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Figure 5.3 A boom microphone array used for far-field measurements.

5.4 Control filters

Multiple types of control filters were used throughout the research. Five filters were selected to
appear in this thesis. They will be referred to as Filters #1 - #5. Their physical construction will
be outlined in this section, and the magnitude and phase response of each filter will also be shown.

The corresponding open-loop response, as well as experimental results are shown in Chapter 6.

5.4.1 Filter #1

The first filter is designed using the Fleischer-Tow biquad topology. This type of filter was chosen
as a good candidate initially because of its versatility. Being a two-pole filter, it introduces less
phase than a higher order filter would. However, it is also not able to cause as steep of a rolloff in
the stop band of the filter. Filter #1 was designed to have a bandpass magnitude response centered
around 900 Hz. This frequency was chosen so the control region would lie between the blade

passage frequency (BPF) of the fan (650 Hz) and its second harmonic (1300 Hz). A circuit diagram
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for this filter can be seen in Figure 5.4, and a corresponding Bode plot is found in Figure 5.5.
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Figure 5.4 A circuit diagram for Filter #1.
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Figure 5.5 Magnitude and phase response of Filter #1.

Preliminary results are shown for the Fleischer-Tow biquad in Chaper 6. However, due to
delay in the system, it was determined early on that a higher order filter would be necessary for

the purposes of this research. However, using a higher-order filter imposes two restrictions on the
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control system. First, the higher order of the control filter will cause a corresponding steepness
in the open-loop phase. Therefore, a higher-order control filter effectively shrinks the frequency
range of control. Second, there is not a simple filter topology which can be applied to reliably
achieve any specific higher-order transfer function, such as the Fleischer-Tow biquad. Therefore,
the filters used later in this research consist of combinations of well-known filter types for ease of

design and implementation.

5.4.2 Filter #2

The second filter to be used is a combination of a one-pole high-pass filter and a four-pole low-
pass Sallen-Key Butterworth filter. The cutoff frequencies are 500 Hz and 1700 Hz, respectively.
This combination was chosen because the previous filter demonstrated greater instability at higher
frequencies. Therefore, a steeper rolloff was chosen for the upper end of the control region rather
than for the lower end. A circuit diagram of the filter is shown in Figure 5.6 and the corresponding

Bode plot is shown in Figure 5.7.
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Figure 5.6 Circuit diagram for Filter #2.
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Figure 5.7 Magnitude and phase response of Filter #2.

5.4.3 Filter #3

As discussed in Section 4.1, it is not possible to affect the magnitude of an analog filter without also
affecting the phase. In the case of a Butterworth filter, one half of the phase change introduced by
the filter occurs in the pass band, as can be seen in Figure 4.6 . Because this type of filter introduces
so much phase before any significant reduction in magnitude, it was decided that a combination
of Butterworth filters would not be practical for this project. However, it is possible to achieve a
bandpass response using the pass-band ripple of a Chebyshev filter without introducing as much
phase as with a combination of low-pass and high-pass filters.

The next configuration was therefore one which incorporated a Chebyshev filter with a rela-
tively large amount of ripple in the passband. The ripple in the passband would be used to affect
a bandpass response in the control region. A Chebyshev filter also offers steeper rolloff in the

stop band than would exist with a comparable Butterworth filter. In the case of a typical two-pole
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low-pass filter, the 90 degree phase point happens around the cutoff frequency. In the case of a
Chebysheyv filter, since the bandpass response of the ripple happens below the cutoff frequency,
as can be seen in Figure 4.7, it allows for a desirable trade off of magnitude shaping without
introducing excessive phase.

The high-frequency rolloff of a Chebyshev filter is significant. However, there is not enough
rolloff at low frequencies to avoid amplification below the control band. For this reason, the
Chebysheyv filter was combined with a two-pole high-pass Butterworth filter. This was designed
to minimize amplification below the control band. The Chebyshev filter has a cutoff frequency
of 2100 Hz with 12 dB of ripple in the passband. The Butterworth filter has a cutoff frequency
of 3500 Hz. The circuit diagram of this filter can be seen in Figure 5.8 and the corresponding

frequency response is shown in Figure 5.9
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Figure 5.8 Circuit diagram for Filter #3.
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Figure 5.9 Magnitude and phase response of Filter #3.

5.4.4 Filter #4

The relatively high cutoft frequency of the Butterworth filter in the previous example caused undue
amplification above the frequency range of control. To alleviate this, a one-pole high-pass filter
was combined with a Chebysheyv filter. This allowed for a flatter phase response throughout the
frequency range of control. However, this resulted in a filter whose region of maximum magnitude
did not correspond to the region of phase which would cause attenuation. For this reason, an all-
pass filter was also introduced to simply shift the region of desirable phase to the frequency range
of maximum amplitude. The Chebyshev filter has a cutoff frequency of 1500 Hz with 12 dB of
ripple in the passband. The high pass filter has a cutoff frequency of 1650 Hz, and the all-pass
filter has a cutoff frequency of 600 Hz. Figure 5.10 shows the block diagram for the entire filter,

and the corresponding frequency response can be seen in Figure 5.11.
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Figure 5.10 Circuit diagram for Filter #4.
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Figure 5.11 Magnitude and phase response of Filter #4.

5.4.5 Filter #5

Filter #5 consists of a Chebysheyv filter combined with a lead compensator. This filter was chosen
to demonstrate the ability to design similar filters in different frequency regions. The fan noise in
this research has significant energy at low frequencies, so this filter was designed at a frequency
region below the BPF to attenuate the loudest frequency region. The Chebysheyv filter has a cutoff

frequency of 700 Hz, and the lead compensator has cutoff frequencies of 100 Hz and 2000 Hz.
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Figure 5.12 shows the block diagram for the combined filter, and the corresponding frequency

response can be seen in Figure 5.13.
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Figure 5.12 Circuit diagram for Filter #5.
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Figure 5.13 Magnitude and phase response of Filter #5.
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5.4.6 Summary

The filters chosen in the early part of this research all created too much noise amplification outside
the region of control to make them feasible options for broadband noise control. Many attempts
were made to alleviate this, and the filters which yielded the greatest overall attenuation without
excessive amplification were Filter #4 and Filter #5. Because of this, Chapter 6 will show near-field
analog control results for each filter detailed in Chapter 5, but far-field and digital hybrid results

will only be shown for Filters #4 and #5.



Chapter 6

Results and Analysis

6.1 Results overview

Results for the analog controller are shown for multiple configurations. Multiple types of filters
were tested, and their benefits and drawbacks were investigated. Initial tests were performed in
a SISO configuration, and attenuation performance was evaluated near the fan at the error sensor.
Additional testing was then performed to assess far-field performance of the controller. Far-field
results will be shown for Filter #4 and Filter #5. In this case, attenuation results will be shown at
the error sensor, as well as in the far field of the fan assembly.

A numerical model has been developed for the purpose of designing a feedback controller,
as well as determining the benefit of a MIMO controller. Theoretical attenuation was modeled
numerically based on the filter response as well as the response of the plant. These results will
be presented along with those measured to demonstrate the accuracy of the model. Discrepancies
between measured attenuation and predicted attenuation will also be investigated.

The analog broadband controller will then be combined with the existing digital tonal con-

troller. This will show viability of using both controllers simultaneously, as well as demonstrate

47
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any improvement in performance over the tonal controller alone. The configuration where both
controllers are incorporated simultaneously will be referred to as hybrid control. Hybrid results

will be shown for Filter #4 and Filter #5.

6.2 MIMO Control

A numerical model was developed to determine the viability of a MIMO controller. In Section 3.5
the principle of a relative gain matrix was explained. This can be used to assess the level of
interaction between each input and output in a multi-channel system. The relative gain matrix for
the current system is given by

V1 0.0 -73 —11.9 —10.5 U

»2 —19.6 0.0 —13.0 —20.4 uy

- ® : (6.1)
y3 -21.8 —13.5 00 —11.8 u3
Y4 —13.8 —15.8 —16.0 0.0 Ug

The matrix is presented in decibels, and the values shown represent the maximum values of
the respective impulse responses. This is done because the shape of the impulse responses is not
significantly different between the elements, therefore the magnitude difference is the key trait
to be investigated. Each row has been normalized to the diagonal element in that row to show
the amount of interaction between a given loudspeaker and every microphone, relative to the one
closest to it. This equation demonstrates that the level of interaction of these off-diagonal channels
is significantly lower than the diagonal elements, typically in excess of 10 dB below the level
of interaction with the closest microphone. This suggests that a MIMO type controller is not
necessary to ensure stable control.

The frequency response of the these off-diagonal elements also gives some insight into the
possible need for a MIMO controller. As demonstrated above, the magnitude response of the off-

diagonal elements is significantly lower than the diagonal element. The phase response shows
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that the phase is also significantly different between the four responses. The increased acoustic
delay between the loudspeaker and microphone manifests as a steeper phase. This means that
any controller designed to account for the off-diagonal elements would need to be at very low

frequencies because of these differences in phase.
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Figure 6.1 Magnitude and phase response of the MIMO system.

Results from the numerical model confirm that the use of a MIMO controller does not enhance
the performance of the system. The noise introduced into the system by incorporating the off-

diagonal channels far outweighed any possible performance improvement.
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6.3 Near-field broadband control

6.3.1 Filter #1

Figure 6.2 shows the fan noise spectrum with and without control using Filter #1. The controller
attenuates the noise between about 500 Hz and 2000 Hz. However, there is excessive amplification
out of band. This is due to the acoustic delay in the system which introduces increasing phase
at higher frequencies, and the rolloff of this two-pole filter is not sufficient to avoid amplification
out of band. The controller also introduces a peak around 300 Hz that is not present without the

controller. This corresponds to a resonance of the loudspeaker.

-40 :
— Control Off
— Control On

m =50t

)

[}]

©

2 -60f ‘ w‘

c

(o)) e

S r

[} —70' 1‘!4 0 | J

2 I AT L

3 W p‘

& -80 i ]

_900 1000 2000 3000 4000 5000

Frequency (Hz)

Figure 6.2 Control performance of Filter #1.

6.3.2 Filter #2

Filter #2 consists of a combination of high-pass and low-pass filters constructed using the Sallen-

Key topology. This was chosen to achieve independent control over cutoff frequency and rolloff
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steepness for the lower end and the upper end of the control region. Figure 6.3 shows the sound
pressure level with and without control using Filter #2. Figure 6.3 illustrates that this filter offered
as much as 6 dB of noise reduction in the band of control, but at the expense of amplifying the
noise out of band. Listening experiments confirmed that the noise amplification out of band made

any attenuation unnoticeable.
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Figure 6.3 Control performance of Filter #2.

Figure 6.4 shows the magnitude and phase of the entire open-loop system when combined with
the plant. This illustrates that the region of desirable phase lies between about 350 Hz and 800
Hz. However, the region where the loop gain magnitude is greater than unity spans to much higher
frequencies. This explains why this controller augmented the noise above the control band and
why it is not an acceptable controller. It is also worth noting that the frequency range of control
is smaller than with Filter #1. This is due to the increased order of the control filter. The steeper

phase introduced by a higher-order filter effectively shrinks the region of desirable phase.
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Figure 6.4 Open-loop frequency response including Filter #2.

Figure 6.5 shows a comparison of predicted control performance to measured control perfor-
mance. This illustrates that the numerical model accurately predicts the performance of the con-
troller. It also shows that this filter does not offer a steep enough rolloff at high frequencies for the
amount of phase it is introducing. It is worth noting that the large spikes in the measured attenua-

tion are due to slight shifting of the BPF between measurements, which is sometimes unavoidable.
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Figure 6.5 Prediction of control performance of Filter #2.

6.3.3 Filter #3

Filter #3 combines a low-pass Chebysheyv filter with a high-pass Butterworth filter. This was done
to achieve a bandpass response in a smaller frequency range while introducing less phase change
than the previous filters. Figure 6.6 shows a comparison of the spectrum with and without noise
control. The control band was designed at higher frequencies than the previous two configurations.
This was to verify that this type of controller could be designed at different frequency ranges. It
was designed to lie between the second harmonic and third harmonic of the BPF, between 1400
Hz and 1850 Hz. This filter offered as much as 5 dB of control in the control band. However,
once again, the amplification at frequencies above the control band caused any attenuation to be
unnoticeable. Inspection of the open-loop frequency response in Figure 6.7 reveals that the region
of greater than unity gain corresponds well to the region of desirable phase. However, the high

cutoff frequency of the high-pass filter, 3500 Hz, caused the rolloff above the control band, 1400
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Figure 6.6 Control performance of Filter #3.

Hz to 1850 Hz, to be more gradual.
Figure 6.8 shows, once again, that the model accurately predicts performance of this filter. This
controller offers 5 dB of reduction at most in the control band, but it amplifies the noise level by as

much as 3 dB out of band.
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Figure 6.7 Open-loop frequency response including Filter #3.
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Figure 6.8 Prediction of control performance of Filter #3.
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6.3.4 Filter #4

Filter #4 combined a low-pass Chebyshev filter with a high-pass filter and an all-pass filter. This
filter was designed with steep rolloffs outside of the control band to combat amplification of the
noise in this region. The control region for this filter was designed to be between the BPF of the fan
and the second harmonic of the BPF, or between 650 Hz and 1300 Hz. Figure 6.9 illustrates that,
at the error sensor, this filter is able to attenuate the noise by as much as 5 dB in the control band
without amplifying the out of band noise significantly. Figure 6.10 illustrates why this is possible.
The combination of filters offers a relatively steep rolloff both above and below the frequency

range of control, and this range is centered around the region of desirable phase.
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Figure 6.9 Control performance of Filter #4.
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Figure 6.10 Open-loop frequency response including Filter #4.

Figure 6.11 illustrates that this filter offers nearly as much attenuation as the previous filter

while causing less amplification out of band.
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Figure 6.11 Prediction of control performance of Filter #4.
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6.3.5 Filter #5

Filter #5 was designed to attenuate noise below the BPF of the fan. Figure 6.12 shows that this
controller was able to attenuate noise between 400 and 650 Hz, while boosting between the BPF
and the second harmonic of the BPF, as well as a small region below the control region. This
region of control was chosen because the sound level was higher at low frequencies. The open-
loop response in Figure 6.13 demonstrates that the region of desirable phase corresponds well to
the region of highest magnitude. It is also apparent that this lower frequency range is closer to the
resonance of the loudspeaker, which accounts for an increased amount of amplification below the

control region, as compared to Filter #4.
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Figure 6.12 Control performance of Filter #5.
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Figure 6.13 Open-loop frequency response including Filter #5.

Figure 6.14 illustrates that this filter is able to attenuate the noise by as much as 7 dB in the

control band. However, it amplifies the noise by as much as 3 dB below the control band, due to

the resonance of the loudspeaker.
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Figure 6.14 Prediction of control performance of Filter #5.

6.4 Far-field broadband control

Previous research has shown that tonal noise control using only properly placed near-field sensors
and actuators can translate well to the far field [4,7]. This is important because it is assumed that
the user position of a system such as this will be far from the fan. However, a system requiring any
type of sensor in the far-field would not be viable. Therefore, it was necessary to study whether
or not broadband attenuation would translate to the far field of the fan as well. Filter #4 was
determined to be the best candidate for far-field testing. Therefore, all results presented in this
section will be for Filter #4.

Figure 6.15 is a plot of the global sound power radiated from the fan measured on a hemisphere
above the fan. This figure illustrates that the attenuation observed near the fan at the error sensor
has translated well to the far field of the fan. However, the far-field sound power has been amplified

more than predicted outside of the control band. Figure 6.16 shows that, while the model predicts
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no more than 1 dB of amplification outside the control band, the measurement indicates that it was

actually amplified as much as 4 dB at frequencies below the control band.
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Figure 6.15 Far-field control performance using 4 independent controllers.
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Figure 6.16 Comparison of predicted attenuation of sound power to measured attenuation
in the far field.

Figure 6.17 is a three-dimensional representation of far-field noise attenuation at frequencies in
the control band. The radius of the outer mesh represents the sound pressure level at every point on
the hemisphere with control off. The inner mesh represents the sound pressure level with control
on, and the level is designated by radius as well as color. This illustrates that, while the far-field
attenuation is not perfectly uniform, the controller does not amplify the noise at any point on the

hemisphere surrounding the fan.
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Figure 6.17 Balloon plot of far-field global control in the control band.

6.5 Hybrid control

The original goal of the current research was to develop a system that could be combined with
the existing digital tonal controller to further attenuate fan noise. Therefore, it is not enough that
the system perform well on its own. If the performance of the tonal controller is degraded by
incorporating a feedback controller, this is not an acceptable outcome. Results are presented for

both Filter #4 and Filter #5.

6.5.1 Filter #4

The broadband controller was incorporated in parallel with the tonal controller, with independent
gain control between the two controllers. Figure 6.18 shows the near-field sound pressure at the

error sensor without control, as well as with tonal and hybrid control. It is worth noting that the
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amplification around the BPF of the fan is due to the tonal controller.
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Figure 6.18 Near-field control performance using a hybrid tonal/broadband controller.

Figure 6.19 shows the far-field sound power of the fan with tonal control and with hybrid con-
trol, and Figure 6.20 demonstrates the increase in attenuation when incorporating the broadband
controller. As with the broadband controller alone, the amplification outside the control band is
greater in the far field than in the near field. Table 6.1 shows the amount of attenuation using the
different controller configurations. The tonal controller alone offers over 2 dB of overall attenua-
tion in the near field and the far field. However, due to the waterbed effect, the amplification out of
band offsets the attenuation in band, and the broadband controller ends up amplifying the overall

level of noise.
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Filter #4 Near-Field Attenuation | Far-Field Attenuation
Configuration | In-Band Overall In-Band | Overall
Broadband 1.9dB -1.3dB 2.8 dB -0.4 dB
Tonal 0.5dB 2.9dB 1.8 dB 2.6dB
Hybrid 2.3dB 2.2dB 3.5dB 1.7 dB

Table 6.1 Near-field and far-field control performance for all configurations using Filter #4
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Figure 6.19 Far-field control performance using a hybrid tonal/broadband controller.
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Figure 6.20 Comparison of predicted attenuation of sound power to measured attenuation
in the far field.

6.5.2 Filter #5

Filter #5 was designed to attenuate noise below the BPF of the fan. This was partially due to
the fact that the tonal controller amplifies the noise in this region, and the analog controller could
potentially counteract this effect. Figure 6.21 shows that the controller is able to significantly

reduce the noise in the region of control.
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Figure 6.22 shows the far-field results using the tonal controller, as well as the hybrid controller.

Figure 6.23 shows that the far-field attenuation corresponds well to prediction inside the region of

control. Table 6.2 shows that this filter was able to attenuate the noise significantly in the region of

control. However, the out-of-band amplification is increased in the far field. Unlike the previous

controller, this filter provided a reduction in the overall level of the far-field noise, as seen below.

However, the overall attenuation is small. Once again, the amplification out of band due to the

waterbed effect almost entirely offsets the attenuation in the control band.

Filter #5 Near-Field Reduction | Far-Field Reduction
Configuration | In-Band | Overall | In-Band | Overall
Broadband 2.2dB -0.1 dB 2.8 dB 0.1dB
Tonal 1.8 dB 2.6 dB -0.3dB | 0.3dB
Hybrid 3.6dB 2.5dB 2.1dB 0.4 dB

Table 6.2 Near-field and far-field control performance for all configurations using Filter #5
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Figure 6.22 Far-field control performance using a hybrid tonal/broadband controller.
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Figure 6.23 Comparison of predicted attenuation of sound power to measured attenuation
in the far field.



Chapter 7

Conclusions and Recommendations for

Future Work

The goal of the current research was to design a controller to attenuate broadband noise from an
axial cooling fan. An analog feedback controller was chosen to overcome limitations imposed by
the delay in digital systems. This system was then to be combined with an existing tonal noise
controller to improve the overall effect of the system. A model was also developed for controller
design and performance prediction.

It has been demonstrated that an analog feedback controller is a viable way of reducing broad-
band noise from an axial cooling fan. While broadband noise can be attenuated in some frequency
range, this attenuation is achieved at the expense of amplifying noise outside of the frequency range
of control. The range of frequency over which a controller can attenuate noise without amplifying
the noise significantly outside the control range is dictated by the amount of delay in the plant.

It is suggested that this type of active control is ideal in situations where the plant has very little
delay, such as an acoustic system with collocated error sensors and control actuators. Due to the

band-limited nature of this type of control, it could also be used in situations where the disturbance
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is not flat across frequency. For example, if the disturbance signal is generally non-deterministic,
but is limited to a small frequency band, then the controller could be designed to attenuate noise
in the region where the disturbance is greatest, and any amplification out of this band would be at
lower levels.

It has also been shown that a feedback controller can be designed using a combination of
well-known filter designs using simple topologies. Multiple types of control filters have been in-
vestigated, and their performance has been compared to a numerical model. The model accurately
predicts the control performance at the error sensor near the fan. However, in the far field of the
fan, the noise amplification below the control band is exaggerated. One possible explanation for
this is that there may be evanescent energy in the near field of the fan that would typically decay
before reaching the far field. When this noise is sensed at the error sensor, it is fed back to the
loudspeakers, and is then converted to energy that propagates to the far field of the fan.

Future work should be done to investigate other types of control filter combinations. This thesis
has outlined several control filters, and has shown the performance and limitations of each. It is
possible that there are other types of filters that would offer a more favorable tradeoff between mag-
nitude and phase, and would still be versatile enough to implement at different frequency ranges.
Future work should also investigate the use of parallel control filters. Preliminary research was
done to investigate the possibility of using parallel controllers to offset the waterbed effect of the
primary controller. However, since the controllers were so close in frequency, they had detrimental
effects on the primary controller. The use of parallel controllers spaced out in frequency should be
investigated.

The analog feedback control system was implemented in parallel with an existing digital con-
troller to further attenuate fan noise. It has been demonstrated that both systems perform as ex-
pected when the two are combined, and neither system has a detrimental effect on the other. This

demonstrates that each controller can be designed independent of the other without needing to
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account for the interaction of the two.

A model was used to predict the performance of a MIMO type controller. However, it was
shown that the use of multiple SISO controllers is preferable for the current system. In every
configuration that incorporated more than each loudspeaker and its nearest microphone, the control
performance did not improve. This can be explained by the significantly reduced gain in the non-
diagonal elements of the relative gain matrix. Therefore, the interactions of these channels is
not significant enough to contribute to overall control, and the noise that any of these channels

introduces outweighs the possible benefit from using a MIMO controller.
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