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Abstract

First-day spacecraft failures frequently occur as a result of the loads experienced
during launch into orbit. These loads include structural vibrations transmitted at points of
structural contact, and structural-acoustic vibrations created by the excitation of the
payload fairing cavity. Structural control techniques, using piezoelectric actuators, have
previously been studied as cost-effective ways of reducing the structural-acoustic
vibrations being transmitted into the fairing cavity.

These structural control methods, while effective at reducing the sound
transmitted into a structure, have not been as effective for controlling acoustic reflections
from surfaces. This is due to large impedance mismatches at the solid-fluid interface
where control is applied. Recent developments in plasma engineering have made it
possible to create a uniform glow-discharge plasma over a surface at one atmosphere
(OAUGDP). This creates a thin active layer with almost no impedance mismatch to the
surrounding fluid. This thin layer can be used to actuate the air around it much like a
speaker.

This thesis investigates the use of thin OAUGDP layer over a surface for active
noise control. This technology was also combined with structural control methods to
produce a single surface capable of both structural and acoustic actuation. Results from
all of these tests indicate an ability to reduce noise by as much as 15.9dB at specific
frequencies and by 9dB over a broad frequency range. The reductions were not global in
nature, but certain qualities of this control method make it attractive for the problem of
reducing acoustic loads on payloads during launch.

Thesis Supervisor: John-Paul Clarke
Assistant Professor of Aeronautics and Astronautics
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Chapter 1

INTRODUCTION

1.1 Motivation

It is estimated that 40% of first-day spacecraft failures occur as a result of the

loads experienced during launch into orbit [1]. These loads include structural vibrations

transmitted at points of structural contact, and structural-acoustic vibrations created by

the excitation of the payload fairing cavity. The structural vibrations are typically

reduced by a system of shocks and dampers [2], while the structural-acoustic vibrations

are typically reduced by acoustic blankets [3]. The structural-acoustic loads are the

greatest at the natural frequencies of both the fairing structure and the acoustic cavity

enclosed by the fairing.

Recently, launch operators have shifted from metal to composite payload fairings

in an effort to reduce launch weight [4]. This shift has reduced the per-weight cost of

launching a payload. The negative effect of the shift is that the less massive composite

fairings are actually more susceptible to structural-acoustic vibrations. To compensate,

payloads are often over-designed to allow them to survive the harsh launch environment.

Much of the savings of lighter payload fairings end up being lost to overly-heavy

payloads, or even worse, to missions which fail during launch. All of this has fueled a
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search for a way to reduce structural-acoustic vibrations without adding much mass to the

system.

Two primary methods exist for reducing these types of vibrations: passive and

active. Passive methods involve simply adding mass as a way to reduce vibration.

Active methods involve incorporating actuating elements into the structure and

controlling these in such a way as to reduce structural excitations.

1.2 Passive Methods

Passive methods include making payload fairings more massive, which runs

counter to the desired goal. They also involve application of acoustic blankets to the

inside of payload fairings. These blankets are quite dense, and are not very effective at

reducing long-wavelength acoustic vibrations unless their thickness is the same order of

magnitude as the wavelength to be attenuated. It makes sense to eliminate high-

frequency vibrations passively where thin, light blankets can be used, however, it is

hoped that low-frequency vibrations could be reduced actively for much less cost in

launch weight.

1.3 Active Methods

Active methods for reducing structural-acoustic vibrations have been the focus of

study for a number of years [5, 6]. The focus of much of the work has been reducing

launch loads, making aircraft cabins quieter, and silencing duct noise. Specifically, there

are two primary types of active vibration reduction: Active Noise Control (ANC) and

Active Structural-Acoustic Control (ASAC).
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Active noise control typically uses a controlled acoustic source, such as a speaker,

to cancel noise at a certain location. This is accomplished by sensing the sound present at

the location with a microphone, and using the control speaker to apply the opposite

pressure wave to that point. Feedback control methods are generally used, although for

tonal disturbances, feedforward methods are sometimes employed. ANC can be very

effective at reducing sound at a specific point, but is less effective at reducing noise over

a large spatial volume. Techniques for global active noise control do exist, but are

generally limited to cases when the exact geometry of an enclosure is known.

Active-structural acoustic control has been the focus of much of the previous

work at MIT's Space Systems Laboratory as well as at other locations [7, 8]. ASAC

methods utilize active elements embedded in a structure to de-vibrate a structure at its

natural frequencies. Most previous work has used structurally-bonded piezoelectric

patches as actuation sources, with accelerometers and PVDF layers as structural sensors.

In efforts to reduce the vibrations caused by broadband, random disturbances, feedback

controllers were implemented from these sensors to the PZT patches. Specific

frequencies were targeted, and the methods were generally successful at reducing

disturbances by as much as 17 dB, or about 80%, at these specific frequencies [9].

Much of the work in ASAC has focused on transmission control, the control of

noise being transmitted through a structure. Conversely, ASAC has not been as effective

at eliminating reflections from a surface. The primary reason for this is that there is a

large impedance mismatch at the solid-fluid interface. This mismatch is apparent in

Equation 1, which describes acoustic reflection at a surface [10].

15



Zs (aO) 1+ R

Z F (0)) 1-R

Equation 1 shows that when Zs is much larger than ZF, the reflection coefficient,

R, goes to 1. This represents complete reflection. Applying material properties specific

to a thin, aluminum plate [11], we obtain Zs ~ 1.73 x 107, and for air at standard pressure

[12], ZF ~ 410. This means that, generally, Zs >> ZF sO that we can require Equation 2 to

be true.

+R oo.-. R > 1 (2)
1-R

Equation 2 shows that reflection at the boundary between a solid and a fluid will

be complete except at the natural frequencies of the system. It is only at the poles of ZF

and the zeros of Zs are the impedances close enough that there is not complete reflection

at a surface. By implementing a transmission controller on a surface and reducing the

poles of Zs the exit path for interior vibrations is further removed. In this case, sound

transmitted into the payload cavity is trapped. A method of removing the trapped interior

acoustic energy is required to fully reduce the acoustics of the system.

Because it is very difficult to drive a solid to behave like a fluid, this impedance

mismatch occurs regardless of the control scheme used. For this reason, ASAC will

always be more effective at reducing transmission through a surface than reflection at a

surface. To control reflections at a surface it would be better to have an actuator without

an impedance mismatch. One possible combination would be to have an ASAC

controller using piezoelectric patches for transmission control and a second controller

based on ANC using a fluid-based actuator to reduce noise trapped inside the cavity.

16



Constraints on the methods used to reduce these vibrations are significant. Due to

the high cost of a launch, and more specifically, the cost per payload weight, any method

used to reduce vibrations to a payload must be lightweight.

1.4 An Alternative Approach

Finding an alternative to using structural sensor actuator pairs for controlling

acoustic reflections is the focus of this work. In an effort to minimize the impedance

mismatch between the actuator and the surrounding fluid, it was determined that a fluid-

based actuator would be the best choice. It is hoped that such an actuator could be used

in conjunction with current structural control methods to further reduce noise inside of a

cavity.

Recent work in the plasma science community has resulted in the ability to

generate a weakly-ionized, uniform plasma at one atmosphere [13]. Such a plasma is a

mixture of positively charged ions and negatively charged electrons, along with a much

larger number of neutral air molecules. The acoustic impedance of such a plasma is

equal to the impedance of air. The ability to produce a thin layer of this plasma over the

interior of the cavity to be controlled provides a method of actuation with almost no

impedance mismatch to the surrounding fluid. The design and testing of this approach is

the focus of this work.

A control source based on actuating a layer of plasma and interacting with the

surrounding air directly would necessarily use ANC control techniques. One limitation

of such techniques is that they generally do not produce global attenuations, unlike

ASAC methods. To produce global, rather than local, reductions in acoustics is possible
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using ANC methods [14]. It requires additional modeling of the problem and an

incorporation of modal actuation. It is the hope of this work that such a global actuator

can be produced based on the plasma technology discussed in the next section.

1.5 Experimental Approach

The experimental work performed here will follow naturally from previous work on

the subject done at MIT. Much of the hardware used will be the same, and many control

design techniques will also follow from this work. The reason for this, aside from easing

development of new technology, is in order to provide comparable results between past

and current work.

While the work here may have other applications to active noise control

problems, specific application to the launch loads problem is being considered. For this

reason, we will limit frequencies observed to below 500 Hz. This is under the

assumption that above 500 Hz, attenuation is handled by passive acoustic blankets.

Weight considerations, which are a driving factor behind any spacecraft design will also

be studied.
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1.6 Thesis Outline

This thesis describes an experimental study of the control of thin layers of plasma to

provide active noise control. A benchmark for the noise reductions that might be

expected from such a method is determined experimentally. Combining this technology

with previous structural control methods is also investigated. The applicability to the

launch loads problem is discussed as a possible use for this research. Included in this

thesis are:

- One-Atmosphere Uniform Glow Discharge Plasma

e Tone Cancellation Experiment

- Random Disturbance Attenuation Experiment

- Structural-Acoustic Control

" Combined Structural and OAUGDP Control

- Global vs. Local Reductions
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Chapter 2

ONE-ATMOSPHERE UNIFORM GLOW

DISCHARGE PLASMA

2.1 Background

The ability to produce a uniform, glow-discharge plasma was recently

demonstrated by Roth [15] in one-atmosphere conditions (OAUGDP). The technique

used is based on the idea of "charge-trapping", and requires alternating electric fields

across a volume of gas. The plasma produced is of the low-temperature, weakly-ionized

variety and is assumed to be able to interact with the surrounding neutral gas via ion-

neutral collisions. The fact that it is produced at one atmosphere means that heavy

vacuum equipment is not needed in the plasma generation process, as is usually the case.

The process used to generate an OAUGDP was patented by Roth, and consists of

two electrodes separated by a sufficient air gap and a power supply capable of producing

high voltages at radio frequencies [16]. Specifically, the power supply was able to

produce voltages of up to around 10 kV, at frequencies from 500 Hz to several kHz. Due

to power limitations of any such power supply in a laboratory situation, the electrodes

were realistically limited in size to about 1 square foot each. The basic setup is shown in

Figure 1.
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High-

RE Power
Supply

Electrode

Figure 1: Basic Setup Used to Generate OAUGDP

To generate a weakly-ionized plasma between the electrodes shown in Figure 1, a

high voltage is applied across the air gap. Applied current continuously moves electrons

to the electrode surface where the high voltages pull electrons into the gap and accelerate

these free electrons to ionization energies. It has been observed that these electrons

acquire the minimum energy required for ionization of 81 eV [17]. This reduces the

power required for plasma generation. Then, via impact ionization, the energretic

electrons strip electrons from the surrounding air molecules producing a large supply of

positively-charged ions to mix with the free electrons.

This mixture of both positively and negatively charged ions in the same region

represents a weakly-ionized gas. The ions and electrons feel an electromagnetic force

due to the applied electric between the electrodes. This force is the Lorentz force and is

described in Equation 2 [18], and applies to both ions and electrons. The direction of the

force depends on the sign of the charge, q.

F = ma =-qE -mvv (2)

In Equation 2, the first term on the right hand side describes a retarding force

whereby particle momentum is being lost due to collisions. It depends on the collision

frequency ve, which is larger for electrons that for ions. However, due to the much larger

22
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mass differential between the two particles, ions will lose more momentum per collision

and wind up traveling slower than the electrons inside the plasma.

By oscillating the electric field present between the electrodes, it is possible to

spatially oscillate the ions and electrons. Using such a scheme, the difference in mobility

between the particles can now be taken advantage of. Because the ions move more

slowly than the electrons, it will be possible to switch the electric field back and forth at

certain frequencies and trap ions between the electrodes without trapping the electrons.

This is the "charge-trapping" method.

By trapping ions in a given volume and continually pumping free electrons into the

same space, a quasi-steady state is achieved. This weakly-ionized mixture is referred to

as a uniform glow-discharge plasma, and exhibits properties to that effect [19]. The

frequency of field oscillations necessary to trap ions can be determined from Equation 2

by first making a few more assumptions. The derivation of the critical frequency follows

one done by Roth [17].

First, we assume that the applied field is constant across the air gap and equals zero

in the other two directions, so that we can write the electric field as in Equation 3.

Z = EO sin(t)fL (3)

Equation 3 can then be substituted into Equation 1 and we can rewrite this as a function

of x to obtain Equation 4.

d 2x dx
m - + my v--= eEg sin(oa) (4)

dt dt

The general solution to this ordinary differential equation is of the form of Equation 5.

x(t)= C, sin(wt)+C 2 cos(Wt) (5)
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Using the knowledge that the collision frequency for electrons is much higher

than for ions, we can eliminate one of the constants in Equation 5 to obtain the time-

dependent position of one of the charged particles between the plates. This is given in

Equation 6.

x(t) eE0 cos(wt) (6)

Then, converting the frequency from radians per second to cycles per second, and

substituting the maximum value of the electric field for a parallel-plate configuration

[18], we can derive the rms displacement of a charged particle. This is shown in

Equation 7.

XRMS eVRMs

2mnvov d

To satisfy the charge-trapping method, we require this rms displacement to be within the

volume between the plates. So, we must satisy Equation 8.

XRMS (8)
2

When Equation 8 is satisfied, Equation 7 can be used to place a critical limit on

the frequency for charge buildup to occur between the plates. This critical frequency is

given in Equation 9.

vo = eVRMS 2 (9)
mnvcd

Using Equation 9 with applied voltage values around 5 kV, with an air gap of

about 2 cm, and an ion collision frequency around of about 7 x 109 1/s produces a critical

plasma generation frequency of about 2 kHz.
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2.2 OAUGDP Over a Surface

It is also possible to create an OAUGDP over a surface rather than between two

electrodes [20]. This is beneficial for our problem because we are attempting to reduce

the impedance mismatch between actuator and fluid inside the cavity. By generating the

plasma over a surface, we remove the electrode between the plasma and fluid, providing

direct contact between the two.

The reflection coefficient at the fluid-actuator boundary now is of the form of

Equation 10, which is derived for two adjoining fluids [10].

pIc1 -1+R (10)
p 2c 2  1-R

Density and speed of sound measurements for a weakly-ionized air-based plasma are

nearly identical to neutral atmospheric air since both are composed of the same

constituents. In fact, since only a small fraction of air molecules are actually ionized in

the OAUGDP, it is mostly neutral air. The identical impedances means that Equation 10

can be reduced and the resulting Equation 11 is produced.

1+ R
= -> (1- R)= (1 R =0 (11)

1-R

As is shown in Equation 11, R goes to zero as the impedances converge, implying no

reflection at the boundary between the two fluids. This means that generating the plasma

over a surface instead of between two electrodes takes care of the impedance mismatch

problem between control surface and fluid.

The procedure for generating an OAUGDP over a surface is much the same as for

the two-electrode case. The main difference is that instead of using a large air gap to

insulate the electrodes, a smaller volume of high-dielectric material is used. Any good

25



insulator can be used, and an easy choice for us will be the composite FR5, which most

PC boards are made of. This means that a standard PC board can be etched in such a way

that the electrodes will remain on either side of the dielectric, and an OAUGDP can be

generated over the surface of the PC board.

2.3 Construction of a plasma panel

A panel capable of generating an OAUGDP over its surface was constructed using

the method described previously. A PC board was etched so that an electrode grid was

present over one surface. A photograph of this panel is shown in Figure 2.

Figure 2: Constructed OAUGDP Panel

A cross-section of the panel is shown in Figure 3 which more clearly illustrates

the electrode setup and where the plasma is generated. The top electrode is composed of
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a grid with 5mm between grid lines. The bottom electrode is square of 100 square mm

area. The electrode design is based on one used by Roth for an OAUGDP panel [21].

Plasma Layer

Electrode Grid

Dielectric\,\ I-I8 mm

Square Electrode

Figure 3: Cross-Section of OAUGDP Panel

With the panel put together, a means for providing a high-voltage RF signal

across the electrodes was required. Due to the oscillating nature of the required signal, a

simple solution to this was to use an inductor in the form of a standard ignition coil.

Such coils are often used to supply high voltages for automotive applications. The

inductor follows the law given by Equation 12 [22]. Equation 12 shows that an

alternating current would then be able to produce high RF voltages at the coil output.

di
vL(t )= L-d (12)L/ dt

To provide the high-current alternating signal to the coil, a 2N3055 power

transistor was used in a current source configuration. A small voltage signal applied to

the gate of the transistor would switch the high current on and off to the coil. The circuit

designed and constructed to drive the OAUGDP is shown in Figure 4. With inductor

values of L = 4H, and a DC power supply capable of providing 8 A, an RF signal with

maximum voltage of about 10 kV was possible.

27
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+ 12V

Figure 4: OAUGDP Panel High-Voltage RF Power Supply

The 10k potentiometers are included in the circuit to allow adjustment of the RF

frequency of the output voltage. The diode across the power transistor prolongs the

transistor life by reducing voltage back across when the coil switches. The high-voltage

output line from the coil is linked to the electrode grid on the top side of the OAUGDP

panel and the +12V line is tied to the bottom electrode.

Using the power supply in Figure 4 with the constructed panel pictured in Figure

2, it was possible to produce a thin, uniform layer of plasma over the electrode grid. This

was verified visually as a purple-blue glow over the panel. A tone was also audible at the

plasma generation frequency indicating that the plasma was indeed transferring energy to

the surrounding air. A photograph of the panel in operation is shown in Figure 5.

In Figure 5, the plasma layer over the surface can be seen as the light-gray region

in the same basic shape as the mesh. The plasma was seen to extend over the area

28



between the electrodes, and closer visual inspection indicated that plasma covered a good

deal of space between the electrodes even though it was not as bright. Active control of

the acoustic behavior of the plasma layer was investigated next.

Figure 5: The OAUGDP Panel in Operation
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Chapter 3

TONE CANCELLATION EXPERIMENT

3.1 Experimental Setup

A tone cancellation experiment was performed as an initial test on the ability of

the OAUGDP to have an effect on the acoustics of a system. The experiment was

designed in such a way that acoustic reflections from a surface could be controlled using

ANC methods. Tonal cancellation tests are relatively easy to construct and perform and

are often used to verify that an ANC system is set up properly. The results from this

experiment were intended to be used as a baseline for further experimentation and

provide some idea of acoustic reductions that could be expected.

The experiment setup is shown in Figure 6. It consists of two waveguides,

designated W1 and W2, joined at a right angle with an OAUGDP panel at the vertex of

the two waveguides. Both waveguides have square cross-sections with inner widths of 6

inches and thicknesses of 3/4 inches, and each waveguide is 2 feet in length. The plasma

panel used was described in the previous section, and had dimensions 6 inches by 9

inches, and was 1/16 inches thick.
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Speaker

W1 Panel

(~ 2ft

2 ft
W2

Shielded
s, O Microphone
<-6 in->

Figure 6: Physical Setup For Tonal Cancellation Experiment

An acoustic test of the system was performed to ensure that reflections from the

panel were observable and fit wave models of the system. The desired response from the

system was for waves to enter at W1 , reflect off of the plasma panel, and travel down W2

without loss at the plasma panel. This would mean that to an observer at the output of

W2 with respect to input at W1, the system's response would look the same as that of a

single waveguide with length equal to the length of W2.

A wave-based model of the system was used to compute the natural frequencies

expected from the system given the previous assumptions. This model was compared to

experimental data to validate the physical setup. For a waveguide of length 2 feet with

two open ends, the natural frequencies of the system are determined from Equation 13

[23]. The speed of sound in Equation 13, cw, was taken to be 343 meters / second. The

variable n denotes the order of the frequency.

vn=n2L (13)
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Experimental verification of the system's natural frequencies was performed by

placing a speaker at the input of W1 and a microphone at the output of W2. The speaker

was driven by a 1 kHz baseband white noise signal provided by a TekBox. The transfer

function from this disturbance to the signal at the microphone was taken, and is shown in

Figure 7.
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Figure 7: Transfer Function From Disturbance to Microphone

The natural frequencies are seen in Figure 7 as the poles of this transfer function,

and are tabulated in Table 1 along with the predicted frequencies from Equation 13 for a

4 foot long waveguide. Table 1 shows very good correlation between experimental and

theoretical frequencies, indicating that the assumptions made during the modeling

process were valid. The 4* measured acoustic mode is located exactly between the 4*h
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and 5* predicted acoustic modes, and represents a coupling between those two modes in

the experiment.

Table 1: Theoretical and Experimentally Measured Natural Frequencies

141 Hz 140 Hz
282 Hz 280 Hz
422 Hz 420 Hz
563 Hz 635 Hz
703 Hz
844 Hz 843 Hz

Along with the verification from the model, the transfer function in Figure 7 from

disturbance to microphone shows that several natural frequencies of the system lie within

the control bandwidth of the plasma panel. This bandwidth was previously defined as

vconoi < 500 Hz for this specific plasma panel. This will allow us to use the same

physical setup when attempting to control a specific natural frequency via LQG methods.

The hardware used for the tone cancellation experiment also consisted of a real-

time computer which supplied the control signals, and a TekBox which recorded

measurements.

3.2 Electro-magnetic Shielding

As mentioned in previous sections, one side effect of the generation of the

OAUGDP is the production of electro-magnetic interference at radio frequencies. This

interference significantly effects all sensing devices around the waveguides including

microphones. To counter this interference, electro-magnetic shielding techniques were

used. Because the interference is produced at the long wavelengths associated with radio
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waves, shielding can easily be accomplished using faraday cages constructed from metal

foils or meshes [24].

Shielded microphones were constructed by using shielded two-conductor cables

for connections and by covering the external microphone connections with aluminum foil

and copper mesh. A picture of a shielded microphone is shown in Figure 8. The foil and

mesh coverings were electrically connected to the shielding of the cable and all tied to

ground. These practices reduced external electro-magnetic interference on the

microphone signals by over 60 dB, effectively removing it from consideration. Thus, the

shielded microphones were assumed to be unaffected by the electro-magnetic

interference created in the plasma generation process.

Figure 8: Photograph of a Shielded Microphone and Cable

3.3 Control Method

The method of control for tonal cancellation was to supply a signal to the

actuator, thus producing a pressure wave 180 degrees out of phase with the pressure wave
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at that point due to the disturbance. A diagram of the control setup is given in Figure 9,

and shows how the real-time computer connects to the system.

Real-Time CPU

Time
|Delay

500 Hz
sine Out OAUGDP

\Panel

Tek Box

Speaker
In

Microphone

Figure 9: Diagram of the Tone Cancellation Control Method

For the experiment a 500 Hz sine wave was sent to both the disturbance speaker

and the plasma panel. A time delay, At, was added to the plasma panel line to shift that

signal out of phase with the disturbance. The speed of sound, cw, and the geometry of

the system were used to determine the necessary time delay used by the real-time

computer in Equation 14. For this experiment, At was calculated to be 1.8 x 10-3

seconds.

1 L
At=- (14)

2 c,
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3.4 Tone Cancellation Results

Results from this experiment indicate an ability to reduce disturbance noise at the

microphone location significantly. This reduction can be seen in a plot of the

microphone response for both open and closed loop cases which is shown in Figure 10.

The jagged appearance of the signals in Figure 10 is due to the discretization of the data

by the TekBox.

Tonal Cancellation Results - Shielded Microphone Signal

Speaker only
- -- Speaker and plasma panel

|A

-iSS ~ 5

/1S

A I 1

-SI 5|1| S 1

-

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
Time (s)

0.02

Figure 10:

Since the disturbance consist

determined from the average sound

Tone Cancellation Results

ed of a single frequency, overall reductions could be

pressure levels of the open and closed loop response.

Additionally, since we are really only concerned with relative reductions, no calibration

was necessary to convert the microphone signal to a pressure level. The overall

reductions are calculated from Equation 15 [25] using an averaging method where mopen
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and mclosed are the open and closed loop microphone responses respectively. In Equation

15, T is determined as the time band used in the integration process to normalize the

integrals.

1 2

reduction(dB) = 20 x lo g T 1 (15)

c MlosedT ,

Calculations indicate that for the tonal cancellation experiment the plasma panel

was able to reduce the pressure level at the microphone location by 19.6 dB. This was a

significant reduction, and confirmed that the panels were able to effect the acoustic

environment around them. These results also indicate that reductions of about 20 dB

could possibly be realized in broadband experimentation.
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Chapter 4

RANDOM DISTURBANCE ATTENUATION

EXPERIMENT

4.1 Background

Designing a controller to reduce a random, multi-frequency disturbance requires a

more sophisticated technique than the feedforward control used in the previous section.

A Linear Quadratic Gaussian (LQG) controller represents an optimal solution to just such

a control problem, and uses full-state feedback via an estimator. Designing such a

controller requires a model of the plant to be controlled as well as a model of the noise

present in the sensor measurements for the estimator. To design an LQG controller, we

must be able to write the equations that model the plant in the state-space form. This

assumes that such a plant is linear, and time-invariant (LTI). The full details behind the

optimization that results in an LQG controller will not be presented here, but the basics

used for this project follow.

4.1.1 Full-state Feedback

A state-space model of the plant to be controlled is the basis behind an LQG

controller, and satisfies Equation 16 [26]. In Equation 16, the state of the system is

represented by the vector x, the vector y is any measurable variable of the system, and u
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is an input vector. The natural frequencies and behavior of the plant are determined from

the matrix A, and the matrix D is usually a null matrix which assumes there is no feed-

forward in the plant.

i = Ax + Bu

y = Cx + Du (16)

If we use a linear state feedback law, as shown in Equation 17, the dynamics of

the plant can be changed.

u = -Kx (17)

Using Equation 17, we can write the dynamics of the closed-loop plant as in

Equation 18. Because the full-state vector has been used for feedback, the dynamics of

the entire system can be altered via the eigenvalues. Equation 18 assumes that there is no

feed-forward in the system, so that the D matrix is eliminated.

. =(A - BK)x (18)

y = Cx

4.1.2 The Linear Quadratic Regulator

The linear quadratic regulator (LQR) utilizes full-state feedback to create an

optimal solution for the control gain matrix, K, associated with the linear control law

given in Equation 17. A quadratic performance metric is minimized to derive this

optimal solution. The quadratic metric, or cost, is shown in Equation 19.

J = xT(t)Qx(t)+uT(t)Ru(t)lt (19)

The matrices Q and R in Equation 19 weight the states and the control vectors

respectively. To minimize the cost, J, the matrix P must satisfy the matrix Riccati
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equation, which is given in Equation 20 [27]. The matrices A and B come from the state-

space representation of the system.

AT P+PA -PBR'B T P+Q =0 (20)

This leads to a gain matrix, K, which can be used in the linear feedback law

already discussed. The gain, K, is determined using Equation 21.

K = R'B T P (21)

The gain, K, that results from Equation 21 is an optimal solution to the problem,

and weights the states as designed by the matrices Q and R. Using this gain K, specific

states of the plant can be controlled without affecting the remaining states, and limits can

be placed on the amount of control signal to be input to the system. These properties of

the linear quadratic regulator will be used throughout this section.

4.1.3 Full-state Estimation

The linear quadratic regulator requires full-state feedback, but often, the states of

the system are not directly observable. Commonly, the states of the plant are estimated,

and it is these state estimates that are fed to the controller to produce the control signal.

An optimal state observer, called a Kalman filter, can be designed in much the same way

as the linear quadratic regulator. To see this, we first assume that our system model now

has plant noise, w, and measurement noise, v, and our system equations are given in

Equation 22.

x = Ax + Bu + w

y = Cx + Du + v

Measurement and plant noise can be weighted in the same way that the states

and control signal were weighted for the linear quadratic regulator. For systems where a
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lot of measurement noise is expected, v is weighted heavily meaning that the resulting

observation will be based more on the plant model than the observation. A quadratic cost

is associated with the optimal observer and results in a full-state estimate of the system.

4.1.4 Linear Quadratic Gaussian Control

Linear quadratic gaussian control (LQG) combines the techniques of LQR and the

Kalman filter. The product of these two methods is a state-space system that can be

connected to the output of a plant and produces a signal that can be fed back into the

plant for control purposes. A schematic of the LQG method is shown in Figure 11.

LQG Controller

LQR

K Kalman

x =Ax +Bu y

y = Cx

Plant

Figure 11: Linear Quadratic Gaussian Controller Setup

4.1.5 Modal Representation

As was mentioned previously, the LQG method for control allows certain states

of the system to be controlled, without affecting the remaining states. By transforming

the state-space model of the plant into a modal representation, the A matrix reduces to a

diagonal matrix consisting of the natural frequencies of the open-loop plant [27]. The Q
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matrix will then directly weight certain natural frequencies of the system, allowing the

desired frequencies to be targeted for reduction. This will be very useful for us, because

it will allow us to target our control at the structural and acoustic natural frequencies that

we select.

The modal representation of a state-space system is also known as the diagonal

Jordan form of the system. The transformation matrix, T, required to obtain this

representation consists of the eigenvectors of the system, which are written as v1, v2, ...

vn in Equation 23.

T =(v] V2 vn (23)

Using this transformation matrix, the transformed state-space equations are given

in Equation 24.

z = T~'ATz + T-'Bu (24)

y = CTz + Du

The new matrix describing the dynamics of the system is given by Equation 25,

and is a diagonal matrix with the entries being the eigenvalues of the plant.

A= T-'AT (25)

Using this representation, the quadratic cost function given previously in Equation

19, is now defined for the transformed state z. In this case, the entries of a diagonal Q

matrix will directly weight specific eigenvalues of the system. Using this method,

specific natural frequencies can be targeted for control, as will be shown in the following

sections.
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4.2 Random Disturbance Attenuation Experiment

An experiment, using the OAUGDP, was performed in which the disturbance was

random. An LQG controller, as described in the previous section was created to target

specific frequencies and reduce the acoustic response at a feedback microphone.

4.2.1 Experimental Setup

The same physical setup used for the tonal cancellation experiment was used for this

experiment. The only thing that was changed between the two experiments was the

control scheme. For the tone cancellation experiment, the disturbance was a known

signal of a single frequency, so this information was fed forward to the actuator. For the

random disturbance case, the disturbance would contain multiple frequencies, and be

unknown to the controller, so feedback methods would be required. A diagram of the

control method used for this problem is shown in Figure 12.

1 kHz OUD
white Real-Time CPU
noise Ou Panel -------------

Tek BoxLQG
Controller

Speaker ------

Microphone

Figure 12: Diagram of the random disturbance control method
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4.2.2 Hardware

The hardware used for this experiment consisted of the angled waveguides, an OAUGDP

panel as described in Chapter 2, electronics required to drive the panel, a Tek Box

capable of taking transfer functions and producing a white-noise disturbance, and a real-

time computer for control. A photograph of the waveguide setup is shown in Figure 13.

The OAUGDP panel is at the vertex of the waveguides. The left waveguide is covered in

metal to shield the speaker and other electronics from interference.

Figure 13: Photograph of the Waveguide Assembly

A shielded microphone was used as the feedback sensor for the LQG controller. The

control signal was added via amplitude modulation to a plasma generation signal at 500

Hz by the real-time computer. This total signal was then sent to the high-voltage

circuitry and then to the plasma panel.
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4.2.3 Experimental Procedure

The entire experimental process began by taking transfer functions from disturbance

and control to sensor. While the transfer functions from disturbance, or speaker, to

microphone were already obtainable, to obtain the transfer function from control source

to microphone required a special method.

To take the transfer function from control to sensor, a white-noise, 1 kHz baseband

disturbance was created by the TekBox and sent to the real-time computer. A special

program was created that received this signal and added to it the plasma generation signal

of 500 Hz. This signal was sent out to the plasma panel, and the transfer function from

the 1 kHz white noise to the microphone was taken by the Tek Box. This transfer

function necessarily had spikes at 500 Hz and harmonic frequencies due to the addition of

the plasma generation signal. A plot of the control source to microphone transfer

function is shown in Figure 14.
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Figure 14: Plasma Panel (Control Source) to Microphone (Sensor)

To complete the experimental process, these two transfer functions were combined

into a state-space model of the plant using the FORSE algorithm. This resulted in a 38-

state state-space model of the plant. This model was transformed into a modal form

using the modal transformation given in the previous chapter. The natural frequencies of

the plant were then linked directly to diagonal entries of the Q matrix in LQG control

design, and the Q matrix was set to weight specific frequencies. The controller was then

designed in MATLAB and a Kalman filter was added as a full-state observer.

This produced a SISO, 38-state regulator with a microphone as the input and the

plasma panel as the output. This regulator was downloaded to the real-time computer

and white noise was fed to the speaker from the Tek Box. Open and closed loop
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measurements from the disturbance to microphone were taken, completing the

experiment. A flow diagram of the entire experimental process is given in Figure 15.

Figure 15: Flow Diagram of the Experimental Procedure

4.3 Results

Results from the random disturbance rejection experiment are given below. The first

highly-observable acoustic mode at 280 Hz was selected as the target for the LQG

controller. The plasma generation frequency was set at 500 Hz. Open and closed loop

transfer functions are compared in Figure 16.
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Disturbance -> Microphone, Open vs. Closed Loop
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Figure 16: Flow Diagram of the Experimental Procedure

Figure 16 shows a reduction of the sound at the feedback microphone at the first

observable acoustic mode. This reduction was calculated more specifically to be 15.4 dB

over the 5 Hz frequency range from 277.5 Hz to 282.5 Hz. The broadband reductions

were calculated over the frequency range from 122 to 372.5 Hz as 9.7 dB. These

attenuations compare well with those that might be expected from the tone cancellation

results.

While these reductions are better than previously attained at MIT for acoustic

modes, they do not compare directly with those experiments [28]. One reason is that

these results are not global attenuations, but rather are local reductions at the feedback
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sensor location. Previous work at MIT all involved ASAC methods which are global in

nature.
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Chapter 5

STRUCTURAL-ACOUSTIC CONTROL

5.1 Motivation

Active structural-acoustic control (ASAC), as described in the previous sections uses

structurally-embedded actuators to globally reduce the sound transmitted into a cavity. It

does this by de-vibrating the structure at its natural frequencies where transmission is

highest. The end goal of the research described here is to combine the OAUGDP work

presented previously with ASAC methods to produce a panel capable of both methods of

actuation. It was hoped that by combining the two, more significant noise reductions

could be achieved.

5.2 Experimental Setup

A new experimental setup was created to allow for incorporation of structural

control. The setup physically resembles that used in previous work at MIT. It consists of

several cylindrical sections that can be placed on top of each other, allowing a plate to be

placed between sections. By placing a speaker at one end of the cylinder, transmission

through a plate, as well as reflection at a plate could be observed. A photograph of the

assembled cylinder is shown in Figure 16.
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Figure 17: Assembled Acoustic Testbed

The testbed depicted in Figure 17 is 37.5 inches tall when assembled. The

speaker rests in the 7.5 inch metallic section at the bottom of the tube, and the plate is

located between the two 15 inch white sections. The white sections are PVC pipe, which

has an inner radius of 12 inches, and an outer radius of 12.125 inches. PVC was chosen

as the material because it is a good insulator and would prevent arcing from the

OAUGDP panel to the cylinder.

To provide structural actuation, a plate was constructed and placed inside the

PVC testbed. A PC-board panel was used since an OAUGDP has already been

demonstrated over the surface of such a panel. The panel was constructed of epoxy with

glass fibers, and was 12 inches x 12 inches x 1/16 inches thick. A piezoelectric patch

was bonded to the panel at its center. A photograph of the panel is shown in Figure 18.
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Figure 18: Piezoelectric Element Bonded to Panel

Several things in Figure 18 require further explanation. The large copper circle

on the panel was etched onto the panel, and previously covered the entire back side. It

had been etched to allow production of an OAUGDP over the panel's surface. This will

be discussed in a later section. A two-conductor wire which is seen as the white wire in

Figure 18 was connected with one conductor to each side of the PZT patch to produce the

actuation signal to the PZT.

The piezoelectric patch, visible in the center of the panel has several layers

between it and the copper circle. These layers are there to shield the PZT from

interference from the OAUGDP that would eventually be produced on the other side of
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the panel. Layers of insulation are also present to maintain a separate ground for the

PZT. A more thorough description of the extra layers is shown in Figure 19.

P-oletr nuatio

Polyester Insulation

Polyester Insulation

Copper Electrodes (OAUGDP side)

Figure 19: Cross-Section of Layers Applied to Panel

Figure 19 shows the PC board with electrodes on both sides as in previous panels

described to generate an OAUGDP over their surfaces. A clear polymer layer insulates

the metal foil used to shield the electro-magnetic interference from the electrode. The

piezoelectric patch is shielded from the foil layer on the other side by a second polyester

layer. All the layers described above were very thin and bonded sequentially to one

another to allow for a good structural bond between the PZT and the panel. A good

structural bond is required for actuation of the panel.

To complete the EMI shielding process, a foil box was created and bonded to the

top of the layers described previously. The foil box only had physical contact with the

foil layer under the layers, producing a thin metal enclosure over the entire PZT patch.
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The foil box also covered the area where the shielded cable connected to the PZT patch.

A picture of the foil box enclosing the PZT is shown in Figure 20.

Figure 20: Foil Enclosure for EMI Shielding of PZT

Using the hardware described, it is possible to structurally actuate the constructed

panel. However, to actively control the panel, a background in the vibrational response

of such a panel is required as well as a brief understanding of how a PZT patch actuates.

5.3 Structural Background

The natural frequencies of a clamped circular plate are determined from the

differential equation for forced vibration response of a circular plate. This differential

equation is shown in Equation 26 [29].

DV4 w + phib = q(r,t) (26)

In Equation 26, p is the density of the plate and h is the thickness. The variable D

is material dependent and is defined by Equation 27.

Eh3

D = 2(3 (27)
12(1- v2)
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In Equation 27, E is Young's modulus of elasticity, and v is the Poisson ratio. For

the plate being used, we assume that the layer of copper over the surface is negligible to

the vibrational response of the plate, as well as the layers over the center of the plate.

The panel is an epoxy resin and glass cloth composite with material properties [30] as E =

15 Gpa, v = 0.3, p = 1.85 g/cc, and as already stated, thickness h = 1/16 inches. These

values set D = 5.496.

To determine the natural frequencies, we assume a harmonic solution of the form

of Equation 28 [31].

W(r, 0)= W (r)(cos n6 + sin nO) (28)

Substituting this solution into Equation 26, and utilizing Bessel functions, the

frequency equation can be written as shown in Equation 29.

J) (I1,,~1 Cfa)+ I, (fia)Jn+ (a)= 0 (29)

The natural frequencies are defined by the roots of this equation, and are

computed by Equation 30.

CO 2 - rad /s (30)a ph

The roots of Equation 29 define the values of Pia, and the first three roots of

Equation 29 are given in Table 2. These roots define the first three axisymmetric

vibration modes of the plate. Since the first mode was of primary interest, it was the

target of our controller. Table 2 also lists the first three axisymmetric natural frequencies

of the plate in Hz.
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Table 2: First Three Axisymmetric Natural Plate Frequencies

0 3.1961 95.8
1 6.3064 372.9
2 9.4395 835.3

A clamped plate also has natural vibration modes that are not axisymmetric. For these

modes, the frequency equation has roots Dasa where n is now > 0. The first three of these

roots all occur for zero nodal circles (s=0). These roots along with the corresponding

natural frequencies are given in Table 3.

Table 3: First Three Non-axisymmetric Natural Plate Frequencies

1 4.61 199.3
2 5.91 327.6
3 7.14 478.1

From Tables 2 and 3, we see that the first natural frequency of the plate is

approximately 96 Hz. The modeshape at this frequency is plotted in Figure 21. This

modeshape shows the largest deflection at the center of the plate, and no nodal lines other

than the boundary condition at the plate's edge. The plotted modeshape has been

normalized in this case.
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1st Axisymmetric Plate Mode: Frequency =96 Hz
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Figure 21: First Natural Plate Modeshape (o = 96 Hz)

The first two axisymmetric plate modes are easily observable by taking a transfer

function of the cylinder acoustic response. To accomplish this, the plate was placed in

the acoustic chamber, and the speaker at the chamber bottom was driven with a 1 kHz

baseband white noise signal. A microphone was positioned in the cylinder above the

plate, and the top of the cylinder was capped. This setup is further illustrated in Figure

22.

58

!-!!!!!! I i IF, t-1-- - -a - - -- - - -- I - -- - --- - 1-4



End Cap 7.5 in.

15 in.

Mic
1in--,

Plate

15 in.

Speaker
End Cap 75 in.

Figure 22: Structural Control Setup

The 1 kHz white noise was supplied by the Tek Box, and the transfer function from

this signal to the microphone response was taken. This transfer function is shown in

Figure 23 along with the first 3 theoretically determined axisymmetric natural

frequencies. Figure 23 shows there is a good correlation between the predicted natural

frequencies (dashed lines) and those measured experimentally (solid line peaks).

Differences between the two can be attributed to imperfections in the plate and boundary

conditions that might alter the material or geometric properties of the setup.
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Figure 23: Experimental and Theoretical Plate Natural Frequencies

The non-axisymmetric modes are not as significant, and combine with the acoustic

modes to produce some of the other poles observable in Figure 23. But, knowing that the

first structural mode occurs around 90 Hz enables us to target it in LQG control, so we

have all the structural background necessary to accomplish this.

5.4 Piezoelectric Background

Piezoelectric materials utilize molecular locations to transfer electrical

displacement into mechanical stress and vice-versa. The constitutive equations that

describe this process are shown in Equation 31 [32].
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Di = EskEk+ekski(31)

Ti =-eJEk +CEjS k(

The matrices ES and CE in Equation 31 are material dependent and are referred to as

the dielectric and stiffness matrices. The e matrix describes the coupling between the

electric displacement and material stress. Equation 31 shows that by applying an electric

displacement inside a piezoelectric material, we can affect a mechanical stress. If the

piezoelectric patch is bonded to a structure, the lumped-mass representation of the

structure can be modified to include the equations in Equation 31, and fully describe the

response to an applied electric displacement.

Since measurement models are being used for this work, a fully coupled

piezoelectric-structural model of a patch bonded to a plate is not required. A more

detailed explanation of the subject can be found in the paper by Hagood [33].

5.4 Structural Control Results

Structural control was produced in the same way as described in previous sections.

LQG techniques were used, allowing specific natural frequencies of the system to be

targeted. In this case, the first mode of the plate was targeted for reduction. Instead of

using a structural sensor for feedback to the controller, a microphone was used. This

microphone was collocated with the piezoelectric patch, and positioned close to the plate

to ensure that it senses the pressure response due to plate vibration. The setup is the same

as that shown in Figure 22.

As Figure 22 shows, the microphone was located approximately 1 inch above the

plate. Both ends of the PVC tube were capped with metal cylindrical sections for two

reasons. First, so that reflections could also be observed in the tube section with the
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microphone. This more closely models the interior of a payload fairing in which

reflections at the other end of the cavity play a role in the interior acoustic response.

Second, the end caps used were very heavy solid metal sections that provided the weight

necessary to produce a clamped boundary condition on the plate.

Open loop transfer functions from the disturbance and control source to the

microphone were taken and are shown in Figure 24.

Disturbance (Speaker)-> Microphone
20

0-

0).20-

40 -

-60 -

10 10210
Frequency (Hz)

Control (PZT) -> Microphone

0

-10 --

-50--

-0
10 102 10

Frequency (Hz)

Figure 24: Disturbance and Control Source to Microphone

These transfer functions were used to design an LQG controller targeting the first

structural mode at 90 Hz. This controller was applied, and open and closed loop transfer

functions are given in Figure 25. The experiment resulted in reductions at the first

structural mode of 8.3 dB.
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Figure 25: Open vs. Closed Loop - Structural Control
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Chapter 6

COMBINED STRUCTURAL AND OAUGDP

CONTROL

6.1 Setup

A modal version of the OAUGDP was developed which was hoped to produce

global reductions of a similar magnitude to those presented in Chapter 4. This section

details an experiment designed to combine the structural-acoustic methods presented

before with the modal OAUGDP actuator. The hope of this experiment was that both

techniques could be combined to create larger noise reductions than could be obtained by

either of the methods separately. To complete this experiment, an active panel with

structural and OAUGDP elements was constructed.

The panel used for this experiment was the same one used previously for

structural control, but with modifications made to the side opposite the one with the

piezoelectric patch. To allow plasma generation over the panel's second surface, an

electrode grid was required. This grid was etched chemically, and a photograph of the

etched grid is shown in Figure 26.
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Figure 26: OAUGDP Electrode Grid

The specific pattern of the grid shown in Figure 25 was an attempt to solve one of

the defects associated with ANC. As it has been stated previously, ANC methods often

do not result in global sound reductions. That is, noise is only attenuated at the location

of the feedback sensor, unless there is an accurate, global model of the system dynamics.

If we could take into account the modal response of the system, and could shape our

acoustic actuator to deliver a modal control source, we could effect global noise

reductions.

The simplest mode for actuation in this case is the first structural mode of the

plate, and this was selected as the mode to be targeted. This modeshape is already known
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and was shown previously in Figure 20. By tailoring the plasma generation grid to this

shape, we hoped to globally actuate on this mode.

A modal actuator was designed by integrating the area under the modeshape.

This integrated function was divided into several areas of the same size, and integer

numbers of electrode rings allotted to each area based on size. For the first structural

mode, this meant less space between rings near the center and more space at the edges.

The spacing between electrode rings was calculated from the integrated modeshape and is

shown in Figure 27.

Line Locations for Electrode Rings

0 2 4 6 8 10 12
Radius (cm)

Figure 27: Electrode Ring Locations vs. Radius

Figure 27 shows the first electrode ring at 6 mm from the plate center and the last

ring at 10.4 cm from the center. Symmetric rings were used due to the axisymmetric

nature of the first plate mode. The location of the rings is such that the amount of plasma

generated over the surface of the plate would be proportional to the first modeshape.

The active panel used for this experiment consisted, then, of an OAUGDP

generating grid on one side and a structural actuator on the other. The idea behind the

panel was to face the OAUGDP side of the panel into the cavity and use it to control

interior noise while the structural actuator would control transmission from an external

source. A schematic of this is shown in Figure 28.
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Figure 28: Schematic for Combined Control Experiment

The physical setup for this experiment was the same as that for the structural

control experiment. The PVC tube with capped ends was used, with the speaker and

panel in the same location as described in Figure 22.

The LQG techniques used previously were also used for the combined control

experiment. Two controllers were designed separately and then run concurrently for this

experiment. Both controllers used the same microphone for feedback, although a

performance microphone was used at times to determine the global effectiveness of the

control.

6.2 Combined Control Results

A few variations were performed of the combined control experiment. In the first

case, the two controllers were set to target different system modes. The structural

controller was designed to target the first structural mode at 90 Hz, and the OAUGDP

controller was designed to reduce the second structural mode at 373 Hz. The primary

motivation behind this experiment was to test whether the two controllers would function
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at the same time without interference, and whether the controllers would complement one

another.

Both controllers were run separately first, and then together. Open and closed

loop results for the structural controller alone and the OAUGDP controller alone are

shown in Figure 29 and Figure 30 respectively. The structural controller reduced the 90

Hz mode by 8.2 dB and the OAUGDP controller reduced the 385 Hz mode by 4.5 dB

Figure 31 shows the result of running both controllers at the same time. The

attenuations observed for the combined experiment were nearly the same as that for the

targeted modes when the controllers were run independently. The reductions of the

combined controller were 7.6 dB at 90 Hz and 6.5 dB at 385 Hz.

Open and Closed Loop Response: Disturbance -> Microphone
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Figure 29: Open and Closed Loop Structural Control at 90 Hz
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Open and Closed Loop Response: Disturbance -> Microphone

Frequency (Hz)
102

Figure 30: Open and Closed Loop OAUGDP Control at 373 Hz

Open and Closed Loop Response: Disturbance -> Microphone

Frequency (Hz)

Figure 31: Combined OAUGDP and Structural Control
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A table of the results from this experiment is given in Table 4.

Table 4: Combined Structural and OAUGDP Control Reductions

Structural Only
OAUGDP Only

Combined

8.2 dB

7.6 dB
4.5 dB
6.5 dB

Next, both controllers were designed to target the same frequency, the first

structural mode at 90 Hz. Open and closed loop results from each controller alone are

shown in Figure 32 and Figure 33. Reductions from the structural controller alone were

4.9 dB and from the OAUGDP control alone were 1.3 dB. While the reductions at these

specific frequencies were much less than the previous experiment, other frequencies

showed reductions on the same order as the previous experiment.

5

0

-5

--10

S-15

2 -20

-25

-30

-35

Open and Closed Loop Response: Disturbance -> Microphone
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Figure 32: Open and Closed Loop Structural Control at 90 Hz
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Open and Closed Loop Response: Disturbance -> Microphone
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Figure 33: Open and Closed Loop OAUGDP Control at 90 Hz
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Figure 34: Combined OAUGDP and Structural Control
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Figure 34 shows the results of combined control. We see in Figure 34 that the

reductions at the first mode are a combination of the reductions from both methods. The

results from this experiment are given in Table 5.

Table 5: Combined Structural OAUGDP Control Targeting the Same Mode

Structural Only 4.9 dB
OAUGDP Only 1.3 dB

Combined 13.0 dB

The combined results given in Table 5 indicate a significantly larger increase for

the combined controller. The reason for this large reduction is that the reductions from

each controller added to one another. However, this does not completely explain why the

combined reductions were twice what were expected.

One possibility is that the reductions in Table 5 for the OAUGDP control do not

show the maximum reduction for that controller, but rather the reduction at 90 Hz.

Reductions at other frequencies of the OAUGDP control were closer to 7 dB, which

when added to the structural control would nearly equal the combined results. So, there

may be some coupling between the two controllers that shifts the reductions up and down

the frequency range.

Another interesting thing to look at is the broadband reductions, which are the

eventual goal of any noise reduction method for the launch loads problem. Broadband

reductions were calculated over the frequency range from 20 Hz to 200 Hz. These

reductions are shown in Table 6.
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Table 6: Broadband Reductions for Combined Control (20 Hz to 200 Hz)

Structura 1- 90 Hz, OAUGDP - 385 Hz -0.4 dB
Structural & OAUGDP - 90 Hz 5.9 dB

The negative value in Table 6 indicates an increase rather than a decrease. The

controller targeting different modes did not have a desirable broadband result as indicated

by Table 6, and as can be seen in the open and closed loop plots for that controller. But,

the combined controller targeting the same mode did have good broadband results. One

reason for the effectiveness of this controller compared to other may be that the

OAUGDP targeted a lower frequency. The lower the target frequency is relative to the

plasma generation frequency, means more plasma generated that can be actuated.
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Chapter 7

GLOBAL VS. LOCAL REDUCTIONS

7.1 Setup

The desire to have global noise reductions has already been discussed. To

determine whether the results presented in the previous section were global or local, a

performance microphone was inserted into the PVC cylinder 10 inches from the feedback

microphone along the cylinder axis. This microphone was shielded electro-magnetically

in the same manner as the feedback microphone.

7.2 Results

The structural controller was run first. This was already known to be a globally-

reducing method, so we expected attenuations to show up at the performance microphone

as well as the feedback microphone. The results from this test are shown in Figure 35.

Figure 35 shows at 90 Hz of 8.2 dB at the feedback microphone and 8.3 dB at the

performance microphone. This would indicate that the structural controller does indeed

produce global reductions.
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Figure 35: Open and Closed Loop Structural Control at 90 Hz

The global nature of the OAUGDP controller was also evaluated. For the first

test, the 385 Hz mode was targeted, and reductions were measured. Since the modal

pattern of the OAUGDP electrode grid was not designed for this mode, we did not expect

global reductions at this frequency. Figure 36 shows that although the feedback

microphone reductions are present, these do not completely show up at the performance

microphone location. The reductions are calculated at 385 Hz as 4.5 dB at the feedback

microphone and 1.9 dB at the performance microphone.
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Figure 36: Open and Closed Loop OAUGDP Control at 385 Hz

Finally, the OAUGDP controller was set to target the first structural mode at 90

Hz, for which the modal pattern was designed. Unfortunately, they do not indicate global

reductions. Results from this OAUGDP controller are given in Figure 37. Calculated

reductions for this test showed a 5.7 dB reduction at the feedback microphone and 3.5 dB

at the performance microphone.

Figure 37 shows that the reductions were still not the same at the performance

microphone as they were for the feedback microphone. While there were some

reductions at the performance microphone, comparison would indicate that the OAUGDP

controller was not global in the same sense as the structural controller. The results from

these three tests are presented in Table 7.
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Figure 37: Open and Closed Loop OAUGDP Control at 90 Hz

Table 7: Global Reduction Testing Results

Structural
OAUGDP - 385 Hz
OAUGDP - 90 Hz

8.3 dB
1.9 dB
3.5 dB

8.2 dB
4.5 dB
5.7 dB

Given the results in Table 7 and in the figures in this section, it appears that the

OAUGDP, falling into the active noise control category for actuators, does not produce

global reductions. Attenuations were observed at the performance microphone, but these

could likely be attributed to the proximity to the feedback microphone. The frequencies

of interest being fairly low, the associated wavelengths were on the order of a meter, and
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the distance between feedback and performance microphone was approximately one-

quarter of that wavelength.

The modal pattern did not prove very successful at globally reducing sound, as the

global effects did not vary much between the 385 Hz and 90 Hz tests. One possible

reason for the poor performance of the modal grid is that while the amount of plasma

over the panel surface followed the first modeshape, the amplitude of the field driving the

plasma did not follow the same shape. To create a truly modal actuator, the applied

electric field should also follow the modeshape. This was beyond the scope of the work

done here, and could be considered for future work on the subject.
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Chapter 8

CONCLUSIONS

8.1 Conclusions

A panel capable of generating an OAUGDP over its surface was tested as a

possible actuator for active noise control problems. Specifically, we were interested in its

application to the launch loads attenuation problem. It meets many of the requirements

of the launch loads problem, but it did not meet others.

The main requirements of the launch loads problem are weight, cost, control

authority, control bandwidth, and global noise reductions. The first two are met by the

OAUGDP panel. To modify a payload fairing to have the ability to produce an

OAUGDP layer inside, would require less than one ounce of copper per square foot,

which is also not very expensive. And, because the copper electrodes can be applied in

any orientation, application to the interior of a payload fairing would be possible.

The control bandwidth available is appropriate for the launch loads problem

where frequencies over about 500 Hz are attenuated using acoustic blankets. The control

authority provided by the OAUGDP is significant, but might need to be improved if it is

to be used in launch vehicle fairings. This could be accomplished by increasing the

applied electric field to the electrodes, as only an easily attainable voltage level was used

for this study.
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The fact that the OAUGDP method can be used in conjunction with structural

methods makes it even more attractive. Whether or not active methods should be used at

all due to the power requirements, is not a matter for this study. But, in terms of power

consumption, the OAUGDP requires a similar amount of power to piezoelectric patches.

If active methods are believed to be feasible, then OAUGDP methods are viable options.

Where the plasma panels fall short is in the byproducts of plasma generation, and

in the lack of global noise reduction. The production of the OAUGDP also yields

electro-magnetic interference at radio frequencies. This interference can be dealt with, as

seen in the microphones used in the experiments of this study, by shielding with thin

layers of metal or metal mesh. Ozone is also produced by the plasma generation process.

The levels are such that humans in an enclosed environment would require some

preventative measures. Such levels of ozone may also not be desirable for certain

payloads due to the reactive nature of ozone.

The real problem with the OAUGDP is that it is an active noise control

technology, and therefore does not inherently produce global noise reductions. It may be

possible to produce a modal actuator by accurately modeling the acoustic environment,

but it was not achieved in the work presented here.

The conclusions then, are that the OAUGDP is a viable active noise control

actuator which has shown an ability to provide random noise reductions of as much as 19

dB over a narrowband frequency range, and nearly 6 dB over a broad frequency range.

OAUGDP panels can be used in much the same way as standard voice coil speaker, but

are extremely light, and can be applied to almost any surface.
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In addition, OAUGDP elements can be combined with structural actuators on the

same panel to produce a dual control device. While the structural actuator targets

reduction of transmission through the panel, the OAUGDP can target interior noise and

attempt to further reduce sound. Modal OAUGDP elements can also be produced,

however, global control using these elements has not yet been demonstrated.

Drawbacks of OAUGDP usage include EMI and ozone production during operation,

but these problems can be dealt with. Future work is required to enable the application of

OAUGDP panels or combined OAUGDP structural panels to the launch loads alleviation

problem.

8.2 Future Work

Future work in this area might immediately focus on the global versus local

reductions issue. Either a modal actuator or distributed actuation might be a

consideration for solving that problem, and could be designed in the same way as the

modal actuator presented in this work. In the improved design, the ability to have the

amplitude of oscillations also follow a modal pattern would be desireable. This could be

done by dividing the applied voltage to each ring in the proper proportions. Because the

voltage differences between the rings would be much less than the large voltage drop

between the cathode and anode, arcing between rings would not be a problem.

Distributed sensing and actuation would also be a possibility for future work. By

creating a large array of panels with both structural and OAUGDP elements, it might be

possible to actuate on the system modes. Inaccuracies due to placement of modal
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actuators are removed in this way. Control using distributed sensing and actuation would

require more hardware and computational power.

Along with a modal actuator, it would also be interesting to perform a three-

dimensional experiment with an OAUGDP panel, and also with a combined OAUGDP,

structural control panel. These tests would also require more hardware and

computational power.
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