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Figure 4.40 WSSG for the shell at a frequency of 653.77 Hz and configuration I for a)
the primary force, b) the control force, and c) both the primary and the control forces.
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Figure 4.41 WSSG for the shell at a frequency of 814.28 Hz and configuration I for a)
the primary force, b) the control force, and c) both the primary and the control forces.
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Figure 4.42 WSSG for the shell at a frequency of 866.07 Hz and configuration I for a)
the primary force, b) the control force, and c) both the primary and the control forces.
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Figure 4.43 Control using the WSSG control metric using the finite difference method.

power with respect to the control force. Although this is not physically practical, it does provide
the optimized value of the radiated sound power, which provides the ultimate limit for how much
the radiated power can be attenuated.

One can start from the expression for the radiated power in Eq. (3.5), where

P = {u"}[R]{u} (4.1)

In the presence of both the primary and the control source, the velocity field can be decomposed
into the velocity field due to the primary force and the field due to the control force. The control
field can be expressed as the product of the control force, F,, and the transfer function, G, between

the control force location and each point on the structure, i.e

u = u, + FG, 4.2)

where uy, is the primary velocity vector and G is the transfer function vector between the control
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force location and every other element on the structure. Using Eq. (4.2), Eq. (4.1) can be expressed

as

P = [up + F.G]" R[up, + F.G] (4.3)
which can be expanded into
P = u,"Ru, + F7G"Ru, + up,”RGF, + F?G"RGF, (4.4)
To simplify, we can define
B = G"Ru, (4.6)
B" = u,"RG 4.7
A = u,"RG. (4.8)

Taking the derivative of Eq. (4.4) with respect to the control force, F, the optimal control force

will be

Froop=—A"'B. (4.9)

Substituting Eq. (4.9) into Eq. (4.4), the optimized value of the sound power will be

Pyin=C+B"F.=C—-B"A"'B. (4.10)

This minimized sound power is shown in Fig. 4.44 as the black dashed line. Figure 4.44 compares
the control results in Fig. 4.33 with the minimized sound power level from Eq. (4.10). The overall

attenuation achieved by minimizing the sound power is 14.0 dB which is comparable to the 11.4



4.5 Performance evaluation 112

dB achieved by minimizing WSSG. This indicates that minimizing WSSG approximates the ideal

solution of minimizing the radiated sound power quite well.
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Figure 4.44 Optimized power for configuration I.

The results suggest that even with using a single sensor location, the WSSG control metric is
able to perform comparably to minimizing the radiated sound power. The question might arise as
to why WSSG would be a better method than minimizing the radiated sound power. The answer
lies in Eq. (4.1); one can see that the formulation of Egs. (4.9) and (4.10) depends on the velocity
vector of the structure, meaning that in practice one needs to utilize a large number of sensors
distributed over the structure to sense the velocity field globally and hence to minimize the radiated
sound power. On the other hand, the WSSG control metric depends only on one or a few sensor
locations, at most. WSSG proves to be much easier to implement in practice than minimizing the
radiated sound power, and yet it produces comparable results that approximate the ideal solution

quite well.
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4.5.1.1 Control using modal weights

In order to see the impact of using the averaged weights on the control performance, the
WSSG control metric is minimized for each of the resonances using the corresponding weighting
coefficients, listed in Table 4.3. The results are then compared to the best possible performance
predicted by minimizing the radiated sound power, in order to evaluate the control results. These

results are listed in Table 4.7.

Table 4.7 Comparison of WSSG control using modal weights for each resonance and the
best possible performance.

Frequency (Hz) Py (dB) Pic—wssc (dB)  APygsc (dB) AR, (dB)

203.06 83.82 80.35 3.47 3.99
290.23 112.9 75.20 37.7 42.5
41391 99.23 77.69 21.5 21.6
505.27 86.73 82.30 4.43 4.49
540.71 88.52 89.80 -1.28 0.38
653.77 91.30 90.41 0.89 2.00
814.28 113.7 90.21 235 235
866.07 101.3 92.11 9.21 10.2

In this table, AP, is the attenuation of sound power level due to minimizing the radiated sound
power. Comparing the column of APy gsg with the column of AP, ,,, one can see that the WSSG
control results are very close to the optimal results. This is significant since it demonstrates that
WSSG with one local measurement is able to approximate the optimal results that are obtained
using global measurements.

Additionally, comparing the 4th column in Tables 4.7 and 4.6 shows that the performance of

the WSSG control metric using the averaged results are very close to the results using the modal
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weights. This supports the conclusion that, if it is needed to apply the control to several resonance
peaks, using the averaged weights will provide control results almost as good as using the modal

weights, which are also very close to the optimal results.

4.5.2 Dependence on error sensor location

In order to show that the WSSG control metric is robust with respect to the sensor location, the
control metric is applied to a few more configurations where the location of the primary and control
sources are kept the same, but the sensor location is modified.

Figure 4.45 shows the location of the forces and the error sensor for configuration II, which are

also listed in Table 4.8. Figure 4.46 presents the control results for configuration II.

Table 4.8 Location of sensor and actuators for configuration II.

Primary Shaker Control Shaker Sensor

z (m) 0.1016 1.0478 0.55
0 (degrees) 30 210 125

Changing the error sensor location to configuration II, the overall attenuation turns out to be
11.2 dB, as compared with 11.4 dB for configuration I.

Figure 4.47 shows one additional case, configuration III, where the coordinates of the actuators
and sensor are listed in Table 4.9. The corresponding control results are shown in Fig. 4.48. For
this configuration, using the WSSG control metric results in an overall attenuation of 10.6 dB.

One can see that by using different sensor locations, there are only differences of less than
1 dB in the overall amount of attenuation obtained, which demonstrates that the WSSG control
metric is robust with respect to error sensor location. As mentioned before, this is a result of the
uniformity of the WSSG control metric. The more uniform the objective function (WSSGQG) is, the

less dependence the control method will have on sensor location.
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Figure 4.45 Control configuration II.
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Figure 4.46 Control using WSSG control metric for configuration II.
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Table 4.9 Location of sensor and actuators for configuration III.

Primary Shaker Control Shaker Sensor

z (m) 0.1016 1.0478 04
0 (degrees) 30 210 280
12
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Figure 4.47 Control configuration III.
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Figure 4.48 Control using WSSG control metric for configuration III.

4.5.3 Dependence on control force location

The control results depend on the location of the control force. In a configuration where the control
force location, in terms of geometry, is not a favorable one, then even using the approach of sound
power optimization will not yield much improvement. Although source location can be optimized,
that is not a focus of this work. Thus, choices for the control force location have been somewhat
arbitrary. The focus of this work has been investigating the WSSG control metric. If the WSSG
method performs as desired, it should closely match whatever the solution is for minimized sound
power, for that given source configuration. A different source configuration is shown in Fig. 4.49 as
configuration IV, where its coordinates are listed in Table 4.10. The corresponding control results
using WSSG and sound power minimization are shown in Fig. 4.50.

In this configuration, it can be seen that the best performance that can be achieved by
minimizing sound power does not show much attenuation, resulting in a total of only 1.1 dB overall

attenuation. As can be seen, WSSG performs quite closely to the minimized radiated power,
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Table 4.10 Location of sensor and actuators for configuration IV.

Primary Shaker Control Shaker Sensor

z (m) 0.1016 0.6 0.68
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Figure 4.49 Control configuration IV.
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Figure 4.50 Control using WSSG control metric for configuration I'V.

with the overall radiated sound power being enhanced by 1.1 dB. There are some frequencies
where WSSG control is not doing as well as the minimized sound power control, but overall, it

demonstrates performance that is comparable with minimizing sound power.

4.5.4 Summary

In summary, it can be seen that the WSSG control method is very robust with respect to the error
sensor location and can approximate the optimal solution of minimizing sound power using only
one or a few local measurements. The sound power attenuation that can be achieved is a function
of the control force location. This will impact the control results. However, for a poor control force
location, the best possible performance will be degraded as well, and the WSSG method is able to

perform closely to this.
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4.6 Improvements

The uniformity of the WSSG control metric depends on the set of weights that is applied to
normalize the spatial gradients. Thus, one can investigate the impact of the normalizing weights
on the performance of the control metric. In order to see if the weights chosen are a good choice
of weights, one can map the overall attenuation that can be achieved for different values of the
weights. Fixing the associated weight with the first term, «, to be equal to 1, one can map out
the overall sound power attenuation for different values of the remaining weights, i.e 3, d and
Y. Figures 4.51 - 4.53 show the sound power level reduction mapped over the different values of
weights, where the colorbar represents the overall sound power level attenuation for each set of
weights. As can be seen there are wide regions for different choices of weights that result in high
attenuation of the sound power level, which shows that the WSSG method is robust with respect
to different choices of weights.

Tables 4.11 - 4.13 present the maximum attenuation of sound power level achieved for
Figs.4.51 - 4.53. From these data, the maximum sound power reduction obtained is 12.2 dB which
is only 0.8 dB different than the 11.4 dB sound power reduction obtained using the conventional
weights (the inverse of the structural wavenumber squared).

The highlighted values show the set of weights that result in maximum sound power level
reduction for each setting. As one can see, there is a maximum of 1 dB difference in between the
optimal and conventional choice of weights. This means that the WSSG method is robust over a
wide range of weights. It also suggests that it may not be necessary to go to great efforts in finding
the optimal weights, since there is little difference for many non-optimal sets of weights. Figures

4.54 - 4.56 show the control results for the highlighted weights in Tables 4.11 - 4.13.
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Table 4.11 Maximum sound power attenuation and the corresponding values for 6 and y
for fixed values of 3

B o Y sound power attenuation (dB)
1.0 1.39e-04 1.39e-04 12.2

le-01 1.93e-05 1.93e-05 12.0

le-02 1.39e-05 1.39e-05 11.5

le-03  1.39e-05 1.39e-05 114

le-04 1.39e-05 1.39e-05 11.3

le-05 1.39¢e-05 1.39e-05 11.3

le-06 1.39e-05 1.39e-05 11.3

le-07 1.39e-05 1.39e-05 11.3

Table 4.12 Maximum sound power attenuation and the corresponding values for 8 and y
for fixed values of &

0 B Y sound power attenuation (dB)

1.0 1 2.68e-02 10.8
le-01 1 1.39e-03 11.5
le-02 1 1.39e-04 12.2
le-03 1 1.39e-04 12.0
le-04 1 1.39e-04 11.5
le-05 1 1.39e-04 11.2
le-06 1 1.39e-04 11.2

le-07 1 1.39e-04 11.1
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Table 4.13 Maximum sound power attenuation and the corresponding values for 8 and 6
for fixed values of y

Figure 4.54 WSSG control for configuration I, using the optimized weights in Table

4.11.

Sound Power Level (dB)
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le-04 1 7.19e-03 12.2
le-05 2.68e-01 2.68e-03 12.0
le-06 2.68e-01 1.93e-03 11.6
1e-07 1 5.18e-03 114
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Figure 4.55 WSSG control for configuration I, using the optimized weights in Table
4.12.

4.7 Acoustic radiation before and after control

In order to better understand the mechanism that results in sound power reduction, it is useful
to compare the coupling between the vibration before and after control with the most efficient
radiation modes at several resonances where WSSG is able to attenuate the radiated sound
considerably. Figure 4.57 shows the ten most efficient radiation modes at a frequency of 290.23 Hz
associated with the (1,1) structural mode. The corresponding eigenvalues are shown in Fig. 4.58.
The radiation amplitudes, i.e y; = Q(:,7) -u for i = 1,2,....10, are calculated for the velocity
fields before control (yp.), after WSSG control (y,), and after minimizing the radiated sound
power (Yac—op:) in Table 4.14. As can be seen from the values listed in the table, the uncontrolled
amplitude associated with radiation mode 4, (1.21) is the highest, followed by the radiation mode

amplitude associated with radiation mode 3 (0.127), which has the next highest value. This can be
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Figure 4.56 WSSG control for configuration I, using the optimized weights in Table
4.13.

understood by considering that the resonance at 290.23 Hz corresponds to the (1,1) mode, which
most closely aligns with the velocity distribution of radiation modes 3 and 4, as can be seen in Fig.
4.57. Although the eigenvalues of radiation modes 3 and 4 are not the highest, the radiation mode
amplitudes are sufficiently large to result in these modes dominating the resulting radiated sound
power. The strong coupling arises from the fact that the high amplitude velocity field of the actual
structure at its structural resonance closely matches the velocity distribution of those particular
radiation modes. The radiation amplitude of mode 3 is lower due to the 90 degree shift of the
velocity distribution in radiation mode 3. On the other hand, even though radiation modes 1 and 2
have the highest eigenvalues, i.e., they are more efficient than other modes at this frequency, since
the velocity field of the vibration does not couple with them as strongly, they do not contribute
greatly to the radiated sound power. Looking at the radiation amplitudes for higher order modes

(for example, modes 7, 8, 9 and 10), we can see that the amplitudes are slightly higher than the
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amplitudes for the first two modes. The reason for this is that the velocity field of the structure is
projected more effectively onto radiation modes that have the general trend of a (1,n > 0) mode
shape. Now looking at the values listed for y,. (after WSSG control) for radiation amplitudes
associated with radiation modes 3 and 4, the values drop to 3.932 x 1079 and 3.741 x 107%,
respectively, which leads to approximately 35 dB of sound power reduction. Comparing these
values to the minimized power amplitudes (y,c—o p,), for modes 3 and 4, we can see that the values
for WSSG control are close to the optimal values listed under (ygc—o pt) for radiation modes 3 and 4.
This suggests that there is a reasonable correlation between WSSG and the radiated sound power,

since optimizing WSSG has led to similar results as for minimizing the radiated power.

Table 4.14 The coupling between the vibration before and after control with the ten most
efficient radiation modes at 290.23 Hz.

Ybe Yac Yac—opt
Mode 1  -1.1676e-03 -6.0502e-05 -5.9740e-05
Mode 2 2.5131e-03  5.0245e-03  5.0262e-03
Mode 3 1.2722e-01  3.9318e-05  1.9270e-07
Mode 4 1.2104e+00 3.7409e-04  1.8334e-06
Mode 5 -2.2861e-03 -4.4537e-03 -4.4552e-03
Mode 6  -1.1503e-02 -2.2410e-02 -2.2417e-02
Mode 7 1.7763e-02  3.5513e-02  3.5525e-02
Mode 8 -1.3518e-02 -2.7027e-02 -2.7036e-02
Mode 9  3.1516e-02  2.1701e-05  4.7739e-08
Mode 10 -1.0240e-02 -7.0510e-06 -1.5502e-08

We can investigate another case.

Hz.

Consider the same analysis for a frequency of 413.91

Figures 4.59 and 4.60 represent the radiation modes and the corresponding eigenvalues,
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respectively, at 413.91 Hz.
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Figure 4.59 Ten most efficient radiation modes at 413.91 Hz.

Table 4.15 lists the values for the radiation modes before control (y,.), after WSSG control
(Vac) and for minimizing radiated power (Yuc—opr). Taking a look at the values, it is apparent that
the values for modes 9 and 10 are the largest in magnitude, which are -11.13 and -2.36 respectively.
As shown in Fig. 4.59, radiation modes 9 and 10 correspond closely to a velocity distribution
for mode (2,2), and the structural mode at the frequency of 413.91 Hz is the (2,2) mode, which
enables the structural velocity field to be mapped very efficiently onto the velocity distribution
of the radiation modes. The lower value for radiation mode 10 is again caused by the 90 degree
shift of the radiation mode with respect to the velocity distribution. The radiation amplitudes
after control for these two modes drop down to —9.995 x 10792 and —1.912 x 10~ respectively,

which corresponds to an attenuation of approximately 20.9 dB. This corresponds well with what
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is observed in Fig. 4.44 for the frequencies investigated here.

Table 4.15 The coupling between the vibration before and after control with the ten most

3 4

.

¥ 3

Mode index

efficient radiation modes at 413.91 Hz.

Ybe Yac Yac—opt
Mode 1  1.6869e-03  5.4709¢-06  9.1858¢-07
Mode 2  -3.7863e-03 -7.7637e-03 -7.7745e-03
Mode 3  9.4818e-02 -4.7911e-03 -5.0584e-03
Mode 4  4.7767e¢-03  -2.4137e-04 -2.5483e-04
Mode 5 -1.8361e-02 -3.6663e-02 -3.6712e-02
Mode 6  -1.2832e-03 -2.5623e-03 -2.5657¢-03
Mode 7  6.2387¢-02  1.2793e-01  1.2810e-01
Mode 8  1.3261e-02  2.7192e-02  2.7229¢-02
Mode 9  -1.1130e+01 -9.9954e-02 -6.0609¢-03

Mode 10 -2.3658¢+00 -1.9120e-02 -1.2883e-03
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This analysis can be continued for all of the resonances shown in Fig. 4.44. It is found that
WSSG is able to control all of the resonances in the frequency range of interest, and that the
amplitudes of the strongest radiation modes are nearly the same when minimizing either WSSG or

the radiated sound power.

4.8 Comparison to other methods

The main objective of developing the WSSG method is to create a control metric that can result in
effective and reliable global sound attenuation using one, or a few, point (local) measurements for
cylindrical shells. Therefore, it is important to be able to compare WSSG control results with other
known methods. One of these methods is minimizing the radiated sound power with respect to
the control force. While this can be done numerically, it is not a practical method experimentally.
This was explained in the previous section and the results were shown in Fig. 4.44. There are two
important points to consider. First, minimizing the radiated sound power with respect to the control
force provides the best possible control results, i.e the maximum amount of power attenuation
that can be achieved at each frequency. Second, minimizing the radiated sound power requires a
global measurement, which means a very large number of vibration sensors would be needed. As

mentioned, this limits the practicality of this method.

4.8.1 Volume velocity minimization

Another method that has been proposed for active structural acoustic control is the method of
volume velocity attenuation [117]. In this method, the objective is to ideally drive the total volume

velocity to zero. To examine this, let us consider the volume velocity, which can be represented as

N
0=Y uAs=q"u, (4.11)
i=1



4.8 Comparison to other methods 133

where N is the number of elements, AS is the area of each element, u is the velocity vector described
by Eq. (4.2) and q is the vector of element areas. In order to cancel or minimize the volume

velocity, Q goes to zero. This results in

0=q"up + F.q"G = 0 (4.12)

Solving this equation leads to an expression for the optimal control force as the following,

T
q up

_qTG'

F.— (4.13)

In order to implement volume velocity cancellation in practice, however, one needs a large
number of vibration sensors distributed over the structure in order to sense the global volume
velocity. Figure 4.61 shows the control results for the shell being studied when implementing

volume velocity control for configuration I.
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Figure 4.61 Active structural acoustic control using volume velocity cancellation.

As can be seen, this method is not very effective in attenuating the radiated sound power, even
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though a global measurement is utilized in order to carry out this control approach. The overall
sound power attenuation for this case is -0.44 dB, i.e., the sound power is increased. In simulations
carried out in this work, WSSG is able to consistently provide much better results using only one

local measurement for the same exact configuration.

4.8.2 Global kinetic energy

Another method that can be used is to minimize the global kinetic energy of the structure [27].
Similar to the previous methods, a large number of vibration sensors is required to sense the
structure’s global velocity response. In order to minimize the global kinetic energy with respect to

the control force one can start from the definition of the kinetic energy, i.e.

1
K = 5muH-u (4.14)

where m is the mass per area for each element. Using Eq. (4.2), one can expand Eq. (4.14) as

1
K = im[ull;lup + Fu)G + F/G"u, + F.-F;GG"] (4.15)

Minimizing Eq. (4.15) with respect to the control force, the optimal control force is given by

F=-(GHG)™'.GH u,. (4.16)

Using this result, Fig. 4.62 shows the control results for minimizing the global kinetic energy
for configuration I. The overall attenuation obtained in this case is 12.1 dB.

This method results in performance that is comparable to using WSSG. However, the WSSG
method is still superior, in the sense that it can provide comparable results using only one point
measurement, resulting in a global sound power attenuation of 11.4 dB. This is significant since

this provides a method that is very practical to implement, whereas the other methods are not easy
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Figure 4.62 Active structural acoustic control using global kinetic energy.

to implement in practice. This is demonstrated by the fact that most of the reported works have
investigated the option of using kinetic energy only numerically.

One can notice that in general, the overall performance of WSSG is very close to that of
using global kinetic energy. This similarity suggests a correlation between WSSG and the global
kinetic energy, which can be linked to the squared spatial derivatives used to form WSSG, which
are indeed proportional to structure’s squared velocity at the error sensor location. This leads to
another concept that can provide insight on the correlation between WSSG and the radiated sound
power. Since the radiated sound power is obtained from an integral that has the squared velocity
in the integrand, there is a relation between sound power, kinetic energy, and WSSG. Thus, the
minimization of WSSG seems to have a strong correlation with the results obtained by minimizing

the sound power or the global kinetic energy.
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4.8.3 Summary

Table 4.16 summarizes the performance of different control metrics mentioned above when

implemented for configuration I.

Table 4.16 Summary of performance of different methods

Method Sound power level reduction
Sound Power 14.0 (dB)
WSSG 11.4 (dB)
Global Kinetic Energy 12.1 (dB)
Volume Velocity Cancellation -0.44 (dB)

As a conclusion of this comparison, the theoretical analysis of WSSG shows this method to be
an effective method that is able to produce near optimal results by using (in this case) only a single
local measurement. This suggests that this method can substitute for any of the methods mentioned

above in practice, with a robustness in error sensor positioning and an ease of implementation.



Chapter 5

Experimental results

In order to investigate and verify the results obtained through the model in the previous chapter,
a cylindrical shell made out of aluminum is considered, where the length along its axis is 1.21
m (47.5 in), the radius is 0.0780 m (3.06 in) and its thickness is 1.60 mm (0.0625 in). The
dynamic parameters of the structure are listed in Table 4.1. The structure is known to be made
of aluminum; however, there could be some impurities present, since the structure might be an
aluminum alloy. Nonetheless, the simulations have been carried out by slightly modifying some of
the known parameters for aluminum to match the resonance frequencies of the actual cylinder as

closely as possible.

5.1 Experimental set-up

5.1.1 Setup in the reverberation chamber

In an effort to approximate the simply supported boundary conditions for this cylinder, two circular
disks with a diameter slightly larger than the actual cylinder were precisely machined. A groove

was machined inside each end of the shell, where the disk goes. Then the disks were cooled to

137
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a very low temperature so that the contraction would facilitate inserting the disks inside each end
of the cylinder. As the temperature of the disks rises to be that of the room temperature, through
expansion the disks return to their original size, creating a tight connection between the wall of the
cylindrical shell. The disks were machined to have a knife-edge in contact with the shell, with the
intent that this would come very close to providing simply supported boundary conditions.

As the next step in assembling the experimental set-up, it is important to mount the cylindrical
shell in such a way that there would be no distortion of the shell, nor any mass loading. In order
to ensure that the cylindrical shell is mounted in such a way to ensure stability, as well as being
able to support point excitations, while at the same time avoiding distortion and mass loading, the

following frame was designed to hold the cylindrical shell in place, as shown in Fig. 5.1.

Figure 5.1 Schematic of the frame designed to hold the cylindrical shell in a fixed and
stable position.

As can be seen in Fig. 5.1, the frame is constructed of two vertical screw rods that allow for
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adjusting the length of the frame. They can get locked into the two horizontal bars in order to
keep the cylindrical shell in place, with the help of the bolt that screws into a hook on the top
horizontal bar. Once the cylindrical shell is placed securely inside the frame, the frame was moved
into the reverberation chamber at BYU, where it was hung from the ceiling and placed on a table
stand. Vibration isolation materials were placed between the frame and the table stand in order
to reduce vibration transmission to the table stand which could cause error in measurements of
radiated sound power.

Additional components for the setup include six microphones, and consequently six
microphone stands, in order to support and adjust the locations of the microphones vertically.
The microphone stands were located in the chamber according to the ISO 3741 standard. It was
ensured that the adjusted position for each microphone was at least 0.5 m from the floor, 1.0 m
from the walls and 1.5 m from other microphone positions. The angle between each microphone
and the floor was kept to be more than 10 degrees. Half inch Larson Davis LD 2551 pressure
microphones were used for this application.

In order to apply a point excitation, as well as a point control force, 2004E ModalShop mini-
shakers were used. They were attached to the cylindrical shell at the desired locations by applying
Bob Smith Ind Quik-cure Smin Epoxy. It was important to create a secure and reliable connection
by applying a thin layer of epoxy. It was observed that with thicker layers of epoxy, variations
in the vibration and sound power were observed due to the presence of an additional layer of
material which can impose an impedance mismatch. In addition, four PCB 352C68 accelerometers
were used in order to sense the WSSG terms. Having a broad frequency range of up to 10 KHz
and a light mass of 2.0 g makes these accelerometers a suitable choice for vibration sensors for
this application. The accelerometers are connected to the shell surface using "Loctite ultra liquid
control super glue", as shown in Fig. 2.6, with a separation distance of 1 inch (0.0254 m) from

each other.
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5.1.2 Setup in the control room

The next phase of arranging the experimental system consisted of the setup in the control room

adjacent to the reverberation chamber, where the control system is run by the operator. A schematic

of the complete setup is shown in Fig. 5.2.
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Figure 5.2 Schematic of the complete experimental active control setup for the

cylindrical shell.

The setup inside the control room included a PC that is connected to a Digital Signal Processing

Board (DSP) utilizing a TT TMS320C6713GDP processor. The DSP used the modified filtered-x

algorithm to implement the active control. The setup also includes a Type 3660-C - Briiel & Kjaer

(B&K) signal analyzer, which includes 16 input channels as well as two generator channels. An

excitation output signal is taken from one of the generator channels and directed into the Crown D-

45 amplifier and then into the primary, i.e. excitation, shaker. In addition, the signal was directed

to the DSP, in order to provide the reference signal for the modified filtered-x LMS algorithm. The

six microphones placed in the reverberation chamber are connected to the signal analyzer through
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BNC cables that are brought into the control room through a small tube inside the wall. This
enables processing the microphone data inside the signal analyzer software (PULSE™) in order
to use them for sound power calculations.

As shown in Fig. 5.2, the accelerometers are connected to an Integrated Circuit Piezoelectric
(ICP) power supply through micro-dot cables. The cables in the reverberation chamber are brought
into the control room, through a small tube inside the wall. Using the outputs of the ICP power
supply, the amplified accelerometer signals are then connected to an analog anti-aliasing filter. In
addition, they are connected to the inputs of the B&K signal analyzer in order to be able to keep
track of the accelerometer levels before and after control at each frequency. The output signals
from the anti-aliasing filter are then transferred to the DSP, which implements the ANC code to
obtain the control signal. The accelerometer signals are then processed to form the WSSG terms
used to adaptively update the control filter. The output signal is conditioned using a reconstruction
filter and amplifier, and then the signal is used to drive the control shaker.

Figure 5.3 shows the actual set up inside the reverberation chamber, showing the cylindrical
shell installed in the frame while it is hung from the ceiling, with the shakers and the accelerometers

attached. Figure 5.4 also shows the microphone placing.

5.2 Calibration

In order to achieve the best performance in sensing WSSG terms, it is important to choose
accelerometers with relatively close sensitivities. The accelerometers are then calibrated using the
PCB Handheld Shaker-699A02 which operates at 159.2 Hz. Mounting the accelerometers on top
of this calibrator, it measures the relative acceleration with respect to 100 mV/g. This calibration
is necessary since the close spacing of the accelerometers requires the accelerometer readings to

be accurate and precise.
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Figure 5.3 The experimental setup showing the mounted cylindrical shell in the frame
while the accelerometers and shakers are attached.

Figure 5.4 The experimental setup showing the cylindrical shell, shakers and
accelerometers, as well as the microphone placement.
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At the beginning of each set of measurements, the microphones are also calibrated using the
GRAS type 42AB sound calibrator, using the calibration option available in the PULSE™ signal

analyzer software.

5.3 Parameters

Several parameters must be input to the DSP for the ANC code to run properly. The relative
sensitivities obtained from the accelerometer calibration are inserted into the ANC code, as well
as the distance between the accelerometers. It is also important to insert the proper WSSG weights
calculated in Table 4.4 inside the control code.

In addition, it is important to know the temperature, barometric pressure, and humidity for
calculation of the radiated sound power. For this purpose, a meteorological instrument was placed
inside the reverberation chamber that measures the temperature in °C, pressure in "in-Hg", as well
as the humidity in percentage. During post-processing, it is important to convert the pressure to
ST units. Furthermore, measured reverberation time (74g) values are needed in order to calculate
the radiated sound power at each of the frequencies of interest. The Ty is the time that it takes for
the sound level of an impulse to drop by 60 dB. The Tg( values at the measured frequencies can be

interpolated for the frequencies of interest.

5.4 Measurements

5.4.1 Dynamic response

The cylindrical shell was scanned using a Polytec 1D SLDV while rotating the shell by 5 degree
increments on a turntable. In order to observe the mode shapes and the resonance frequencies, the

cylinder was excited at a point location by a shaker. The results were then merged into one file in
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order to describe the mode shapes. These data were obtained using a different excitation level than
what has been used in the control approach. This work was done by Cameron Jones, a master’s
student in the Department of Mechanical Engineering at BYU.

In the frequency range of [0-700] Hz, resonance peaks observed in the FFT spectrum were
at frequencies of 201.1, 310.6, 406.2, 510.1, 581.4, and 637.9 Hz. The actual frequencies are
somewhat different than those of the model, shown in Table 4.2. The shift in the frequencies
seems to be inconsistent; for example, the first frequency is lower than predicted in the model
but the second frequency is higher than predicted in the model. The discrepancies could be a
result of slightly different values of dynamic parameters such as density, Young’s modulus, etc.
However, the inconsistency in the shifts suggests that this cylinder may not behave as an ideal

simply supported cylindrical shell.

5.4.2 Experimental control

With the configuration in place, it is then important to determine the level for the disturbance
shaker in order to achieve good control results. As with the modeling, a constant excitation point
force is considered for all frequencies. However, the accelerometer levels are different at each
frequency depending on if it is on or close to a resonance frequency or not. On the other hand, the
maximum input voltage level for the DSP is limited to 2.5 Vrms and therefore it is important to
adjust the level of shaker excitation and the output gain of the accelerometers in such a way that
it is below 2.5 Vrms for the largest response. Therefore, at the signal generator, typically a single
tone sine wave with a fixed source level of 200 Vrms is activated, while further adjustments are
made at the amplifier driving the shaker and the output gain of the anti-aliasing filter, in order to
excite the shell in such a way that it can produce a reasonable acoustic field while at the same time
keeping the amplified accelerometer levels below 2.5 Vrms. In addition to protecting the DSP, this

adjustment is important to prevent the accelerometer signals from clipping, which would degrade
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the performance of the WSSG control approach, which relies on finite differences of the signals.
To adjust these gains, the shell was excited with a broadband signal and the accelerometer levels
were recorded. The FFT spectrum of the accelerometer identifies the resonance frequency that has
the highest response at that specified sensor location. Hence, the adjustments of the amplifier and
the output gain for the accelerometers are done at this frequency. Figure 5.5 shows an example
for one of the error sensor locations considered. In this case, for example, one needs to adjust the

output gain for the accelerometers with respect to the largest peaks at 480 Hz and 640 Hz.
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Figure 5.5 Accelerometer signals due to a broadband excitation.

With the parameters loaded into the code, the ANC code is compiled and uploaded. The
number of control forces and the number of error sensors can be set using the ANC interactive
interface. The leakage factor is set to be 1.0 and 20 coefficients are used for the control filter,
as well as for the estimate of the secondary path. Before starting control, the control output is

calibrated at the desired frequency and then the SysID routine is run in order for the ANC system
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to obtain the estimate of the secondary path, i.e. A.

Once the SysID has been completed, the disturbance signal is activated and the sound pressure
at each of the microphones is recorded due to only the disturbance signal. For this purpose, both
the FFT data as well as the constant percentage bandwidth (CPB) data were recorded through the
signal analyzer, where the bandwidth is limited to 1/24th octave bands with the center frequency
close to the disturbance frequency. After recording the necessary data prior to control, one can
measure the same set of data while the ANC system is running.

In order to activate the ANC system, the convergence parameter, i.e. ¢, is set to a value small
enough to avoid the divergence of the control force and damaging the control shaker. As mentioned
previously, the value of the convergence factor depends on the energy of the reference signal, i.e.
the disturbance signal. The higher the energy of the signal, i.e. the level of the signal, the steeper
the hyperbolic error surface will be which will require a smaller step size for the optimization
process. In this case, the initial value of the convergence factor, o, was set to be 10712, If o is
too small, one can adjust the convergence factor to a larger value. However, if the value is too large
and the control force diverges, one can reset the control system in the ANC interactive interface so
that the value of the control signal is set back to zero again. Using this routine, o, was adjusted so
that the control force reached the optimal value and it was stable with time.

There were a few cases in which adjusting . alone was not sufficient in order to ensure the
stability of the control solution, and the control signal would tend to diverge with time. In these
cases, the leakage factor was set to values slightly lower than 1.0 in order to prevent the solution
from diverging, while making it possible to achieve a solution very close to the optimal. This
problem can occur when the estimate of the secondary path is different or has changed with respect
to the actual secondary path response. This will cause the auto-correlation matrix, which is a
function of estimated filtered signal, to be ill-posed. Adding the leakage factor prevents instability

in the algorithm due to the ill-posed autocorrelation matrix of the estimated filtered reference
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signal. Extra caution should be taken into account, since lower values of the leakage factor will
degrade the control performance further with respect to the optimal solution.

After reaching optimal and stable control results, the pressure data were recorded again at each
of the 6 microphones. The control routine was repeated for each frequency. The frequency range

of interest was defined to be [180 Hz - 700 Hz]. Due to the measurement time, the frequency

resolution was chosen to be 10 Hz.

5.5 Control results

Figure 5.6 presents the location of the actuators and sensors for configuration A. The exact

locations are also listed in Table 5.1
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Figure 5.6 Placement of shakers and accelerometers on the shell in configuration A.
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Table 5.1 Location of sensors and actuators for configuration A.

Primary Shaker Control Shaker sensor 1 sensor2 sensor3 sensor 4

z (m) 0.10 1.05 0.80 0.80 0.77 0.77
0 (degrees) 330 150 282 302 282 302

The WSSG control metric was run for configuration A and the results are shown in Fig. 5.7.
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Figure 5.7 WSSG control results for configuration A.

In this configuration, the overall sound power was attenuated by 5.7 dB. The control results
predicted by the model are presented in Fig. 5.8. The overall attenuation predicted by the model
is 11.4 dB. As can be seen by comparison between Fig. 5.7 and Fig. 5.8, the resonance peaks are
not as prominent for the experimental results which can be due to underestimating the amount of
damping in the model. This can explain to some extent the difference between the experimental
results and the model predictions. However, as can be seen in Fig. 5.7 the WSSG control metric is

able to attenuate the radiated sound power effectively for all but one of the resonance peaks. This
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can be due to the location of the control force with respect to the primary force. There are some
frequencies in which the radiated sound power has been enhanced. Even though the WSSG metric
has been minimized at that frequency, one possible reason for the enhancement of power is that
the new state of vibration after control may be able to better couple with efficient radiation modes
and as a result lead into enhancement of the radiated sound power.

It is worth noting that the Schroeder frequency of the reverberation chamber at BYU is about
410 Hz. The Schroeder frequency is the threshold that determines the boundary between a
completely reverberant room and a resonator room, where the modes of the room come into play.
Here the room is not completely reverberant below 410 Hz, however, since in this work, measuring
the difference in the radiated sound power is the main objective and not the absolute value of
the radiated sound power, this does not affect the sound power attenuation at those frequencies.
However, the absolute values of the radiated sound power are not reliable below the Schroeder

frequency.

120 T T T T T T T

110

100

Sound Power Level (dB)
(2] el
o o

70

Control off

Control on
/ == == Optimized sound power level
60 Il Il Il Il Il Il Il
200 300 400 500 600 700 800 900

Frequency (Hz)

Figure 5.8 WSSG control results predicted by the model for configuration A.
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Figure 5.9 shows the sound pressure level at each of the microphones before and after control.
These pressure levels are processed through the ISO 3741 standard to yield the radiated sound
power at each frequency. As one can see, in general the levels are attenuated at most frequencies

and there is not much enhancement of the sound pressure levels in particular.
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Figure 5.9 Sound pressure levels (dB) at microphones before and after control.
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Figure 5.10 presents the accelerometer signals before and after control for configuration A. In
this case, the signal level has been attenuated for most of the frequencies. However, there are a
few frequencies where the signal level has been enhanced, but this alone is not enough to evaluate
the performance of the control, since the accelerometer signals are processed in order to yield the

WSSG terms. Therefore, it is important to observe the WSSG signal levels before and after control.
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Figure 5.10 Accelerometer levels in (dB) before and after control.

Figure 5.11 shows the WSSG at the error sensor location before and after control. For
configuration A, 17.8 dB overall attenuation of WSSG was obtained.

As can be seen, the attenuation of WSSG results in attenuation of the radiated sound power for
most frequencies, which suggests that there is a correlation between the radiated sound power and
WSSG.

In order to experimentally investigate the effect of sensor location on the control performance,

configuration A was modified by placing the sensor locations in a difference place on the shell.
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Figure 5.11 WSSG before and after control.

This configuration is illustrated in Fig. 5.12, and the locations of the sensors and actuators are

listed in Table 5.2.
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Figure 5.12 Placement of shakers and accelerometers on the shell in configuration B.
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Table 5.2 Location of sensors and actuators for configuration B.

Primary Shaker Control Shaker sensor 1 sensor2 sensor3 sensor 4

z (m) 0.10 1.05 0.69 0.69 0.66 0.66
0 (degrees) 330 150 65 85 65 85

The control results for configuration B are shown in Fig. 5.13. In this case, the overall sound
power attenuation is 4.9 dB. In this configuration, the WSSG control metric is able to perform

reasonably well for most resonance peaks.
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Figure 5.13 WSSG control results for configuration B.
Comparing this result with the control result for configuration A, one can see that there is only
a 0.8 dB difference in overall sound power attenuation. As was stated in Chapter 4, there is usually
only less than a dB variation when changing the error sensor location. Observing the performance
of the WSSG control metric for different sensor locations verifies this result experimentally. Figure
5.14 shows the WSSG control results predicted by the model for configuration B, which predicts

11.0 dB overall attenuation for radiated sound power.
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Figure 5.14 WSSG control results predicted by the model for configuration B.

As can be seen from the comparison between Fig. 5.13 and Fig. 5.14, the control results have
similar trends. However, an exact comparison may not be reasonable, since the shell does not seem

to behave as an ideal simply-supported shell.
Figure 5.15 shows a different configuration, where all the shakers and accelerometers are

moved to new locations. The exact locations of the sensors and actuators are also listed in Table

5.3.
Table 5.3 Location of sensors and actuators for configuration C.
Primary Shaker Control Shaker sensor 1 sensor2 sensor3 sensor 4
z (m) 0.20 1.08 0.57 0.57 0.54 0.54
0 (degrees) 190 10 320 340 320 340

The control results for configuration C are shown in Fig. 5.16. For this configuration, the
overall sound power attenuation obtained using the WSSG control metric is 4.5 dB.

The corresponding control results predicted by the model for this configuration are shown in
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Figure 5.15 Placement of shakers and accelerometers on the shell in configuration C.
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Figure 5.16 WSSG control results for configuration C.
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Fig. 5.17. Applying the WSSG control metric through the model yields 10.8 dB overall sound

power attenuation for configuration C.
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Figure 5.17 WSSG control results predicted by the model for configuration C.

As can be seen, the location for the control force is slightly less favorable in comparison
with configurations A and B, with respect to the overall attenuation achieved in each case.
The experimental results obtained in Fig. 5.16 also suggest a slight degradation in the control
performance for the new location. Although the performance of the WSSG control metric is only
mildly dependent on the error sensor location, the location of the control force with respect to the
disturbance force can be a much more significant factor in the performance of the control metric.

A different configuration is considered where the location of the primary and the control
shakers are exchanged. This is shown in Fig. 5.18 for configuration D. The locations are also
listed in Table 5.4.

The control results for configuration D are shown in Fig. 5.19. Applying the WSSG control
metric yields an overall sound power attenuation of 3.2 dB. The control results predicted for

configuration D are shown in Fig. 5.20.
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Figure 5.18 Placement of shakers and accelerometers on the shell in configuration D.

Table 5.4 Location of sensors and actuators for configuration D

Primary Shaker Control Shaker sensor 1 sensor2 sensor3 sensor 4

z (m) 1.08 0.20 0.57 0.57 0.54 0.54
0 (degrees) 10 190 50 70 50 70
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Figure 5.19 WSSG control results for configuration D.
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Figure 5.20 WSSG control results predicted by the model for configuration D.
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The model predicts an overall attenuation of 9.5 dB. One can see that even though the
experimental results do not completely agree with the results predicted by the model, the overall
trend seems to agree reasonably well.

As a final configuration, we consider a case where the location of the control force is knowingly
chosen to be at a location which will not be able to effectively attenuate the radiated sound power.

Figure 5.21 shows such a scenario for configuration E. The exact positions are also listed in Table

5.5.
Table 5.5 Location of sensors and actuators for configuration E
Primary Shaker Control Shaker sensor 1 sensor2 sensor3 sensor 4
z (inch) 0.1 0.76 0.57 0.57 0.54 0.54
0 (degrees) 330 102.5 228 248 228 248

@ Control force

Length (m)
a
(1]
m
(X}
@

02F

Primary force g

0

L L L L L L L
0 50 100 150 200 250 300 350
Circumference (radians)

Figure 5.21 Placement of shakers and accelerometers on the shell in configuration E.

Figure 5.22 shows the experimental control results for configuration E. In this case, due to the
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unfavorable location of the control force, the WSSG control metric has in fact enhanced the overall

radiated sound power by 3.7 dB.
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Figure 5.22 WSSG control results for configuration E.
For the same configuration, the control results predicted by the model are shown in Fig. 5.23,
which predict an overall enhancement of the radiated sound power by 0.8 dB.
A summary of the tonal attenuation at each of the resonance peaks for each of the configurations

is listed in Table. 5.6.

A summary of the overall attenuation of radiated sound power obtained both experimentally

and numerically is listed in Table 5.7.

As can be seen from Table 5.7, in general, the experimental results seem to follow the trends
presented in the numerical results. As the control configuration is modified into less favorable
locations, the control results in both the model and the experiment follow the same trend in yielding

reduced sound power attenuation. The experimental results seem to also agree for the case where
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Figure 5.23 WSSG control results predicted by the model for configuration E.

Table 5.6 Summary of the sound power level attenuation of resonance peaks for all

configurations.

Res. freq. \ Config. Config. A Config. B Config. C Config. D Config. E

201.1 Hz
310.6 Hz
406.2 Hz
510.1 Hz
581.4 Hz
637.9 Hz

22.2dB
10.0 dB
10.2 dB
5.74 dB
0.18 dB
12.7 dB

19.8 dB
17.3 dB
14.3 dB
6.21 dB
10.8 dB
15.4 dB

8.85dB
18.8 dB
9.93 dB
0.27 dB
8.00 dB
18.1 dB

5.02dB
20.9 dB
14.7 dB
4.96 dB
2.30dB
-0.2dB

0.78 dB
2.40 dB
-1.2dB
5.20dB
-0.6 dB
3.60 dB
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Table 5.7 Summary of the experimental and model overall attenuation of radiated sound
power for all configurations.

Experiment  Model

Config. A 5.7dB 11.3dB
Config. B 4.9dB 11.0dB
Config. C 4.5 dB 10.8 dB
Config. D 3.2dB 9.50 dB
Config. E -3.7dB -0.83 dB

the simulation results predict enhancement of radiated sound power, rather than attenuation.
Summarizing the results, even though there is not much dependence on the error sensor location
for the performance of the control metric, the configuration of the sources can have a significant
effect on the attenuation achieved.
As a summary for this chapter, the cylindrical shell chosen for the experimental validation of
model results seems to not fully behave as a simply supported cylindrical shell. This has effected
the natural frequencies of the shell. However, the WSSG control metric is able to perform well,

and the trend of the experimental results is consistent with the numerical predictions.



Chapter 6

Conclusions

Active structural acoustic control (ASAC) methods have been heavily investigated in recent years.
Within these methods, the vibration is sensed by error sensors and the control signal tends to
control the vibration field rather that the acoustic field. There are certain aspects of these methods

that are of great importance in practice. One may categorize them in the following way:

e Effectiveness: The method is desired to produce optimal attenuation of the radiated acoustic

power.

e Practicality and convenience: The method is desired to be practical and convenient to
implement, where the degree of practicality is limited by the number of error sensors as

well as the number of control sources required.

¢ Robustness: The method is desired to be robust with respect to different error sensor positions
for a given control configuration. In general, positioning the error sensor can be considered
as good or bad depending on if the sensing capabilities are affected by the nodal lines of the

structure’s response.

163
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In past work on ASAC methods for cylindrical shells, it was shown that there is a trade-off
between these features. Hence, the search for an ASAC metric that is capable of fulfilling these
criteria is still ongoing. In this work, development of a metric that is able to satisfy the above
criteria for cylindrical shells has been investigated. The resulting method is referred to as the
weighted sum of spatial gradients (WSSG) control metric. In addition, in order to quantify and
evaluate the performance of this control metric, the radiation modes for the external radiation
from cylindrical shells has been developed, so that the radiated sound power can be numerically

calculated in an efficient manner.

6.1 Summary of methods

6.1.1 Numerical modeling

In this work, Soedel shell theory has been used to model a simply supported cylindrical shell.
Vibration of the shell in the radial direction was modeled using a point force excitation. This
was used in order to obtain the spatial gradients for the WSSG control metric at the error sensor
location. The spatial gradient terms were then weighted using the averaged weights over the
frequency range of interest. The average weights were obtained by averaging the optimal weights
at each resonance over all resonances in the frequency range of interest. The WSSG control metric
was then minimized with respect to the control force.

A boundary element method was used to calculate the radiation resistance matrix for external
radiation from a cylindrical shell. In this method, the cylinder was discretized into elementary
radiators, where a single constant-velocity piston excitation was considered for each element
individually. Calculation of the self and mutual-radiation impedances between the source element
and all other elements then followed. The structural velocity was projected into the space spanned

by the eigenvectors of the radiation resistance matrix (radiation modes). The radiated sound
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power is the sum of all these (squared) radiation mode amplitudes, weighted by the corresponding
eigenvalues, i.e., the efficiency of each radiation mode. The radiated sound power was calculated

before and after the WSSG control.

6.1.2 Experimental methods

An aluminum cylindrical shell was considered for the experimental study of WSSG control
on cylindrical shells. Simply supported boundary conditions were approximated by precisely
machining grooves inside the ends of the cylinder, with a disk being press-fitted inside the
groove. The WSSG control metric was implemented using four closely spaced accelerometers.
The spatial gradients were obtained using a finite difference method. For optimal accuracy of
the finite difference terms, the distance between the accelerometers was set to be 2.54 cm. The
WSSG control metric was then adaptively implemented using a modified filtered-x LMS algorithm,
incorporating the gradient of the WSSG. The addition of the disturbance signal and the control
signal at each of the accelerometers was post processed to yield the actual error signals that are the
weighted spatial gradient terms. The filtered-x LMS algorithm iteratively minimized the WSSG
control metric in real time with respect to the control signal.

The radiated sound power was measured experimentally in the reverberation chamber at BYU,
using the ISO-3741 standard [56]. The radiated sound power was determined before and after the

WSSG control, in order to evaluate the amount of attenuation achieved.

6.2 Summary of findings

6.2.1 Radiation modes

Radiation modes to describe the external radiation from a baffled cylindrical shell have been

developed analytically, using a Fourier series representation. While symmetric m = 0 modes have
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been studied previously, radiation modes of higher circumferential index m have been presented
here. By considering the wavenumber domain, it was shown that the coincidence effect plays
an important role in the cut-on phenomenon observed for radiation modes with different axial
mode numbers. The coincidence angle at a specific frequency is a determining factor in describing
how efficient each group of radiation modes with a given axial mode number is, and this effect
is responsible for the “leapfrog effect,” where modes with a higher modal number jump above
modes with a lower modal number, in terms of their efficiency. In general, the (n,m = 0) radiation
modes are the most efficient modes and therefore contribute most significantly to the radiated
sound power. Their efficiencies asymptotically approach a value that is higher than the efficiencies
associated with the (n,m # 0) modes. With increasing frequency, the (n,m = 0) mode with the
highest axial index that has met the coincidence condition is the most efficient mode and leads to
enhanced radiated sound power. It has also been observed that there is a degeneracy factor of two

for the (n,m # 0) modes, due to the circular geometry.

6.2.2 WSSG

It was observed that the WSSG function yields a very spatially uniform field for a simply supported
shell, when the proper set of weights is applied. It was shown numerically that minimizing the
WSSG function at the error sensor location can lead to significant attenuation of the radiated
sound power. This suggests that the WSSG function for cylindrical shells is correlated with
the radiated sound power for these structures. Comparison of the numerical results with other
known methods that employ global measurements, such as minimizing the radiated sound power,
minimizing global kinetic energy and minimizing volume velocity, shows that the WSSG control,
using only one sensor location, is able to approximate the optimal performance determined by
minimizing the radiated sound power.

By optimizing the performance of the WSSG control with respect to the set of weights used for
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weighting the spatial gradient terms, it was shown that there is a large range of choices for weights
that can result in near optimal performance of the WSSG control. Averaging the inverses of the
squared structural wavenumbers along each axis over the range of frequencies results in a set of
weights that falls into this category. Hence, the WSSG control metric is robust with respect to the
choice of weights and there is about 1-2 dB variation in the performance of the method by using
different choices of weights.

In addition, it was shown numerically that the WSSG control metric is very robust with
respect to the error sensor positioning. There is typically less than 1 dB difference in the overall
radiated sound power attenuation when the error sensor location is changed. Obviously, the control
performance depends on the location of the control source. However, this has not been the focus
of this research.

It was shown that the WSSG control is able to effectively attenuate the prominent radiation
mode amplitudes. At a given frequency where the WSSG control is able to attenuate the
sound effectively, comparing the radiation mode amplitudes after minimizing the WSSG with the
radiation mode amplitudes after minimizing the radiated power, shows that the WSSG control
metric is able to target the radiating components and attenuate the coupling between the most
efficient radiation modes and the structural response.

The experimental results show that the WSSG control metric is able to attenuate the radiated
sound power at most resonance frequencies and the general trends seem to agree with what the
numerical model predicts. It was shown experimentally that the WSSG control metric is a robust
method with respect to the error sensor positioning. It was shown that by changing the control
configuration, the experimental results follow the trend observed in the numerical results, such
that for a highly unfavorable source configuration, where minimizing the radiated sound power
predicts no attenuation possible, the WSSG control metric does nothing both numerically and

experimentally in order to avoid enhancing the radiated sound power. Comparing the attenuation
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of the WSSG metric at the error sensor location before and after the control, considerable

correspondence was observed between the numerical and the experimental results.

6.3 Contributions

This work develops the method of weighted sum of spatial gradients (WSSG) control metric
for cylindrical shells. In the field of ASAC, the search for a method that is able to provide
optimal control while providing robustness and convenience is still ongoing. This work provides a
numerical and experimental development of the WSSG control metric that is able to approximate
the optimal control results, while using only a single-point error measurement and providing
robustness with respect to the error sensor location. Hence, this method offers a convenient and
yet effective method that is practical for many applications.

In addition, an analytical solution was presented for the radiation resistance of cylindrical shells
and the radiation modes for the external radiation from cylindrical shells was developed. This
provides a method for calculating the radiated sound power efficiently and provides a means of
targeting the most efficient radiation modes for developing ANC methods. Furthermore, taking
the radiation modes into the wavenumber domain provides further insight in understanding the
radiating and non-radiating components of the shell, in terms of the subsonic and supersonic

components.

6.4 Recommendations

As mentioned, the WSSG control metric is able to approximate the optimal control results by using
only a one-point error measurement. However, there is still room for improvement by finding ways
that may drive the control results even closer to the optimal solution. In order to investigate WSSG

further, here is a list of recommendations that could result in future improvements:
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1. In the WSSG control metric, there are four parameters that are to be determined, i.e., «, f3,
0, 7 and the control force F.. One can fix a number of these parameters to solve for the other
parameters that result in the optimal control force, while the solution for the optimal control
force is provided by minimizing the radiated sound power. This may lead to negative values
for some of the weights. It would be interesting to further investigate the concept of negative
weights. It may be that the weights can be considered to be complex quantities, where the

minus sign corresponds to the phase of each of the terms with respect to each other.

2. In order to verify the mechanism observed for attenuating the radiation modes in the
numerical results, it would be useful to scan the cylindrical shell in order to get the global
velocity vector of the structure before and after the WSSG control and project them into the
radiation modes. This would allow one to observe the mechanism that leads to sound power

attenuation experimentally.

3. Since real-life applications are often large in scale, it would be useful to implement WSSG
in a decentralized control system for larger structures and investigate the performance of this

control metric for such a case.

4. In the past, the WSSG control metric was performed for planar structures, such as simply
supported, clamped and ribbed plates. The WSSG control metric showed good performance
for all these cases. Hence, the WSSG control metric could be investigated for clamped as
well as stiffened cylindrical shells. It is expected that this metric would be able to provide

good performance for curved structures with different dynamic conditions.

5. One could experimentally implement the WSSG control metric on a cylindrical shell that
is closer to a simply supported shell in order to better compare numerical and experimental
results. One could also carry out numerical investigations on shells that have more realistic

boundary conditions.
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6. For any given configuration, the WSSG control metric is able to provide close to optimal
performance for that specific configuration. However, the best possible control performance
will correspond to the configuration in which the control force is located in an optimal
location with respect to the primary force. There is significant work that could be done
to better optimize the control source location(s) for the WSSG control. For this type of
geometry, the symmetry plays an important role. Therefore, one may be able to identify a
general rule of thumb for optimal control force location(s) with respect to the primary force

for this type of symmetry in curved structures.

7. It would be useful to investigate the WSSG control for cases in which more than one primary
or more than one control source exists. A desirable outcome is to enhance the control
performance. However, there are implications to simply adding more control sources. For
example, there are limitations on the available computation time when implementing the
control in real time and there may also be causality issues. Furthermore, multiple sources
can potentially couple with each other and the control system needs to account for the impact
of other control sources to the overall control response. Therefore, a matrix (rather than a
vector) of transfer functions between the error sensors and each of the control forces will be
needed. This increased complexity for the control system requires additional computation
time. Therefore, there will be an optimal number of control forces which will lead to the

most effective performance.

In general, the WSSG control metric has proven to be a convenient and practical method
while being robust and providing near optimal solutions. However additional research focused
on improving WSSG, or any other ASAC method that may come closer to the optimal solution

using only a minimal number of local measurements would be valuable.
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