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Abstract

A point force applied to a panel can control the sound trass-
mission through the panel into an internal cavity. This pa-
pee is an analytical study of the effect of actuator locatiem
oa the sound transmission. Although the simple quadratic
relationship between the actuator phase and amplitude and
the resulting interior noise level is well known, there is no
such quadratic relationship between actuator location aad
sound energy in the cavity. Results obtained demonstrate
that for a particular type of incident sound field, the optimal
actuator locations can be obtained by a global evaluation of
the total sound energy in the cavity as a function of those
locations. A controller which drives an actuator placed at
these optimal locations will always produce a better atten-
uation performance than one which drives a randomly lo-
cated actuator. There might be more than one location at
which an actuator may achieve a similar minimum sound
emergy level in the cavity. However, the best actuator loca-
tion can be determined by considering a second constraimt
— the input mechanical impedance. Thus the final selee-
tion is made for those locations at which the actuator cam
maximally reduce the interior noise level while requiring a
small input ferce amplitude. The system response (sound
field and panel vibration) is analysed to show the physical
mechanism involved in the control.

1.Introduction

For the case of active control of sound transmission through
a boundary structure, such as an aircraft fuselage, into the
interior, the sound energy in the interior is a quadratic fuhc-
tion of the strengths of the secondary sources (which may
be acoustic or vibration actuators). This simple relation-
ship ensures that a local search over the amplitude-phase
space of the actuators will find the amplitudes and phases
corresponding to the minimum value of sound energy in the
cavity. However, the optimal control of sound transmission
will not only depend upon the strength of the control forces
but also upon the location of the actuators and the nature
of the external sound field. Evaluation of the effect of ac-
tuator location upon sound-transmission provides a method
for discovering the best actuator locations on a structure
exposed to a particular type of sound field.

In this paper, a rectangular box with 5 rigid walls and a
single modally reactive wall is used as a model for the inves-
tigation. The modal coupling analysis technique has been
used for calculating the system response for both controlled
and uncontrolled conditions. A quadratic relationship be-
tween the total sound energy in the cavity and the control
force strength is derived. This relationship is then used to

obtain an expremion for the minimem gy

ing to the fined actuator location. A detafled disenssion
about the minimized energy as a function of the actuatwg
location is then presented. The control force output, the ime
put mechanical impedance and the system response are ol
estimated as a measure of the effectiveness of the actuates
location.

2. System response & optimization

Figure 1 is the panel-cavity system used for this inves$i-
gation. The dimensions of the cavity are L, = 0.868m,
L, = 1.150m and L, = 1.0m. The top aluminium panel
is simply supported and has the dimensions of 0.868m x

'1.150m x 0.006m. A plane incident sound wave is assumed
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and the control point forces on the panel surface are reppe-
sented by the delta functions of the actuator location. Im
Figure 1, & and @ are respectively the elevation and the as-
imuth of the incident plane wave, with respect to the pandl
centre point.

L, = 1.000 m

L,=1150m

X
Figure 1. Coordinate system of the panel-cavity model.

The response of the sound field and the panel vibeatite
to the incident sound wave and the comtrol forces cam b
calculated using modal coupling analyses'. In this analyess,
the sound pressure and the panel velocity can be expressed
by their normal mode expansions as

[@n]"[Pn] , (1)

Lo

P(F‘lw) =

and

v(@,w) = [Sm]T[Vad) -



where [®y] and [Sy] are respectively, mode shape matrices
of the cavity and the panel. [Py] and [Vi] are matrices
representing, respectively the modal amplitudes of the sound
pressure in the cavity and the panel velocity. They relate
to the external sound pressure matrix [P§F'] by [Z4], the
internal modal radiation impedance matrix of the panel and
the panel modal input impedance matrix [Zp]:

[Py] = [Z4][Vas] - (3)
(P37l = [ZP][Va] » (4)

The external sound pressure matrix [Pff] includes contri-
butions from both the primary sound pressure [Pf] due to
the incident wave and the control point forces [Pg]; that is,

[Piz'] = [Pig] + [Pi] - (3)

If M1 point force actuators are used for control, and they
are located at &, ......7a1, the matrix [P§y] may be expressed

as
[ijr] = [Smn] [Fcon] (6)
where [Seon] 2nd [Feon] are the control force location matrix
and control force matrix respectively.
Substituting Equations (4) and (5), into Equation (2),
the velocity v of the simply supported panel due to the in-
cident sound field and the control forces can be written as

V=1 + [SM}T[ZP]_l [ScOH][Fcon] (7)

where v is the displacement of the panel without influence
of the control forces,

vo = [Sm)T(2p] 7 [Pay)- (8)

Substituting Equations (3), (4) and (5), into Equation
(1), the sound pressure in the cavity due to the distributed
panel velocity v can be represented by

p=po+ (@1 [ZallZP]™" [Seon] [Feon] (9)

po is the sound pressure in the cavity without influence of
the control forces and is given by

" po = (8] [Z411ZP] " [P3]. (10)

The temporal and spatial average of the sound pressure
squared < pp* > in the cavity is related to the acoustic
potential energy in the cavity. In this calculation < pp* >
is defined as the cost function. Minimization of this cost
function is equivalent to the minimization of the acoustic
potential energy in the cavity. Using Equations (9) and
(10), and integrating over the whole cavity volume, we have

< pp" >= [Feon]”[aa][Feon] + [ Foon] [b4] + [ba] [Feon] +(llcﬂ

where [a4] = [Seon] " [A4][Sconl, [ba] = [Scon]” [Aa][Pa); [ea] =
(P17 [Aal[Py) and [A4] = ([Zp) )T [ 2417 [AAlZA)([ZP] )
[A4] is an N by N diagonal matrix, the diagonal elements
are the normalized factors for each cavity mode. [ |# = [ "7
(the transpose of the complex conjugate of a matrix).

From the quadratic property of the Equation (11), the
optimal control force value for the minimum acoustical po-
tential energy in the cavity is determined by

[FeonJopt = —[aa] ™" [b4] (12)

The minimum value for < pp* > is then obtained as:
< PP“ > min= [CA] = [bA]H[ﬂA1_1[bA] (13}

Because [S..,] in [a4] and [by] is determined by the loca-
tion of the actuators, the minimized average sound pres-
sure < pp” >min 1s 2 function of the actuator locations. To
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achieve the best control result, further minimization of the
sound pressure in terms of the actuator location needs to be
undertaken. In this further minimization, the cost function
(referred to as second cost function) becomes < pp™ >min-
The actuator location matrix [Sen] is related to the eigen-
functions of the panel (sine functions); therefore a quadratic
relationship does not hold between the second cost function
and the actuator locations.

3. Results and discussion

The noise reduction, defined as
< pp* >

N.R.=—10log T
¥ i

(14)
is used to characterize the transmission of the incident sound
field through the panel into the cavity. 2p;no is the complex
amplitude of the blocked sound pressure.

Figures 2(a) and 2(b) show the noise reduction levels for
both controlled and uncontrolled cases. Figure 2(a) is for
the normal plane wave incident (o = 180°, § = 0°) and
Figure 2(b) is for an asymmetrical plane wave incident with
an elevation angle of 135° and an azimuth angle of 45°. Unit
amplitude of the incident sound pressure is assumed. The
solid curves represent results without control, while the dot-
ted curves represent the optimally controlled result with one
actuator at the centre of the panel. The dashed curves and
the dashed-dotted curves in the figures are controlled results
for an actuator located at (L./4,L,/4) and at (L./8,L,/8)
respectively.
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Figure 2. Noise reduction level. (a) for (@ = 180°, § = 0°);
(b) for (a =135°% 8 = 45°).

These results indicate that the maximum achievable noise
reduction level of the panel-cavity system by a vibration ac-
tuator depends upon the type of the incident sound wave
(particularly in the high frequency range), the driving fre-
quency of the incident wave, and the location of the actu-
ator. Close to and above the first resonance frequency of
the cavity, the dimensions of the panel are comparable with
half of the wavelength of the incident wave. Thus in this fre-



quency range, the responses of some high order panel modes
ase sensitive to different angles of the incident sound field,
amd this is reflected in the variation of the noise reductiqn
level. Because of the complexity of the higher order panel
mode shapes, the panel velocity distribution becomes more
complicated, which results in a strong dependence of the
control results on the actuator location. For example,‘g’n
the case of Figure 2(b), one actuator at the centre is ot
able to reduce the sound transmission at all frequencies and
particularly at 198 Hz. Close to this frequency, the cavity
sound field is dominated by the (1,0,0) cavity mode and the
panel modes which couple with this cavity mode have their
nodal lines passing through the panel central point. The
noise reduction level can be increased if the actuator is lo-
cated at (L./4,L,/4) or at (L./8,L,/8) , or at a position
where the nodal lines of the corresponding panel mode do
not pass.

The noise reduction level between the controlled and un-
controlled situations is only one criterion upon which to
judge the results of applying the control actuators. The
optimal achievable noise reduction level does not give any
indication of the required control force or the resulting panel
response at optimum. In practice, the control force is con-
strained by the output capacity of the actuators, while the
panel velocity at the driving point is directly related to how
easily the actuator can drive the panel. The total panel vi-
bration level corresponding to the optimally controlled situ-
ation should also be taken into account, because high panel
vibration amplitudes may be associated with strong local
reactive power flow close to the panel surface.

Figures 3(a) and 3(b) show the amplitudes of the optimal
force at the actuator locations when the optimal noise re-
ductions ( as shown in Figures 2(a) and 2(b) ) are achieved.
It is shown that, in the low frequency range, greater force
amplitudes are needed to achieve optimal noise reduction
when the actuator location is away from the panel centre
and the corresponding maximum achievable noise reduction
levels are reduced. At higher frequencies, the highest noise
reduction is not necessarily associated with lowest actuator
force amplitude. For example, at frequencies of 151Hz and
171 Hz the optimal force amplitude for the actuator at the
centre is lower than the amplitudes corresponding to the
other two actuator locations, and results in a higher NR
level. However, at frequencies around 98 Hz in Figures 2(b)
and 3(b), the large optimal force amplitude for the actuator
location at (L./8,L,/8) results in a corresponding higher
NR level.

To obtain the entire picture of the dependence of the op-
timal noise reduction level (first optimization result) upon
the actuator location, the dependence of the acoustical qual-
ities (such as noise reduction level, amplitude of the optimal
control force and the total vibration level) on the actuator
locations is investigated in some detail at a few frequencies
(such as 171Hz, 181Hz), where the noise reduction levels are
low in the uncontrolled case. For each frequency, a set of
contour plots are obtained as functions of the actuator loca-
tion in Figures 4 and 5. Figure (a) in each set is a plot of the
optimal noise reduction (above the uncontrolled NR level) as
a function of actuator location. A discontinuity exist at the
boundaries of the plot, which is represented by a jump from
0 dB (for the actuator at the boundary) to a finite value
(which may not be achievable in practice by the limit of the
optimal control force). Figure (b) represents the amplitude
of the optimal force represented in dB (20log,, |Fup|) plot-
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Figure 3. Optimal control force amplitude. (a) for (a =
180°, 8 = 0°); (b) for (a = 135°, 8 = 45°).

ted as a function of actuator location. Figure (c) represents
the average panel velocity level difference ((10 logm(-é:—:%),
and Figure (d) represents the reactive power level difference
((10log,o(P™), where P'™ is the amplitude of the imagi-
nary power on the panel internal surface for the controlled
and uncontrolled situations.

Reviewing Figures 4 and 5, the effect of the actuator lo-
cation on the first optimal noise reduction level, the control
force amplitude, the average velocity level and the reactive
power flow at the panel internal surface is summarized as
follows:

1. There are usually multiple locations or regions on the
panel, where the actuator can achieve the maximum
NR level. Each region has its properties. For the
case illustrated in Figure 4, the optimal actuator lo-
cation regions ( the contours with 32 dB NR level )
away from the panel boundary are characterized by
minimum control force amplitudes and minimum reac-
tive power levels. For those regions close to the panel
boundary, although the maximum achievable NR level
is attractive, the requirement for the optimal control
force amplitude is too large to be of practical use.

. For the case illustrated in Figure 5, there exists sec-
ondary maximum NR level regions, where the NR level
is 4 dB smaller than the NR level corresponding to the
actuator located at the panel centre. These secondary
maximum NR regions correspond to an increase in
the average panel velocity level and the reactive power
level. There is also evidence to show that an ordinary
optimization search may fail to find the optimal ac-
tuator location, and instead find one of the secondary
optimal regions.
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Figure 4. Contour plots of the (a) optimal NR level, (b)
optimal control force amplitude, (c) average panel velocity
level (ref: -76.7dB the average panel velocity level in the
uncontrolled case ) and (d) the reactive power level (ref: -
62.8dB the reactive power in the uncontrolled case). f =172
Hs. (a = 180°, 0 = 0°).
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Figure 5. Contour plots of the (a) optimal NR level, (b)
optimal control force amplitude, (c) average panel velocity
level (ref: -61.7dB the average panel velocity level in the
uncontrolled case) and (d) the reactive power level (ref:
40.7dB theé reactive power in the uncontrolled case). f = 181
Hz. (a = 180°, 6 = 0°).
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4. Conclusions

When sound transmission through a panel into an enclo-
sure is considered, the maximum possible noise reduction
achievable using an active control system driving a vibration
actuator on the panel is dependent upon actuator location

The optimal location for the actuator is not necessar-
ily the location which yields the maximum noise reduction.
Other constraints such as the control force amplitude , aver-
age panel velocity and reactive sound field generation must
be taken into account. When this is done, the optimal lo-
cation may be found to be that which produces 'l or 2 dB
less nose reduction than the maximum possible. It was also
found that locations requiring larger control forces do not
necessarily result in higher noise reductions.

Results also indicate that standard optimization algo-
rithms may not converge to the best solution; that 1s, a
global search must be incorporated in any algorithm for it
to be reliable.

It can be seen that when multiple actuators are used,
the problem becomes more complex and that simple con-
tour plots may not be appropriate. A suitable global search
technique for the multiple actuator case is the subject of
on-going research.
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