





setup, report the experimental results for the new ASP module, and validate the modeling
results presented previously (Ch. 5). The frequency response functions (FRFs) for each
plant, the acoustic coupling FRF between the panels, the TL in both passive and active

states, and the bidirectional capabilities of the module are investigated.

6.4 EXPERIMENTAL APPARATUS

A plane-wave tube was used to measure the normal-incidence TL of the new ASP
module. The plane-wave tube was constructed from a 10 cm inside diameter acrylic tube,
with airtight microphone ports located every 5 cm along its length. The tube was split
into two sections: the source-side tube and the receiving-side tube. The primary
disturbance source was located at one end of the source tube and a 1.5 m anechoic
termination was located at the far end of the receiving tube. The primary disturbance
source was a 10 cm full-range driver with an enclosed rear chamber. The anechoic
termination was constructed by cutting a wedge from a cylinder of open-cell foam. The
module was located between the source and receiving tubes. A photograph of the

experimental apparatus is shown in Figure 6-1.

Primary Source Module Receiving Anechoic
source tube tube termination
A

Figure 6-1. Photograph of the TL measurement apparatus.
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A large spacing of 40 cm was used for one microphone pair with a corresponding
usable bandwidth of 40 Hz to 345 Hz. A small spacing of 5 cm was used for the other
microphone pair, with a corresponding usable bandwidth of 345 Hz to 2.7 kHz. The two
measurements were spliced together at 345 Hz to provide a single measurement from 40
Hz to 2.7 kHz. All of the microphones were placed at least 1.5 duct diameters away from
the module to reduce the effects of evanescent cross modes in the acoustic near field of
the partition.

The first cross mode of the 10 cm diameter plane-wave tube is approximately 2
kHz. Only plane waves propagate in the duct below this frequency, provided that the
frequency content of the primary disturbance source remains below 2 kHz. Some cross
modes will inevitably be excited during the measurement but the amplitude of these
modes should sufficiently evanesce as the waves reach the microphone locations.

Each microphone was calibrated to an absolute reference (114 dB at 1 kHz), then
a switching calibration routine was used between each pair of microphones. The
switching routine produced a relative calibration in both magnitude and phase of one
microphone to the other. Post-processing with the relative calibration removes the
frequency-dependent characteristics of the microphones, preamplifiers, and front-end of
the data acquisition system.

The performance of the measurement apparatus was qualified in two ways. First,
the frequency-dependent absorption coefficient of the anechoic wedge was measured to
determine the anechoic cutoff frequency. The cutoff frequency is defined as the
frequency above which the absorption coefficient consistently exceeds 0.99. The

measured absorption coefficient of the anechoic termination is shown in Figure 6-2. The
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plot is zoomed into low frequencies to identify the cutoff frequency. The absorption
coefficient remains above 0.99 beginning at 67 Hz. The termination also provides an

absorption coefficient exceeding 0.70 down to 26 Hz.
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Figure 6-2. Measured absorption coefficient for the 1.5 m anechoic termination.
The dashed line at 0.99 represents the anechoic limit for the termination.

The second qualification of the measurement apparatus was the measurement of the
TL of the apparatus without the module in the duct. The measurement apparatus was
arranged as if a TL measurement were to be conducted, but the actuators (loudspeakers) were
removed from the module before the measurement. The TL through a section of air with the
same length as the module should be nearly equal to zero. The measured TL of this
configuration is shown in Figure 6-3. The figure shows that the measurement error

introduced by the apparatus will be very small over the useable measurement bandwidth—
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Figure 6-5. Photograph of the receiving-side tube of the measurement apparatus.
The microphone ports are spaced 5 cm apart and the tip of the anechoic wedge is
visible in the upper right.

6.6 FEEDBACK CONTROLLERS

The design of the feedback controller was introduced the preceding chapter. The
Fleischer-Tow biquad circuit is a second-order filter whose response can be shaped by
appropriate choices of resistor and capacitor values. A schematic of the circuit design is
shown in Figure 6-6. The filter response for this application was designed to be a low-
pass filter with a slight notch near 3 kHz.

The predicted and measured controller responses are shown in Figure 6-7. The
slight discrepancy between the two curves is due to inexact resistor and capacitor

component values used in the actual circuit.
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Figure 6-6. Electrical schematic for a second-order Fleischer-Tow biquad circuit.
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Figure 6-7. Predicted and measured controller FRFs for a Fleischer-Tow biquad
controller.
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The two control circuits were implemented on an electrical breadboard.
National Semiconductor LM837N quad operational amplifier chips were used; three out
of the four op-amps on the chip were needed for each control circuit. A photograph of
one controller is shown in Figure 6-8. The output of each accelerometer was fed as the
input into one of the control circuits. The output of each control circuit was then passed
through a two-channel variable-gain Crown DC300A stereo amplifier. The amplifier was
used to control the gain of each controller for experimental purposes. Finally, each
output of the amplifier was fed into one of the loudspeakers in the active double-panel

partition module.

Input voltage | ‘ .

-----------

Figure 6-8. Photograph of a single Fleischer-Tow control circuit on a breadboard.
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6.7 PLANT ACCELERANCE FRFS

The accelerance FRF (the acceleration output divided by the voltage input) of the
plant was predicted with the enhanced double-panel TL model in the preceding chapter.
For the accelerance FRF measurement, the plant was located in free-air, not in the
measurement apparatus. The predicted and measured plant responses are shown in
Figure 6-9. The model matches the measured data extremely well up to 2 kHz. The
model assumptions of lumped-parameter behavior break down above 2 kHz when the
cone begins to exhibit strong resonance behavior. The model prediction is useful in
making design decisions that affect the low-frequency response and stability, but the
measured frequency response function is needed to account for the high frequency

dynamics of the plant which the model is unable to predict.
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Figure 6-9. Predicted and measured plant FRF.
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One of the advantages to the controller that was chosen for this research (a low-
pass filter with a notch) is the ability to place the notch at the same frequency as the first
break-up frequency of the cone (~3kHz). This removes the effect of the resonant
response from the closed-loop system by significantly reducing the excitation voltage fed

to the loudspeaker near this frequency.

6.8 ACOUSTIC COUPLING FRFS

The acoustically coupled FRF of the plant was predicted with the enhanced
double-panel TL model in chapter 5 of this thesis. For this FRF measurement, the plant
was located in free-air, not in the measurement apparatus. The predicted and measured

acoustically coupled plant FRFs are shown in Figure 6-10.
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Figure 6-10. Predicted and measured cross-coupling accelerance FRFs.
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Once again, the model is shown to provide very good predictions of the strength
of the acoustic coupling path at low frequencies. As is expected in a double-panel
partition, the strength of the acoustic coupling is greatest at the mass-air-mass resonance
frequency, which is 155 Hz for this partition. The strength of the acoustic coupling rises
at 12 dB per octave well below the mass-air-mass resonance frequency, 6 dB per octave
in the immediate vicinity, and falls at 18 dB per octave immediately above it.

The acoustic coupling works in favor of the control scheme used in this module.
To illustrate this, suppose that a disturbance wave is incident upon the first panel of the
partition. If it is set into vibratory motion, the acoustic coupling will also cause the
second panel to vibrate. The amplitude at which the second panel vibrates depends on
the magnitude of the acoustic coupling path. Consequently, if the first panel is actively
controlled so that it cannot vibrate, then the acoustic coupling strength will force the
second panel to follow suit. Likewise, active control of the second panel will encourage
the first panel not to vibrate. It should also be noted that the panels will tend to act
independently of one another at frequencies where the acoustic coupling path is not

strong.

6.9 TRANSMISSION LOSS

The TL through the module was predicted and measured for several different
schemes. The first scheme was with only one active panel in place (i.e, a single-panel
partition). The second scheme was a double-panel partition with only one primary
disturbance source on the source-side of the measurement apparatus. The final scheme

was the double-panel partition with disturbance sources located on both the source and
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plotted in Figure 6-13. In this configuration, three different active control states were
possible: active control of panel 1 only, active control of panel 2 only, and active control

of both panels simultaneously.
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Figure 6-13. Predicted and measured TL of a double-panel partition in passive and
active states.

The experimental results agree well with the predictions from the model. One
obvious discrepancy between the predictions and the model is the prediction of a
dominant axial cavity resonance at 1.15 kHz. This resonance does appear in the
measured data, but is much less severe than what the model predicted.

It was interesting to find that the TL performance was essentially identical when

only panel 1 or panel 2 was actively controlled. This indicates that it does not matter
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In order to carry out this experiment, a side-branch tube was added to the
receiving-side tube of the measurement apparatus shown in Figure 6-1. A second
disturbance source was placed at the end of the side branch tube. The upstream
disturbance source broadcast a 75 Hz tone and the downstream disturbance source
broadcast a 150 Hz tone. The sound pressure level (SPL) was measured with two
microphones, one located in the source-side tube and one located in the receiving-side
tube. The difference in SPL between the two microphones in the direction of sound
propagation for the tone was used as an estimate of the sound isolation of the module.
The results for the double-panel partition are shown in Table 6-4. The values for the

expected TL came from Figure 6-13 at 75 Hz and 150 Hz.

Table 6-4. Bidirectional sound isolation results for two tones
passing through the module in different directions.

A SPL Expected TL
Passive
75 Hz 13dB 7 dB
150 Hz 12 dB 5dB
Panel I active
75 Hz 33dB 28 dB
150 Hz 31dB 29 dB
Panel 2 active
75 Hz 33dB 28 dB
150 Hz 31dB 29 dB
Both panels active
75 Hz 48 dB 45 dB
150 Hz 50 dB 57 dB
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The first observation was that the ASPL is not as good of a metric as the TL. One
reason for this is that the SPL in the upstream tube is a strong function of frequency due
to its axial modes. This can cause peaks in the SPL as much as 20 dB higher at axial
resonances than at other frequencies. However, the magnitude of the measured
attenuation in SPL was on the same order of magnitude of the predicted TL. The second
and more important observation from the measured data is that the module can provide
the same attenuation when sound is propagating in both directions through the module as

it can when sound is only propagating in one direction through the module.

6.10 ELECTRICAL POWER CONSUMPTION

The increase in the TL from passive to active states comes at the expense of
electrical power consumption. A natural question to ask is how much power the active
device requires relative to the sound power that is incident upon it. This question was
answered, at least in part, by measuring the steady state RMS voltage across the
loudspeaker terminals of the module and then by measuring the steady state RMS current
through the terminals. The total electrical power in mW was measured for each active
control case. The total incident sound power in mW was also measured for each active
control case. The electrical power was then divided by the incident sound power upon
the device to form a power factor. The results are shown in Table 6-5.

When only a single panel was actuated at a time, it was observed that panel 1 uses
almost twice the power as panel 2. It is interesting to note, however, that the same TL is
achieved by controlling either panel 1 or panel 2 by itself. This indicates that the passive

TL characteristics within the module are not fully leveraged if the first panel of a
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unidirectional transmission path is actuated. Consequently, if foreknowledge about the
direction of sound transmission through the device was possible, it would be more

economical to only actuate the second panel in the device.

Table 6-5. Total electrical power used to actuate the module, incident sound
power, and power factor for the double-panel partition
under various control states.

Total RMS RMS Incident
Electrical Power Sound Power | Power Factor
Double-panel, passive 0 mW 16.2 mW 0
Double-panel, panel 1 active 45.6 mW 15.9 mW 2.9
Double-panel, panel 2 active 22.0 mW 15.6 mW 1.4
Double-panel, both panels active 48.2 mW 16.1 mW 3

The best TL performance was achieved when both panels were actively
controlled. This scheme only consumes about 2.5 mW more power than controlling
panel 1 alone but nearly doubles (in dB) the TL performance of the module.

A power factor of 3 was calculated for the case in which both panels were
actively controlled. If the relationship between the electrical power and the incident
sound power is linear with an increase in sound power, the device would require three
times more electrical power than the acoustic power incident upon it. For example, 30 W
of electrical power would be required to produce the same TL if the incident sound power
upon the device was increased to 10 W. It should be noted that the module could not be
experimentally tested with lower incident sound power because the high TL of the

module caused the signal-to-noise ratio to be too low in the receiving-side tube.
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6.11 CONCLUSION

The analogous circuit model was validated using an experimental ASP module. It
was shown experimentally that direct panel control of a double-panel partition using an
analog feedback controller is an effective way to produce high TL at low frequencies.
The average TL from 20 Hz to 1 kHz for a fully active double-panel partition was 57 dB,
whereas the average passive TL for the same device was only 31 dB over the same
frequency band. It was also shown that the new ASP module provides bidirectional TL
control. The electrical power consumption of the active device was also investigated. It
was found that a ratio of electrical power to sound power of 3:1 was typical for the active
device under the measurement conditions presented in the paper. It was observed that the
TL performance could be doubled by actuating both panels, which required only 2.6 mW

more electrical power than actively controlling the first panel alone.
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7 CONCLUSION

The work of this thesis demonstrated that a relatively simple analog feedback
control scheme could be used to actively increase the transmission loss (TL) through an
ASP module. Feedback control represents a more practical way to implement an actively
controlled acoustic partition since the time-advanced reference signal needed for feed-
forward control is often unavailable. The analog feedback controller used in this research
successfully attenuated noise from a broadband random-noise disturbance source.

It was demonstrated in this thesis that an analog feedback controller can be
successful in a panel control scheme. An analog feedback controller is simple to
implement, inexpensive, and lightweight; all of which contribute to the overall goal of a
practical and lightweight sound isolation product. From a control standpoint, the minimal
latency of the analog circuit is well suited for narrowband, broadband, and transient
disturbances.

A simple yet novel combination of actuators and sensors was introduced in this
thesis in order to produce a bidirectional TL module. This property did not exist in
previous ASP modules. Analogous circuit models were created to predict the
performance of the new scheme and to explore the effects of various model parameters
on the TL of the device. It was found that the classical model of a loudspeaker was
unable to explain significant effects in the measured TL at mid frequencies. The

observed effects were caused by the surround of the loudspeaker vibrating with an
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independent degree of freedom from the cone. An enhanced model of a loudspeaker was
then used, wherein the surround was modeled with this additional degree of freedom.

The ability to measure parameters for use in the enhanced model became critical.
A laser-based measurement technique was developed to extract unknown model
parameters. Self and mutual radiation impedances of the loudspeaker cone and surround
were carefully accounted for while extracting these parameters. Several examples were
given which demonstrated the ability of the enhanced model to give more accurate
predictions for the on-axis radiated pressure response. The extraction routine presented
in this thesis is the first published parameter extraction routine for the enhanced
loudspeaker model.

The effect of changing parameter values in the analogous circuit model was
explored. It was found that the ratio of the surround area over the cone area had a major
impact on the active TL potential of the device. The maximum TL was reduced as the
area of the surround was increased relative to the area of the cone. This impact was
frequency dependent; the degradation to the TL was more severe at mid and high
frequencies. It was also found that the cavity depth of the module had a slight but
predictable effect on the TL potential. The maximum TL was reduced by approximately
6 dB for each halving of the cavity depth. This effect was a constant function of
frequency over the active control bandwidth. It was also found that decreasing the
electrical resistance of each actuator voice coil provided the single largest increase in the
TL potential; it was an effect manifest uniformly at all frequencies. Each halving of the

voice coil resistance produced a 6 dB increase in the predicted TL through the device.
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It was shown from the analogous circuit model that it was impossible to obtain an
optimal control voltage when using the acceleration of the panel as a reference signal.
Consequently, the aim of the feedback controller was to maximize the gain of the open-
loop transfer function over the control bandwidth while maintaining proper stability
margins. If the incident pressure could be sensed directly, it would be possible to
produce an optimal control voltage signal of reasonable amplitude. However, sensing the
incident pressure is fundamentally equivalent to performing feed-forward active control.

A prototype module was built using off-the-shelf components and measured in a
plane-wave tube. The normal-incidence TL was measured for several passive and active
configurations. The measured results were shown to approximately match the numerical
predictions. The average arithmetic TL from 20 Hz to 1 kHz for a fully active double-
panel partition was 57 dB, whereas the average passive TL for the same device was only
31 dB. This represents a sizeable improvement in the TL through the device at low
frequencies. The module was also shown to have bidirectional TL capabilities. This was
manifested in two ways: identical broadband TL in both directions through the module
and by simultaneous attenuation of two distinct sinusoidal tones traveling in different
directions through the module.

Although major advancements in the design of ASP modules have been made in
the course of this thesis work, many opportunities exist for future research.
Recommendations for future work on the ASP module presented in this thesis include:

e Measuring the normal-incidence TL on larger experimental modules with the

same basic design.
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Developing miniature electronics (including amplifiers, control filters, and
power supplies) that can be mounted inside the module.

Developing a new actuator with minimum weight and thickness in mind.
Minimizing the overall depth of the modules.

Maximizing the surface area of the panels in the experimental module.
Minimizing the surface area of the surrounds in the experimental module.
Creating more elaborate feedback controllers.

Addressing the mechanical and electrical connection between adjacent
modules in an array.

Performing oblique and random incidence TL tests on an array of
experimental modules.

Calculating electrical power consumption as a function of incident sound
power for an array of experimental modules.

Investigating continuous skin surfaces for ASP arrays (for aesthetic purposes).
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