldt is the basis for the
current work.

An 80-mm fan, which has been a standard size for
desktop computer cooling applications, was used by
Gee and Sommerfeldt. The fan with the control system
embedded, however, required an area of 125
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X 125 mm?. Because of industry efforts to continue to
decrease the size of desktop computers, a control and
fan configuration that fit within the standard 80
X 80-mm? area was desired for a more commercially
viable system. The primary objective of this research
was to determine if a smaller fan and control system
could demonstrate similar control performance to that
of the original system. It was found that a 60-mm fan
and suitably sized loudspeakers could fit within the
desired spatial footprint. A description of the perfor-
mance of the smaller control system and a comparison
of the 60-mm fan configuration to that of the 80-mm
fan follow.

2 THEORETICAL MODEL

2.1 Underlying Theory

Typically, if the principle of mutual coupling can be
employed in the active control of a noise source radiat-
ing into free space, the resultant control behavior is of
a more global nature, and is therefore more desirable.

As two monopole sources radiating into free space
are brought into near-field proximity with one another,
the mutual impedance seen by each source is modified
due to the presence of the other source'®'". The total
power, W, radiated by both sources is determined
analytically to be

Kpc, sin kd
=?,’T—IQ||2 1+4%+24 Y| (2)
where
%=Aef7, 3)
1

k is the acoustic wave number, p is the density of the
medium (kg/m?), ¢ is the speed of sound (m/s), and 4
is the separation distance (m) between the two sources.

The variables Ql and éz represent the complex
monopole source strengths. Minimization of Eqn. (2)

by optimizing the secondary source strength, QZ,

relative to the primary source strength, él, leads to the
optimal control source strength,

~ ~ sin(k
Qz=—lemlfdd)a

and the minimum power radiated by both sources,

kpc, ~ in kd \?
WMlst—‘::Ile[l‘(Sl:d ) ] (5)

The right-hand side of Eqn. (5) may be further rewrit-
ten to contain the expression representing the power
radiated by a single monopole source (Wyono) of
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Fig. 2—Theoretical minimum radiated power for
control source arrangements of one, two,
three, and four symmetrically spaced
monopole secondary sources surrounding
a primary monopole source. The control
source(s) are coplanar with the primary
source.

strength . This allows #, v to be expressed as

S O{1_<sinka')zl ©)
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2.2 Control Source Configuration

The preceding theoretical discussion may also be
applied to scenarios with multiple control sources.
Some plausible arrangements for control sources for a
practical system consist of the fan surrounded by two,
three, and four symmetrically spaced control sources in
a plane. Generally, an unbaffled and uncontrolled fan
will radiate primarily as a dipole source. However, as
shown by others®”, the radiation characteristics of a
baffled fan approximate those of a monopole. This can
also be seen later in this paper, with the measured
results of the uncontrolled fan (see Figs. 8-13). If the
fan is treated as a monopole, extension of the second-
ary source optimization technique to these systems
gives the minimum radiated power for each configura-
tion. The results of this analysis have been studied by
Nelson and Elliot'® and Gee and Sommerfeldt’ and are
shown in Fig. 2. For these results, the total radiated
sound power has been calculated and then minimized.
In the figure, the minimum power radiation, relative to
the power radiated by a single monopole, is plotted as
a function of kd. For these configurations, the solutions
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for the optimal control source strengths for two, three,
and four control sources may be expressed respectively

as 2 e
0,=-0 'Sink(sd){ 1+ sin(;/"d)/de} ’

and

b= b, sink(;d)

[
8 { 1+ sin(2kd)/2kd + 2 sin(\/ikd)/\likd} - O

For the 60-mm fan configuration, the separation
distance was 0.045 m, measured from the center of the
fan to the center of the control loudspeaker. The BPF
was 600 Hz, resulting in Ad values of approximately
0.5, 1.0, and 1.5 for the BPF and its second and third
harmonics, respectively. Although the analysis shown
was developed for the free-field case, the relative
strengths of the noise source and control sources for the
current application, as well as the minimum power
radiation plot, are identical to the free-field case, in that
the presence of a baffle simply scales all source
strengths by a factor of two.

From Fig. 2 it can be seen that as Ad becomes very
small, radiated power is greatly decreased, whereas kd
approaching 7 leads to very little or no reduction of
radiated power. It is also important to note that as kd
becomes small there also appears to be very little
difference in the curves depicting the attenuation for
three and four control sources. In other words, increas-
ing the number of coplanar secondary sources to
greater than four tends to bring little gain in sound
power attenuation for all values of kd’. Both the three-
and four-source configurations were implemented as a
part of this research, but the primary focus has been the
four-source configuration because of the ease in fitting
the system in an 80X 80-mm? area.

2.3 Error Sensor Location

Error sensors are needed in order to implement the
filtered-x LMS control algorithm. Error sensor micro-
phone placement may be optimized by finding the
regions of greatest pressure attenuation when the
global sound power radiation is minimized''. Based on
Gee and Sommerfeldt’s method’, an analysis of such
regions coplanar with a simple source and four
symmetrically spaced control sources can be seen in
Figs. 3 and 4. Each plot shows computational results
for the controlled pressure field in decibels relative to
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Fig. 3—Theoretically predicted controlled acous-
tic pressure field of a plane containing a
noise source and four control sources at
600 Hz, relative to the pressure field of a
single monopole. The dark line indicates a
pressure null demarcating optimal error
sensor location on the plane.

the pressure field of a single noise source. The dark
closed contour represents a pressure null. This null
shape varies slightly depending upon frequency and
separation distance from the noise source to the control
sources. Figure 3 shows the 600-Hz case (the BPF of
the 60-mm fan) with a separation distance of 0.045 m.
Figure 4 displays the attenuation of 1800 Hz (3
X BPF) with the same separation distance. The control
sources are situated around the noise source and are
indicated by the bright regions (corresponding to 0 dB)
at 45, 135, 225, and 315 degrees.

If error sensor location is constrained to the plane of
the sources, optimal locations for error sensors may be
found by locating points on the plane that are common
to the null contours for all frequencies of interest. This
method, however, is not without its limitations in a
practical application. In the case of fan noise active
control, positions must be selected that are sufficiently
far from the fan to achieve an acceptable signal-to-
noise ratio. Placement of sensors too close to the fan
causes an increase in noise due to turbulent airflow
across the microphone diaphragm.
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Fig. 4—Theoretically predicted controlled acous-
tic pressure field of a plane containing a
noise source and four control sources at
1800 Hgz, relative to the pressure field of a
single monopole.

With these considerations, locations were initially
chosen on the null pattern corresponding to points that
lay on the source plane null contour and were common
for all harmonics of interest. These points were located
near each control loudspeaker. Numerous locations
near the ideal locations were used for testing and those
giving the best results were implemented. The imple-
mented locations were located 4.8 cm from the center
of the fan in the positive x-direction, and 1.2 cm in the
positive y-direction. These coordinates were repeated
for each error sensor relative to 0°, 90°, 180°, and 270°
from the fan axis, as shown in Fig. 5. The locations are
seen to correspond well with the predicted pressure
null. Sensors placed in this arrangement gave the best
control performance of all measurements taken. The
results are discussed more specifically in Sec. 4.

3 EXPERIMENTAL SETUP

A fan housed in a mock computer casing was used
for experimental testing. The aluminum casing, shown
in Fig. 6, was 0.45 m in height, 0.4 m in length, and
0.25'm in width. The fans:used were 80-mm .and
60-mm- Mechatronics DC- cooling-fans. The control
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Fig. 5—Source plane plot at 600 Hz showing
theoretically predicted controlled field,
with the markers indicating experimen-
tally implemented error sensor locations.

arrangement for the 80-mm fan consisted of four
29-mm Radio Shack model 273-092 loudspeakers
located coplanar with and surrounding the fan. The

Fig. 6—An aluminum mock computer casing
shown under a rotating semicircular mi-
crophone boom located in the anechoic
chamber on the Brigham Young Univer-
Sity campus. ‘
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Fig. 7—The 60-mm fan surrounded by four
20-mm miniature loudspeakers.

60-mm control arrangement, embedded in the top wall
(0.45 m X 0.25 m) of the casing, is seen in Fig. 7. The
fans used were mounted in this top panel, with the
center of the fan located at a position (0.15 m,
0.125 m) from the corner, as can be seen in Figs. 3 and
4. Four Regal Electronics R-20-E miniature loudspeak-
ers, 20 mm in diameter, were selected as control actua-
tors. The control sources were spaced symmetrically
around the 60-mm fan, fitting within an 80 X 80-mm
area. Miniature loudspeakers present a problem in that
their low-frequency response is generally poor, and the
power handling capability of the loudspeakers is
usually rather limited. With typical BPFs found below
1000 Hz, it is essential for effective control that control
actuators have a good response in this region. To
improve the response of the loudspeakers, each was
enclosed separately within the computer casing by a
small PVC enclosure, with an effective volume of
13.6 X 107® m>. The enclosures were further optimized
by the addition of two small ports, with length
2.38 mm and combined surface area 31.4X 107% m?,
creating a bass-reflex system. The enclosure was tuned
to a resonance frequency of 600 Hz.

Located on the 60-mm fan were seven blades and
three support struts. The fan was run at a constant
voltage, near 10 V, giving an approximate rotational
speed of 5140 RPM. An 18-mm wide 60-mm long
rectangular aluminum obstruction was placed directly
behind one edge of the fan to simulate possible station-
ary obstructions found in a computer casing. An infra-
red emitter/detector pair placed on either side of the fan
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was used to determme the BPF. and served as a refer-
ence' "sensor for the feed—forward adaptrve control

harmomcs below 2 kHz and amphﬁed to prov1de an

1nput level to the DSP of about +1.5.V.

“Four. Larson Dav1s 2551 12 7-mm (1/2 1n) Type-1
mlcrophones wrth Larson Davrs PRM426 prearnphﬁers
(see Fig: . were used as error sensors for. the control
system. The preamphﬁers were fed to a' 12-channel
power supply. The error sensor srgnals were high-pass
filtered at 500 Hz using a Krohn-Hite Model 3364
4-pole Butterworth filter to eliminate - low-frequency
noise from turbulent airflow. In later testing, the Larson
Davis microphones were replaced by small electret
microphones to verify that inexpensive microphones
could be used. The results with those error sensors were
found to be statistically no different. than those
presented here. :

All measurements were taken in an anechoic
chamber located on the Brigham Young University
campus. Figure 6 shows a rotating semicircular boom
used to measure the sound pressure level at equally
spaced points away from the casing. The boom was
3.04 m in diameter, with thirteen additional Larson
Davis 2551 Type-1 microphones placed at 15° incre-
ments around the boom. The boom was rotated clock-
wise in ten 18° increments to obtain a total of 130 data
points for each global sound pressure measurement.
Spectral data from the boom microphones were
acquired using a VXI-based Hewlett-Packard muliti-
channel dynamic signal analyzer with Data Physics
SignalCalc® analysis software.

The filtered-x LMS algorithm was implemented
using a Spectrum 96000 floating-point digital signal
processing board, mounted in a computer with a 486
processor. The sampling frequency was 4 kHz for all
measurements shown for the 60-mm system. The
control outputs from the computer were low-pass
filtered at 2 kHz to prevent aliasing effects in the
digital to analog conversion process. The computer and
DSP hardware were located in a control room separate
from the anechoic chamber, so that all measurements
and control tests were performed remotely.

4 EXPERIMENTAL RESULTS

For the 80-mm fan, the BPF was 370 Hz (see Fig. 1),
and its first few harmonics were present in the noise
spectrum. Figures 8-10 show plots of the previous
reduction achieved for the first three harmonics of the
80-mm fan control system.

Gee and Sommerfeldt’ previously used a spatially
averaged squared pressure reduction to quantify global
reductions. However, a more common ‘measure for
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Fig. 8—Experzmentally measured far- ﬁeld acous-

tic pressure at 370 Hz (BPF) for the

- 80-mm fan, without and with ,control The

 wire mesh indicates control off, with ra-

dius indicating sound pressure level in

f that direction. The shaded surface indi-

 cates control on, with radius and color
scale indicating sound pressure level.

determining global attenuation is the sound power
reduction (SPR). Calculation .of this quantity also
permits direct comparison of experimental to theoreti-
cal results. Thus, a method was used to convert the
array of measured pressure values into a sound power
estimate. The method used to obtain the sound power
estimate followed a method similar to that described by
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Fig. 9—Experimentally measured far-field acous-
tic pressure at 740 Hz (2 X BPF) for the
80-mm fan, without and with control. The
wire mesh indicates control off, with ra-
dius indicating sound pressure level in
that direction. The shaded surface indi-
" cates control on, with radius and color
0+ scale indicating sound pressure level.
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Fig. 10—Experimentally measured far-field
acoustic pressure at 1110 Hz (3 X BPF)
for the 80-mm fan, without and with
control. The wire mesh indicates control
off, with radius indicating sound pres-
sure level in that direction. The shaded
surface indicates control on, with radius
and color scale indicating sound pres-
sure level.

Leishman et al'? Sound power level over the
hemisphere was calculated as

13 10

Ly~ 10|og[2 EA,-IOO"LPM-], (10)

=1 n=1

where L, is the sound pressure level at the ith micro-
phone position and the nth boom rotation position of a
semicircle rotated 180 degrees. The microphone

positions are shown schematically in Fig. 11. An area
weighting function, 4;, was applied to the pressure
measured at the ith microphone position located on a
semicircle of radius r, defined by

i=13

Fig. 11—Diagram depicting microphone spacing
on a semicircular microphone boom.
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r
Py cos 0, i=1
r*(cos By —cos 0)pp; 2<i<6
o,
A; =9 27rr2(1—cos?0); i=7 ,
r*(cos 6;—cos O, ) p; 8<i=<12
Lrz¢ocos 0;; i=13

(11)

with angles defined as

0,
6,=0i=7)=,

00=15°,

dp=18°. (12)

This area weighting is necessary since the boom micro-
phones are configured for “equal angle” measurements
(appropriate for directivity) rather than for “equal area”
measurements (appropriate for sound power).

In the plots, the mesh surface represents the sound
pressure level of the fan radiating without active
control, and the solid surface is the radiation with
control running. The plots give global sound pressure
level measurements in dB re 20 pPa, with pressure
level indicated by both radius and color scale shading
(for control on). It is noted that the fan and control
system are raised 0.45 m above the ground, which
leads to a skewing of the pressure levels toward the
positive z-direction. The previously reported spatially
averaged squared pressure reductions of 10.1 dB,
15.3 dB, and 12.8 dB were averaged values of several
experiments evaluating the 80-mm control system
performance. In this paper the best-case results will be
examined and all results are based on sound power
reduction (SPR). For the first three harmonics, the
80-mm control system achieved SPR of 6.7 dB,
16.5 dB, and 14.9 dB, respectively. Though not shown,
the control system also attenuated the fourth harmonic
by 9.6 dB.

The BPF for the 60-mm fan was 600 Hz, with the
second and third harmonics at 1200 Hz and 1800 Hz.
Global reduction plots of the 60-mm fan noise are
shown in Figs. 12-14. The SPR, calculated as before,
was found to be 14.5 dB, 16.6 dB, and 9.0 dB for the
fundamental, second, and third harmonic, respectively.
It is interesting to note that the mesh surfaces reveal the
omni-directional behavior of the fan’s BPF without
control, suggesting monopole-like characteristics.

The results in Fig. 2 suggest an additional step that
can be taken to improve the compactness of the control
system. From Fig. 2, it appears that three symmetrically
placed control sources could be used instead of four,
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Fig. 12—Experimentally measured far-field
acoustic pressure at 600 Hz (BPF) for
the 60-mm fan, without and with con-
trol. The wire mesh indicates control off,
with radius indicating sound pressure
level in that direction. The shaded sur-
face indicates control on, with radius
and color scale indicating sound pres-
sure level.

with minimal degradation in performance. From a
practical perspective, this is a little more difficult with
existing fans, since typical fans are manufactured with
a square geometry, which means a symmetric configu-
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Fig. 13—Experimentally measured far-field
acoustic pressure at 1200 Hz (2 X BPF)
for the 60-mm fan, without and with
control. The wire mesh indicates control
off, with radius indicating sound pres-
sure level in that direction. The shaded
surface indicates control on, with radius
and color scale indicating sound pres-
sure level.
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Fig. 14—Experimentally measured far-field
acoustic pressure at 1300 Hz (3 X BPF)
for the 60-mm fan, without and with
control. The wire mesh indicates control
off, with radius indicating sound pres-
sure level in that direction. The shaded
surface indicates control on, with radius
and color scale indicating sound pres-
sure level.

ration of three control sources with minimal spacing
between the fan and control sources requires modifi-
cation of the structure surrounding the fan. Nonethe-
less, a fan was modified to accommodate this configu-
ration, in order to verify predictions. The theoretical
pressure field for this configuration is shown in Fig. 15,
including the implemented error sensor locations. The
SPR achieved for each harmonic using the three-
loudspeaker control system is shown in Table 1. As
predicted by the theoretical result in Fig. 2, the global
performance of the three- and four-loudspeaker
systems is very similar.

5 DISCUSSION

It is seen from Figs. 8-10 and 12—14 that the 80-mm
system and the 60-mm system demonstrated similar
control performance. Both were able to achieve global
control of the first three harmonics of the BPF, though
attenuation of the BPF itself was notably less than the
second harmonic in both cases. Table 2 outlines the
comparison of kd values and attenuations of the two
systems versus the theoretically ideal sound power
reduction predicted by Gee and Sommerfeldt’.

5.1 60-mm System vs. Theory

An examination of the 60-mm system performance
reveals that it did not achieve optimal control of the fan
BPE This is indicated by the considerable increase of
attenuation from.the BPF to the second-harmonic, a
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Fig. 15—Theoretically predicted controlled
acoustic pressure field of a plane con-
taining a noise source and three control
sources at 600 Hz, relative to the pres-
sure field of a single monopole. The dark
line indicates a pressure null demarcat-
ing optimal error sensor location on the
plane, while the black markers indicate
experimentally implemented locations.

result that is not predicted by the theoretical model. An
increase in frequency gives an increase in kd, which
should decrease the possible attenuation by the control
sources. A comparison to the minimum power radiation
plot (Fig. 2) confirms that the BPF is not being attenu-
ated as much as is ideally possible. The 600-Hz tone
produces a kd value of 0.5, which predicts an attenua-
tion of close to 35 dB in the ideal case.

Table 1—Sound power reduction (in dB) achieved
experimentally by three symmetrically-
spaced control sources surrounding a

60-mm fan.
Achieved SPR
BPF 14.8
2 X BPF 15.7
3XBPF ‘ 8.5

Noise Control Eng. J. 55 (4), 2007 July-Aug
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It was initially suspected that the smaller reduction
might be attributed to poor actuator low-frequency
response at 600 Hz. However, this hypothesis was ruled
out—a total harmonic distortion analysis showed negli-
gible harmonic distortion at the typical driving voltages
of the control loudspeakers. Further investigation
revealed that at the error sensor signal the control
system had attenuated the BPF very close to the broad-
band noise level, as seen in Fig. 16. This suggests that
the broadband noise floor at 600 Hz may have been
limiting the control at that frequency. The noise attenu-
ation at the error sensor at 600 Hz is seen to be nearly
25 dB. Because the theory suggests that this location
should be a pressure null, it is not surprising that this
value is greater than the attenuation actually achieved
in the far field.

In the case of the second harmonic, the attenuation
at 1200 Hz approached the predicted theoretical limit
much more closely than the BPF. The experimental
reduction was approximately 5 dB less than that
predicted as ideal for the 60-mm control system. The
SPL at 1200 Hz at the error sensor, however, is again
seen in Fig. 16 to be at the noise floor, as in the 600-Hz
case.

For the third harmonic, comparison of the achieved
reduction to the theoretical limit shows that the attenu-
ation at 1800 Hz is again close to 5 dB less than the
theoretical power reduction. In this case, however, the
1800-Hz tone at the error sensor was not attenuated
down to the noise floor as with the first two harmonics.
This result indicates that the broadband noise floor is
not the limiting factor in the global reductions achieved
for the third harmonic. Rather, it is the sampling rate of
the processor that is suspected. Snyder suggests that in
order to achieve optimal active control, one should use
a sampling rate that is at least 10 times the target
frequency, but no more than 50 times the target
frequency, though reasonable control has been shown
with a sampling rate as low as three times the target
frequency]3 . It is noted that in this case global control
was exhibited at 1.8 kHz with a 4-kHz sampling
frequency—a factor of 2.22. Despite the fact that
control was achieved at 1.8 kHz, being so close to the
Nyquist frequency may have adversely affected the
control performance and explain the third harmonic not
being attenuated to the noise floor, as were the first and
second harmonics. While not yet achieving theoretical
limits for possible sound power reduction, reduction of
the second and third harmonics for the 60-mm control
system appears to approach the predicted ideals.

5.2  60-mm System vs. 80-mm System

Perhaps the most significant difference between the
current and previous control systems was the control of

405



Tuble 2--Overall noise reduction comparison (in dB) of the 60-mm control
“system, the 80-mm control system, and the theoretically ideal
+ sound power reduction. Experimental reductions of the two con-

“trol systems are given in sound power level reduction (SPR).

60-mm fan 80-mm fan
Predicted Achieved Predicted Achieved
kd SPR SPR kd SPR SPR
BPF 0.5 34.6 14.5 04 379 6.7
2 X BPF 1.0 21.9 16.6 0.8 25.4 16.5
3 X BPF 1.5 13.8 9.0 1.2 19.5 14.9

the BPE. The 60-mm control system achieved SPR
nearly 8 dB greater than that achieved by the 80-mm
control system, despite the fact that 4d for the 60-mm
fan was 25% greater. This is because the 80-mm
system achieved significant far-field reductions on-axis
(approximately 25 dB at some locations), but little
control off-axis. A comparison of Figs. 8 and 12 shows
that the global reduction of the 60-mm fan noise was
much more uniform. The relatively poor control for the
80-mm system at BPF may have been partly due to a
poor loudspeaker frequency response at 370 Hz for the
control loudspeakers used in the 80-mm control
system’. However, the reasons for the non-uniformity
of the control at the BPF for the 80-mm fan are not well
understood. The increase of frequency to 600 Hz
appears to have positively affected control of the BPF,
even though the actuator size was decreased. The
loudspeakers used with the 60-mm system, while
smaller, were also higher quality drivers with higher
power-handling capabilities.

At their second harmonics, the two systems achieved
nearly identical sound power reductions, approximately
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Fig. 16—1Dypical measured error sensor spectrum

for the 60-mm system with (solid) and

without (dotted) active noise control.
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16.5 dB. This result indicates better performance of the
60-mm fan system, again because kd is 25% greater.
However, it is worth noting that the limiting factor in
both cases may be the broadband noise floors of the
fans. The controller for the 80-mm fan reduced the
second harmonic down to the broadband noise at the
error sensor”, and the controller for the 60-mm fan
reduced the BPF and the second harmonic down to the
broadband noise (see Fig. 16)

For the third harmonics, a difference in SPR of
nearly 6 dB is seen, this time in favor of the 80-mm
system. This may be attributed to the sampling
frequency limitation discussed previously, where the
third harmonic for the 60-mm fan approaches the
Nyquist frequency of the controller. On the other hand,
the third harmonic for the 80-mm fan is significantly
lower in frequency (1110 Hz) and was able to be
reduced to the broadband levels at the error sensor. This
suggests that at 3 X BPF, different constraints limit
performance of the two control systems to approxi-
mately 5 dB less than the theoretical predictions.
However, it is worth noting that the performance of the
two systems at their respective third harmonics, in fact,
follows the theoretical trend predicted by the analytical
model. An increase in kd from 1.2 (80-mm) to 1.5
(60-mm) in Fig. 2 results in a reduction of maximum
SPR of approximately 6 dB, which has been observed
here experimentally.

6 CONCLUSIONS

The 60-mm fan control system exhibited similar
control performance to that of the 80-mm fan control
system developed by Gee and Sommerfeldt. Significant
improvement was seen in the control performance of
the BPF because of the control loudspeakers used, and
perhaps because of stronger tonal components. This
suggests that replacement of an 80-mm fan with the
60-mm fan and control system is a feasible step toward
making active control a more practical method of
reducing axial cooling fan noise. With the 60-mm fan
and control actuator configuration meeting the spatial
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Fig. 17—On-axis comparison at approximately
one meter of 80-mm fan broadband
spectrum (solid) and 60-mm fan broad-
band spectrum (dotted).

constraint of an 80X 80-mm? area, the need for

manipulation of current electronic equipment design is

minimal. It is also noteworthy that, although this would
require modification to fan housing designs, three
symmetrically oriented loudspeakers demonstrates
nearly identical performance to the four-source system.

This result is in line with theoretical predictions.

Although the experimentally achieved sound power
reductions do not match theoretical ideals, the experi-
mental work performed on the 60-mm control system
appears to support the theoretical predictions of the
four-control source geometry. The second and third
harmonics, in particular, approach the predicted ideal
attenuation. Discrepancies may be due to the broad-
band noise floor for lower harmonics and perhaps due
to processor limitations for the highest harmonic
controlled.

Additional work in the area of free-field fan noise
control is anticipated. For this work, processor limita-
tions constrained the maximum sampling frequency to
4 kHz. Employment of a faster processor would allow
a greater sampling rate, and could thereby increase the
range of frequencies that can be significantly
controlled. Also, this research did not attempt to
control the broadband component of the fan noise with
ANC. Figure 17 shows an on-axis comparison of the
80-mm fan spectrum versus the 60-mm fan spectrum,
indicating that the broadband noise levels are similar. If
sufficient control is demonstrated on the tonal noise,
the broadband noise will become dominant. Efforts are
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currently being made to globally reduce the broadband
noise using ANC".

An additional consideration for practical implemen-
tation is the cost of the system. While an exact current
cost is not available, indications are that the hardware
cost could be less than 20 USD. Many fans now have a
tach signal available that would eliminate the need for
an emitter/detector pair to obtain a suitable reference
input signal. In addition, as mentioned previously, the
system has already been tested with inexpensive
electret microphones and essentially identical control
results were obtained. Finally, several possible inexpen-
sive DSP solutions exist, such that several manufactur-
ers feel the final cost may even be less than 10 USD.
Further work is also focusing on resolving these
remaining issues.
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