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Introduction

Norms against the noise and vibration pollution are more and more strict. In
the aeronantical domain, since the sound radiated by the jet engines and propellers has
been significantly reduced, aircraft manufacturers are now interested in reducing the
sound and vibrations generated, under cruise conditions, in the cabin by the airflow
developed over the fuselage. Thus, the studies on the active control of the turbulent
- boundary layer (TBL) induced noise in aircraft cabin become an interesting axis of
research in acoustics since a few years, Unfortunately, there is not a lot of experiment
in this field. The aim of this internship is to build and validate a reliable model for the
feedback control of the sound power inwardly radiated by an aircraft panel excited by
a TBL, by comparison with measurements results recently obtained by G. Gibbs at the
NASA Langley Research Center. If the model is representative, it could then be used
in conjonction with a model for the acoustic response of an aircraft cabin enclosure.

As many laboratories do not have an anechoic wind tunnel to achieve this kind
of experiments (due to the cost of such installations), there is also 2 need to simulate
the sound radiated by a structure excited by a TBL, and the present study could also be
used to show the feasibility of TBL simulations in laboratory.

This report is organised as follows. Part A presents the theoretical simulation
of the problem. It introduces the models for the TBL excitation and the panel vibro-
acoustic response as well as the theory of feedback control systems used to suppress
random disturbances. The second part of this report, part B, exposes the way used to
simulate different control strategy, their implementation and their results. In particular,
the G. Gibbs feedback control experiments about the reduction of flow-induced noise
will be exposed. The last part is the conclusion.



Part A: Theoretical study of the problem

Before to investigate the control of the sound radiated by an airplane, the basic
problem of a plate should be understood. It is necessary to study the reaction of a
panel to an excitation. This study is only concerned with a vibrating panel. A full
aircraft model would be an extension of this work. This part presents the models for
the TBL excitation, the plate and the panel vibro-acoustic response. Finaly, a
introduction to the feedback control is presented.

A-1. Model for the turbulent boundary layer excitation

In order to realise some experiments on aircraft structure under cruise
conditions while, in the meantime, avoiding the cost and disadvantages of a real
experiment, there is a need to build a representative model in order to describe the
acoustic and structural response of an aircraft panel. For most of the models that have
been developed (ref [1]), use has been made of the following assumptions.

First, it is usually assumed that the surface pressure fluctuations are not
modified by the vibrations of the flexible plate (ref [2]). Thus, the pressure developed
on the structure is the pressure that would be observed on a rigid structure, also called
the blocked pressure p,.

Second, it is assumed that the TBL is fully developed when exciting the plate.
Tt means that the turbulent wall-pressure field is homogeneous in time and space. The
wall-pressure field of interest is far enough from the front edge of an aircraft (under
cruise conditions) for this hypothesis to be valid (ref [3]).

Third, for the acoustic wave propagation within the external flow, the fluid is
considered to be at rest. This hypothesis will not affect the sound pressure field
inwardly radiated by the plate, because this sound pressure field is not significantly
affected by the fluid flow above the plate, at least for subsonic flows. Indeed, the
acoustic fluid load mainly depends on the mechanical properties of the fluid in the
immediate neighbourhood of the plate, where the fluid flow velocity is close to zero
(ref [4]).

Finally, it is noticed that this study is concerned with the sound radiated by a
panel in an anechoic enclosure. The structural-acoustic coupling with the resonances
of the cabin enclosure are not considered in a first step. Only the low-frequency
domain is concerned by this assumption. It will have to be considered in future
researches.

The system studied is sketched in Figure 1.

An empirical model for the wall-pressure distribution due to a TBL is the one
proposed by Corcos in 1964 (ref [5,6]). We keep in mind that this model is only valid
for a random pressure field stationary in time and homogencous in space, which is the
case for a TBL developed over the fuselage of an aircraft under cruise conditions.
Corcos suggested that the cross spectral density between the pressures measured
between two points A and B at an angular frequency @ has the form:
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where:
#,(w) is the power spectral density of the wall-pressure fluctuations. In this

study this function is chosen to be equal to the one proposed by Efimtsov (ref [7])
which is valid up to high subsonic Mach numbers (ref [2]). This model is given as a
function of the Strouhal number §% = wé /U, by:

26 001z T,
¢0 (a)) = T E Ur = 2 (2)
U, 1+0.025%°") P,

where & is the boundary layer thickness, 7, is the mean wall shear stress, and U, is

the friction velocity.
&, =x—x"and £, =y—y' denote respectively the spanwise and the

streamwise separation distances.
U, is the eddy convection velocity.

@, and o, are constants derived from experiments. In this study, this

constants are assumed to be respectively 0.7 and 0.1.

Figure 1: A flat panel excited on one side by a turbulent airflow with the free-stream velocity U _ .

The streamwise direction is the y -direction and the spanwise direction is the

x -direction. The wall pressure fluctuations due to the TBL induce the vibration of the
panel that radiates acoustic energy in both fluid domains from each side of the plate.

From equation (1), it can be seen that the cross spectral density between two
points falls off more quickly as the points are separated in the spanwise direction than
in the streamwise direction, and that there is a phase shift between the pressures only
in the streamwise direction due to the convection velocity. It can also be remarked that
in the time domain, the cross-correlation function of the pressure field between points
separated by a distance x exhibits a maximum after a delay z=x/U,, which
corresponds to the time taken to transport the perturbation a distance x streamwise,
with the convection velocity U, (ref[8]).



The Corcos spectrum of the excitation is sufficient for this study because it can
be shown (ref [4]) that it provides a good estimation for the wall-pressure fluctuation
levels at and near the convective peak in the wavenumber domain representation,
which is of fundamental importance for aircraft boundary layers.

A-2. The aircraft panel model

With the Corcos model, the statistical properties of the TBL pressure field
observed on an aircraft fuselage can be calculated, but there is also a need to model
the fuselage dynamics. As a first step, only one panel of the aircraft fuselage 1s
considered, assuming that it radiates sound pressure independently from the adjacent
panels. Such a model has been confirmed as representative by extensive flight test
measurements for frequencies above 400 Hertz (ref [9]). In the low frequency domain
(in the sense of low modal density), it would be better to account for flexible lateral
reinforcements between each panel. This is actually under study because of the main
importance of the low frequencies in an active control approach.

Further approximations are used to model the structure (ref [4,10]). The
adjacent bays of an aircraft fuselage are set in a cylindrical shell and the effects of
curvature have their importance. Indeed, a study has shown that the curvature effects
modifies the noise radiated inside the aircraft cabin (ref [11]). One way to neglect it
would be to fill an aircraft cabin with a material sufficienily hard, to appear as a
baffle, and in the meantime sufficiently absorbing, to neglect the returned sound
waves. Such conditions are hardly met in aircraft cabins. Thus, the curvature effect
seems difficult to be neglected. Fortunately, the curvature is not the only effect that
influences the panel response. In practice, the influence of curvature still appears to be
negligible when compared with the influence of in-plane stresses acting on the
boundaries of the panel (ref [4]).

Indeed, as there is a pressure difference between the exterior and the interior of
the fuselage structure, as a consequence of the cabin pressurisation under cruise
conditions, membrane tensions have to be modelled. It has been shown that these
tensions lead to an increase of the fundamental resonance frequency of cach panel by a
factor of up to about 7 (ref [10]).

Hence, the main physical characteristics of the problem are retained by
considering the simplified but relevant model of a simply supported flat plate stressed
by tension forces. It is better to consider the panel to be simply supported on its
boundaries than to be clamped into a rigid wall. In fact, this hypothesis provides a
model in better agreement with in situ vibrations measurements.

Finally, some hypothesis have to be added to this simplified model. First, the
platc material is considered to be homogeneous and isotropic. Then, it is assumed that
the fluids on each side are perfect. Finally, the panel structural damping is modelled:
an equivalent damping coefficient & is introduced, the damping ratio. This coefficient
is representative of two kinds of damping: the internal or Aysteretic damping and the
boundary damping due to the frictions in the joint edges or due to the energy lost by
the panel through its elastic boundaries. It can be shown that in our configuration the
second effect is much more important than the first one (ref [2]).



At this stage, a model of an aircraft panel has been defined. The simulation of
the problem is then possible, so a study to predict and reduce the sound power radiated
inside the cabin of an aircraft can be lead.

A-3. Formulation of the vibro-acoustic problem

Before investigating the active control of the noise induced by a TBL
excitation, the physics of the problem has to be understood.

Tn order to predict the acoustic field radiated in the cabin by an aircraft panel,
the structural displacement has to be known. The TBL developed over an aircraft
panel generates wall-pressure fluctuations, that are described by a stochastic field, p,,
which is stationary up to order 2 in time and space. These pressure fluctuations excite
the panel and induce a normal displacement w. Finally, the plate radiates in both fluid
domains. It can be shown that this displacement is also a stochastic field, which is
stationary up to order 2 with respect to the time, but not stationary with respect to the
space.

A-3-a- Derivations of the expressions for the power spectral densities of the
panel velocity and sound pressure radiated

The basic of the problem is the vibration of a plate which induce sound
radiation in the fluid above and below it. Due to this fact, the main characteristics will
be deduce from the basic system of equation verified by the displacement w of the

panel and the pressure fields p-(x;t) in the fluid, and the limits equations (3):

’ ' 2 ' 52 ! az 52 " + - - .
DA"+NJ‘;'§’-—+NY57—mEF w(x,t)=—pb(x,t)—li,g[p (x;0)— p~(%1)], VxeZ,

1 &, - :
(A“;;;'“O,’?)P (Z; t) = 05 VzeQ 5
2 Ap-
p+~a—2vz(x;r)+ P (x0)=0, Vxei,
- Ot oz
\ (3)
ap-
(x;2) =0, Vxel,
z

Boundary conditions for w onto 5L,

Sommerfeld radiation conditions for p* and p”,

Initial conditions for w, p* and p~.

L

It would be convenient to apply a time-Fourier transform to this system in
order to solve it. Unfortunately, the excitation term p, (X;¢) is random, so it does not

possess a time-Fourier transform. Then, the strategy is to use a Green formulation (ref
[4]) to express the panel displacement. The Green’s kernel of the motion of the fluid-
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loaded plate, ¥(x—x';®), is defined as the solution of the problem when the random
excitation, p,(x;#), is replaced by the harmonic point force excitation &, (x)e™.

Thus, the displacement of the plate can be represented using an integral
representation:

w(x,1) = (7 * p, N(X,2) = T”}/(x—x';t— 7)p, (X';7)dr dx',Vx € Z,Vt, (4)

— R2

where * denotes a convolution product with respect to the inverse Fourier transform
y(x;¢) of y(x—x';@) with respect to frequency.

The calculation of the power spectral density of the panel velocity leads to the
following expression (ref [4]):

TTrm (x:Kk)S,,, (ko) (x";k)d’k , (5)

—0) =

S, xx'\w)= o)

where the superscript = denotes the conjugate of a complex number. I', (x;k) is the

displacement of a point at a position x on the fluid loaded plate, calculated at the
angular frequency @ and when the excitation pressure p, scales on the contribution

of a boundary layer eddy of wavevector k :

I,k = [[y(x—x;@)e ™ d’x, vk e R*,Vo. (6)
z

From equation (5), it is relevant to note that the displacement induced by the TBL
excitation on the plate can be seen as the result of the excitation S, , passing through

a linear filter characterized by the transfer function I',. So the plate can be interprated

as a wavevector filter of the excitation spectrum.
By definition, T (x,k) satisfies the following system of equation (ref [4]):

2 2

( ' ' 6 ! 0‘, - jkx + -
(D Azx +Nx-é;"2——+Ny?_ma)2)rm(x’k) == Jie _[pm(x;k)_pa)(x;k)], VXGZ,

(A+k§)p{;:(z;k) =0, VzeQ-,

5P: 2

2 (x;k) = p.w’l", (x;k), VxeZ,

Po (k)= p. 'L, (5K), Vxe -
9P (3 k)=0, VKeS,

oz
Boundary conditions for T, (x,k) whenx € 5Z',

| Sommerfeld radiation conditions for p, and p,.

All the structural quantities are defined over the mean surface £ (z = 0) of the panel. .
The boundary of the panel is denoted 8% and its complement in the (z = 0) plan is



defined as being a perfectly rigid baffle: T'. D=Ehr>/ 12(1-v?) is the bending
stiffness of the plate. m is the mass density of the plate. £ and v are respectively the
Young's modulus of elasticity and the Poisson's ratio of the plate material. N, and

N y are the lateral and longitudinal tension terms acting on the panel and due to the
cabin pressurisation. The pressure field inwardly radiated by the panel is denoted p, .

The power spectral density S,,—p— (z,7';w) of the acoustic pressure field

 radiated in the fluid domain Q~ is given by:

[ [p; @88, o)p; (23K)d°k,Y(2) €Q7,Vo. (§)

—o—a)

S - -(z250)= )

The sound pressure field p,(x;k) can be calculated by using its Green's

representation. Thus, p, takes the integral form:

pa(zK) = p_o* [[G,(z—x')T, (x;K)d’x, VzeQ ,VkeR?, )
z

where G, is the Green's function of the Helmholtz equation for acoustic propagation

in the half space Q~, which satisfies the homogencous Neumann boundary condition
on (z = 0) as well as the Sommerfeld conditions at infinity. It is given by:

—Jjk_r{z,z") ewjk_r(z,z_‘)

G, (z—-2")= V(z,2')eQ” xQ7, (10)

+ 2
Azr(z,z')y 4nr(zz_")
where z' is the symmetric point of z with respect to the plate plane, and r(z,2")
denotes the distance between z and z'.

A-3-b- Derivations of the expressions for the plate kinetic energy and for the
sound power radiated

At this stage, T (x;k) has to be calculated for each wavenumber k to solve

the problem. This can be achieved using an eigenmode decomposition of the panel
structural response, as it is shown below.
The derivative of the displacement I’ (x;k) with respect to the spatial

variable will be considered: it represents the velocity v, (x,,0;k) of the plate.
In a first step, the velocity is specified in terms of the amplitudes v,, of an
infinite set of eigenmodes or structural modes of the plate such as:

+00 0

v, (5, 7,0.K) = j@ D DV (K0, (%, ). (11)

m=1 n=1

Introducing this expression in the equation system (7), the plate velocity 1s
obtained as:



40 4w

v, (6,0.0K) = jo), 3 F,, (K)a,, (@), (x,7), (12)
m=1 n=1
where W, rtepresent the eigenmodes of the plate, F,,, the modal excitation terms and

a,,, the modal resonance terms.
For a simply supported panel of dimensions @ and b, the eigenmodes and
eigenfrequencies are given by:

sm( )sm( (13)

W (xy)= J_
_ L B [(’””)2+<ﬂ’—)212+N(ﬂ)2+N(ﬂf). (14)
Cm ph 12(1-v*) " b a U b "t a

The modal excitation terms are defined as follows:

F,, &)= [, (e "d’x . (15)
z

Each of these terms represents the influence on each structural mode of a turbulent

eddy scaled on each wavenumber K.
The modal resonance terms are given by:

1
a_ ()= s 16
() ok, — 0 +2780,,0] (1o

F

where m= p,h. After inserting equations (12)(16) into equation (5), the power
spectral density of the panel displacement can be written as (ref [4]):

+0 +o0 o 40

z )z 2222 s (O O () (@ @)
V{x,x') eZx X

S, (x,x";0) =

A matrix of modal excitation terms t appears and is defined by:

W e (@) = 47° I JF; (K)S,, (k; @) F (K)dk , (18)

—0—0

where each coefficient quantifies how the structural modes are coupled by the
turbulent excitation. An expression of the spectral density .S, of the kinetic energy in

the structure can be deduced together with the spectral density of the sound power S .

inwardly radiated by the plate (ref [10]). If the modal resonance terms are stored in a
diagonal matrix, denoted D_ (a), these expressions are respectively given, in matrix

notations, as:



S, (@ )—"P’; VD @)y , D, (@), (19)

and

5, (@)= 2EE DD @)D, @Y1, 20)

where M is defined as the radiation impedance matrix:

My i = (B (0), Wy (X)), 1)
e—:’knd(M,M‘)
and P (M)= | W.(M")———dx(M"). It represents the acoustic field
;) = [V, (M) o @) T rep

inwardly radiated by the zj‘h structural mode. (u,v), = (uv*)(M YdZ(M) for any
z
z

test functions u and v.
The fact that the cross-terms of the M matrix in (20) are not zero-valued

means that the pressure fields inwardly radiated by two different modes are coupled.
Thus, if the contribution of two different structural modes are coupled, suppressing
the influence of one structural mode may not reduce the total sound power radiated.

Fortunately, it is possible to express the M matrix in a new basis, where it has 2

diagonal form.
A-3-c- Expression of the problem in the radiation modes formulation

Here, it can be stressed that the final aim is not to reduce overall vibration
levels, but to alter the vibrations in such a way that the total sound power radiated is
reduced. This is also called an active structural acoustic control (ASAC). Sometimes, it
can be achieved even though the overall kinetic energy of the plate is increased. This
has been shown in some studies like in references [10,12,13]. It has also been shown
in these studies, performed with an harmonic excitation, that cancelling the radiation
modes provides better results than cancelling the structural modes.

To this aim, the authors of references [14,4] have computed the radiation
modes of a simply-supported baffled plate, which are a basis of source distributions
which contribute orthogonally to the sound power radiated. Hence, it is sure that
suppressing the radiation modes of each aircraft panel will reduce the sound power
inwardly radiated by the fuselage into the cabin. It should be noted that these radiation
modes are dependent of the frequency. In practice, it is possible to pass over the
problem of sensing the frequency dependence of the radiation modes by using their
nesting property, i.e. to sense a set of radiation modes at a fixed upper frequency (ref

{15).

Here, the case of a plate divided in an array of / small elements is studied. So
the panel is viewed as a sum of elemental radiators, acting individually like pistons.
Then, the sound pressure inwardly radiated by the plate will be calculated from the
contribution of each one of these elemental sources. For the simplicity of the



equations, a harmonic excitation is considered, but the method is exactly the same for
a TBL excitation. The deterministic sound power radiated, ¥, is then replaced by its
spectral density, S, .

Let us denote v the vector of complex linear velocities of each of the
clemental radiators at a single, /¥ can be written under a harmonic excitation (ref
[14]) as:

W=viRv, (22)

where R is the discretized form of the radiation resistance matrix R[] It has been

shown that R is a purely real, symmetric and positive definite matrix. Thus, its

eigenvalue-eigenvector decomposition can be expressed as follows:
R=Q'AQ, (23)

where Q is the orthogonal matrix of the eigenvectors and A is the diagonal matrix of
the eigenvalues A4,;.

Hence, if the vector of radiation modes in terms of the velocities of each
individual elements is defined as y, the equations (22) and (23) give the following

expression for the sound power radiated by the panel:

i)
W=y Ay = v - (24)

i=1

In this expression it can be seen that the radiation modes radiate sound independently
from each others.

Now it is understood that if the different radiation modes of an aircraft pancl
are known, it will be possible to reduce the total sound pressurc field radiated,
reducing the contribution of one or more radiation modes. In fact, it can be shown that
for the low frequencies (below 40 Hertz for a panel without tension effects, and below
400 Hertz for a panel submitted to tension effects), the first radiation mode, which
acts like a piston, is responsible for almost the whole sound power radiated. Due to
this fact, reducing only the first radiation mode will provide a good reduction of the
sound power radiated by the panel.

However, it is not so convenient to use the radiation modes because they have
to be calculated for each frequency of interest. For a TBL excitation, the disturbing
noise is broadband and these modes have to be calculated several times. Fortunately, it
can be shown that it is a good approximation to consider only the radiation modes
obtained for the upper frequency of the bandwidth of interest (ref [15]). This 1is
achieved using the RME technique developed by G.Gibbs ez al.. This method will not
be presented there, but for more information, the reference 15 can be consulted.
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Now, the active control method can be applied to reduce the velocity of the
first radiation mode in order to reduce the total sound pressure field inwardly radiated
by an aircraft fuselage.

A-3-d- Summary of the method

As a summary of this part, a diagram of the problem can be drawn. This
permits to establish a parallel between two main way to achieve the cancellation of the
sound power radiated by a panel. The first one is to suppress the contribute of each
structural mode (like in reference 16) and the second one is to suppress the
contribution of the radiation modes.

In each case, the minimum number of modes required to have a good
approximation of the acoustic power radiated is researched. The studies have also
shown that cancelling higher order radiation modes is the most efficient strategy. For
example, in the configuration considered in reference [4], when 3 of these modes are
suppressed, it provides the same level of attenuation than cancelling 6 structural
modes (ref [10]). This is the reason why it is more interesting to suppress the radiation
modes.

The problem diagram is the following one:

Aireraft structure model: Excitation model:
*single panel Corcos model
(eigenfrequencies,eigen- fluid parameters
modes)

*perfect fluid

r

Definition of the main functions to solve the problem:
*matrix of radiation impedance: M,

*diagonal matrix of the modal resonance terms: D,

*matrix of the modal excitation terms: 'V,

r

Structural modes formulation: Radiation modes formulation:
expression of the acoustic power expression of the acoustic power
radiated by the panel with N * radiated by the panel with N
structural modes. radiation modes.

Test: Test:
to find the minimum to find the minimnum
value of N to have value of N to have
an accurate solution, an accurate solution.

Figure 2: Synoptic diagram of the resolution method with the structural/radiation modes approaches

11



A-4, Principle of the feedback control

Now, an active structural acoustic control approach (ASAC) can be studied.
This kind of control is well described in the references 12 and 17. The main idea is
presented below.

In this study, the disturbing noise is random. For such noises, the main
problem is that there is no time-advanced reference signals that can be observed and
so a feedforward active control is not possible. In fact some studies presented a
feedforward control for such noise sources (ref [18,13]) using, as a reference, the
signal from an accelerometer, which is assumed to be independent of the error signal,
but such studies were realized in a laboratory, and it is not so convenient to implement
such a control on a real aircraft. Therefore, a feedback control strategy is prefered as it
does not require any reference signal.

First of all, it can be noticed that the spectrum of a TBL-induced noise, as
measured in reference 3, is situated in a frequency range where an active control is
possible. In fact, the dominating part of this spectrum is around 1000 Hertz, where the
noise radiated can be well represented by only the influence of the first few radiation
or structural modes. Thus, an active control device acting on a limited number of
modes can be implemented.

Second, it can be stressed that the three elementary components of feedback
control system are a sensor, to detect the vibrations of the panel, an electronic
controller, to compensate for the disturbance, and an actuator, driven by the output
signal from the controller. More details about the sensors and the actuators used in this
study can be found in references 19 to 22. However, these elements will not be
described, but they have to be considered since they modify the plant system transfer
function.

As a first step, a feedback control of vibration with only one sensor and one
actuator (ref 12 & 23) will be considered. The basic idea is to sense both the vibration
of the plate, induced by the primary source, and the vibration induced by the
secondary actuator, and to feed back the control signal, obtained by passing the sensor
output through the control filter, to the actuator.

——L Plant
_______________ -
TBL N !
excitation 1/ P | p
Sensor
disturbance
Control ¥ > G » B »
signal !
S _—d e
Sensor
cutput
Contrel filter
H

Figure 3: Principle of a feedback control system
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The problem can be modelled by the scheme previously plotted in figure 3,
where e is the sensor output error, d is the disturbance and u is the driving signal
calculated to cancel the net volume velocity of the panel excited by a TBL. This
driving signal will be sent through the plant G of the panel (representing the transfer
function P between the sensor and the actuator) so that the error signal collected is
¢ = d + Gu. Thus, the goal is to cancel the power spectral density of the total volume
velocity S,, measured at the sensor output.

. This can be achieved assuming that the spectral characteristics of the secondary source
strength must be given by:

1

= _'_'TSda' (@) (25)
G(o)]

uu

where S, is the power spectral density of the net volume velocity of the panel due to
the primary excitation.

Here, the fact that the control filter H has to compensate for the behaviour G
of the plant is stressed. Hence, a perfect rejection of the disturbance will be possible
only if the plant is perfectly invertible, independently of the nature of the disturbance.
This is the first limitation of the problem, because, in practice, the inversion of the
plant response is altered by time delays in the controller. It can be shown that the plant
response is perfectly invertible provided that collocated actuator/sensor pairs are used
(ref [10]). In practice, if we want to cancel the volumetric contribution of the panel,
this can be achieved by using a volume velocity sensor matched with a uniform force
actuator. In principle, this configuration will generate a decrease in the sound power
radiated without involving an increase in the near-field pressure levels (no control
spillover).

If the feedback signal scems simple to obtain, the stability of the control filter
has to be assessed in order to insure the feasibility of the control. The equivalent
transfer function of such a feedback control is:

F,(jo) 1+G(j@)H(jo)

where F,(jw) is the primary excitation and W(j@) is the measured net volume

velocity of the structure, G(j@) and H(jw) are respectively the transfer functions of
the mechanical system and of the feedback controller in the frequency domain. The
point is that matched actuator/sensor paires have a minimum-phase transfer function,
i.e. with both poles and zeros in the left hand side of the Laplace complex plane.
Therefore, a controller transfer function that perfectly compensates for the plant
response G, while including a large feedback gain o, will be given by
H(®w) = —a G (w) and is also minimum-phase. Two major consequences are, first,
that it doesn’t accumulate phase when the frequency increases, i.e. no time delays, and
second, that it remains stable whatever the magnitude of the feedback gain
(unconditional stability) (ref [10,12,17]).
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One more point of interest should be kept in mind. The main characteristic of
an ASAC is that the control acts on the displacement not to reduce 1t but to reduce the
noise induced by this one. Sometimes, a reduction of the noise can fit with an
increasing of the vibration amplitudes.

As a conclusion for the active control strategy, it can be noticed that in order to
suppress a random disturbance, a feedback control system is generally used. In
practice, the efficiency of this strategy is improved by including another loop inside
the first loop to come down to a feedforward control (internal model control). Such
strategies will be presented in the part B of this report.
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Part B: Simulation of the problem

Now that the basis of the problem are setted, it is possible to implement and
investigate a control of the sound power radiated by the panel. Thus, the way used to
program the problem will be presented in a first part. Then, an overview of the G.
Gibbs results will be presented. Finally, the different strategies and their results will

be exposed.
The reader should keep in mind that this study is only concerned with a single

panel. Further studies may be led with a more accurate model (ref [24]).

B-1. Numerical formulation

The different expressions for the quantities of interest are known. The best
way to compute them is now researched. Indeed, due to the complexity of the integrals
required, the expressions have to be simplified before to be computed. The simulation
will thus be semi-analytic. The main quantities required to calculate the spectrum of
the kinetic energy of the plate and the acoustic power inwardly radiated are the
matrices M and y of radiation efficiency and of modal excitation terms.

B-1-a- Expression of the radiation efficiency matrix

The M matrix represents the influence of an excitation on each structural
mode. Its expression is a quadruple integral, that reveals:

x' " sy sin(k,R(M,M'))

M,sm(w)i:foj Lyjo“sm( sin(=_") Az R(M,M") 27)

P sin(m;rx) sin(nﬂy)dy'dx' dydx
a

The calculation of such an integral with a software like Matlab is quite long.
Due to this fact, the expression has been simplified, using the method proposed by
Mangiarotty in reference 25, before to be computed. The detail for the integral
resolution is presented in annexe 1. Finally, the M matrix can be expressed after
reduction as the following double integral:

4ab

M, (@) = j ch(Xl,Y)F,,,(Xl)G,,,(K)dXIdz, (28)
(L y1 = SNENEX)” +@h))
JBX,)? +(aX)?
where: IF (X)) = __[;;in(rﬂXz)sin(myr(XI +X,)dX,, (29)
G, (X)= _fsin(smg)sin(maq +Y,))dY,.

-
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It is the calculation of the integral (28) that will be computed, using the
following numerical approximation:

4ab 1 Rl k p k P
M = @ , F G 30
(@) = =2 = 2 2 PGy IR GG ) (30)

where X_ and Y, are the number of discretization points in the lateral and

longitudinal directions. This number of point was optimized to be as small as possible
to reduce the calculation time and as large as possible to provide a good

approximation.
The results obtained with this method have been compared with these obtained

by Maury (ref 4) and Wallace (ref 26). The representations of different coefficients are
shown in annexe 3-a. The similarities between these coefficients permits to validate
the model of the radiation efficiency terms matrix.

B-1-b- Expression of the modal excitation terms

In the same way, the expression of the excitation terms matrix  required to
solve a quadruple integral, that reveals:

b

a b a ' . ]

[ ¥ jisin(’"“)sin(m”)sin(”y ysin(?Z2)

=0 y=0x'=0 y'=0 ab b b a a (3 1)
ox-x) lo(y'=y)| P s

xgo(@e | G de 1T 1T gyt dyds

Wrsmn (a)) = 47[2

It is possible to calculate it analytically, which will dramatically improve the
computational cost of the program. In fact, this integral is a product of two double
integrals: one depending on the variables x and x' and the other on the variables y

and y'. The details of this calculation are explained in annexe 2.

B-1-c- Expression of the sound power radiated

Tt has been shown part A-3-b that the sound power inwardly radiated by the
panel can be written as follow:

s =2 '2” ° Tr{diag(4)" R(M)diag( A)¥] (32)

4

The results issued from this expression have been compared with the
experimental measurements of G. Gibbs (annexe 3-b). It should be noticed that for
these measurements, the first peak should not be considered as it is due to the effect of
the lateral panels superposed to the main one. Indeed, in this study, the choice of a
single panel was made. A simplification can be applied to the expression (32),
considering the matrices M and W as diagonal matrices. These approximation, also
called diagonal approximation, is equivalent to neglect the influences between the
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structural modes. Figures of the sound power radiated with and without the diagonal
approximation are plotted in annexe 3-c. It is shown that the amplitude of the peaks
are not affected by the approximation, especially in the low frequency domain. Thus,
this approximation will be used in all results shown in this study.

B-2. Results of the G.P.Gibbs Feedback Control Experiment

Due to the complexity of the experiment and to the fact that the control of TBL
induced noise is a recent study, there are not a lot of results on this subject. As G.
Gibbs et al. have achieved a complete experiment, the authors are interested in
carrying feedback control simulation in order to compare both results. If those results
are similar enough, it would be interesting to implement it on a real problem, with
appropriate sensors and actuators and as a final aim, to design a real feedback
equipment for the acronautical industry.

It is important here to present briefly the results obtained by G. Gibbs at the
NASA Langley Research Center. A summary of the results of two main studies (ref
[27] and [28]) will be exposed. The first one was concerned by an active control in
two panels and the second one aimed at reducing the number of sensors and actuators
used.

To build their experiments, two single panels representing an aircraft structure
have been mounted in a wind tunnel side. Below these panels, an anechoic enclosure
has been installed. Then, the strategy was to pass the signals in a RME system that
express the problem in the radiation modes basis (ref [29]), to keep only the influence
of the radiation modes 1 to 7 (that are of main importance), and then to apply a
feedback control on the two different panels separately or considered as one. The
results of these two studies were the same. It stresses the fact that it is a good
approximation to say that the different panels of an aircraft structure radiate
separately. In each situation, an excitation has been applied for two different flight
conditions, at Mach 0.8 and at Mach 2.5. In these first series of studies, 3 actuators
and 15 sensors per panel have been used. The results showed reductions of about 10-
20 dB at structural resonances and 5-10 dB integrated over a bandwidth of 150-800
Hez.

The main conclusions of this first study were that the RME method is
performant, both panels can be controlled independently, and the feedback control
system is really efficient, even with a random broadband noise as the one induced by a
TBL.

A second study was then achieved in order to reduce the number of sensors
and actuators. Actually, on commercial aircraft, there are hundreds of sidewall panels,
so the number of sensors and actuators required can be a major problem (weight,
electronics). The results were really convincing because it was shown that it is
possible to reduce the control system required to 1 actuator and 4 sensors per panel.
With such a strategy, the reductions in sound power were of about 10-15 dB at
resonances, and of about 9 dB integrated over the control bandwidth of 150-800 Hertz
(ref [27,28)).
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B-3. Application of different active control strategies

As a random ficld, the excitation spectrum is defined by its power spectral
density. Then, an expression of the sound power radiated can be extracted. In a first
step, it is this quantity which will be of interest. We will thus simulate some feedback
control in order to reduce it. First of all, actuators and sensors should be chosen to
reduce vibrations. Then, an efficient control signal will be looked for.

B-3-a- Choice of the actuators and sensors

There are as many control strategies available as different kind of actuator and
sensor pairs. In this study, we have chosen the same components as the ones used by
G. Gibbs. In such a way, it is possible to compare the final results with measurements.
These components are 15 accelerometers regularly distributed on the plate for the
sensors, and 3 piezoelectric actuators. The geometry of the problem is shown on the
figure 4:

Figure 4: Distribution of the actuators/sensors in the panel

Due to the random aspect of the excitation, the quantity of interest for the
control will not be the electric signal to apply to the actuators but its power spectral
density. Let us denote this signal W .

H_, and H, are respectively the transfer functions of the actuators and of the

act

sensors. The expressions of such transfer functions are given (ref [12, 19]) by their
modal terms:

Ho, = @FFJ = -};%(ki + k7 Y(coslk,x, ] - cos[k,x, [)(cos[k, ] - cos[k,y, 1) (33)

uu mn

H =[SW) . sin(mfxﬂ)sin("’;ya) (34)

VY mn X y
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where:

(C = constant depending on the material properties
of the plate and the piezoelectric material

mn = order of the mode

x> ¥1,X,,Y, =coordinates of the actuators
x,,y, = coordinates of the sensors 65)

< I, = x dimension of the plate
I, = y dimension of the plate

]Cm — mimrw
lx

g, =2%
l}'

With such a model of our problem, an active control strategy can be applied to

choose the parameter W .
Above all, in order to check if the model of the actuators is efficient, the

influence of 2 single actuator excitation on the volume velocity of the plate was
studied. These results were compared with the ones found by G. Gibbs. The figures of
this calculation can be found in annexe 3-d. We can see that the actuators model used
for this study is relevant. It should be considered that the first peak of the experimental
results is due to the influence of the bigger panel. In fact, for the low frequencies, the
transfer function between the actuator and the plate volume velocity is similar.

Moreover, the phase of this transfer function is setted between f—;z below 1000 Heriz
(annexe 3-d3), which insures that the control will be stable for such frequencies,
whithout implying big approximations in the secondary signal calculation.

B-3-b- Single feedback loop control

As a first step, the basic feedbak control strategy is studied.

The aim is to reduce the radiated sound power. As shown previously, the

expression of this latter quantity before control can be expressed as follows:

_wpc

S

T

Tr{diag(A)HER(diag[M])diag(A)diag(‘P)} (36)

The equivalent diagram related to this first strategy is shown in the figure 3.
With this loop, the expression of the sound power radiated becomes:

5 = wpc

Tr{R(diag{ ][I + A4’ H, WH,]" A4Y] 37
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Figure 5: diagram of the problem

The main problem limiting the control is the fact that [/ + A4'H, ,WH_] has
to be inverted. If 4 was invertible, it would be sufficient to take W = —ﬁ—;, with

a >>1, to ensure a large cancelation of the sound power radiated. Unfortunately,
usually it is not the case. We will sce that in order to avoid the inversion of A4, the
single feedback loop can be improved to transform the problem as a feedforward one.

B-3-c- The Internal Model Control: IMC

One of the main issue of the single feedback loop is that the plant response is
modelled by the matrix 4. An error in this matrix will be fed back into the loop and
amplified. This can involve an large error. To avoid this problem, a second loop can
be added to the first one (ref [30]). In such a way, the error induced by the
approximation of the system response is cancelled. The control function acts directly
on the quantity of interest, which improves the efficiency of the control. The
representation of this Internal Model Control (IMC) loop is then shown in figure 6. In
particular, it is assumed that a perfect plant model is available, which is not always the
case in practical studies. For more informations about the IMC, the references 12, 17,
31 and 32 can be consulted.

The equivalent transfer function of this loop is given by:

% =(I- AL H, WH,) (38)

It is interesting to note that adding this second loop is equivalent to replace the
inversion by a quadratic form (this is an approximation of the inversion).
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Figure 6: Internal Model Control

This expression permits to represents the feedback problem as a feedforward
system in the following scheme 7.

+
SN VY HowH |- ax | ML

sound

power
radiated

Figure 7: diagram of the problem
Thus, the sound power radiated can be expressed as:
o pe i
S .= 5 Tr{R(diag{ MDI - A4'H,, WH A4 ¥} (39)

With this expression, it appears that choosing # to be equal to
V[A4A4'H,,H,] is the more efficient strategy because it will cancel completely the

act E
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disturbance. Unfortunately, in practice, this kind of control is not robust, so another
value of W has to be found. For this reason the optimal value of # will be calculated
minimizing the cost function J:

J=SL +pWW (40)

The parameter S will be chosen as small as possible to optain a good cancelation of
the noise, but large enough to insure the robustness of the control.

The expression of % in respect with W(w) is then calculated to find the
optimal value of # that reduces J (annexe 4). The result is:

1

Wope = B (41)
AAH H, +— :

H. AA' M MAAYY' AA'H,

The reduction obtained with such a strategy will be discussed in the next part.

At this point, the control strategy problem is well defined. It is then possible to
simulate some controls and to analyse the results. The next part will present these
results in detail together with comparisons with the G. Gibbs experiments.
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Part C: Results

The previous work enables to have a relevant model for a control system
acting on a panel excited by a TBL excitation. This part will present the results
obtained from this model. In a second part, the efficiency and limitations of the
problem will be presented.

C-1. Reduction obtained with the IMC

As a first step in the control calculations, the IMC was directly apply to the
sound power radiated. This control reduces the contribution of all the modes. The
result is shown in figure 8:

Sound radiated by the single panel
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Figure 8: Feedback control of the sound power radiated

Here it appears that the first and third peaks corresponding to the first and third
structural modes are reduced. The odd modes are not affected by the control due to the
symmetrical position of our sensors and actuators. This theoretical result shows that
the feedback strategy is efficient and can permit to obtain important reduction of the
noise. In particular, this figure shows that with such a control the first peak in the
sound power radiated spectrum can be cancelled. This is of real importance as this
peak is the more important one. Moreover, the presence of peak in a spectrum is
synonym of discomfort for the ears of the aircraft passenger in our case. Thus, the
cancellation of one peak appears to be important.
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C-2. Comparison between the theoretical control and the
experimental one

The final comparison between the theorstical results and the experimental ones
obtained by G. Gibbs can now be achieved. This comparison enables to validate or not
the results obtained in this study. One of the experimental result of G. Gibbs considers
the control of the first radiation mode. Hence, a control system acting only on this
mode was implemented. In fact, an eigenvalue/eigenvector decomposition has been
performed on the modal efficiency matrix, and only the components of the largest
cigenvalue were kept. The theoretical result is shown in figure 9 and the G. Gibbs
result is shown in figure 10.

The first peak appearing in figure 10 should not be considered, it is due to the
experimental parameters. The main characteristic of the experimental result of G.
Gibbs for this strategy (1 radiation mode) is that there is a spillover effect between
450 and 550 Hertz. With the theoretical result, it is possible to observe some spillover,
but above 350 Hertz. This difference can be explain by the fact that during the
experiment, the studied panel is embedded in a large panel. It is surrounded by other
panels which imply some effect on it. This is just an hypothesis. It would be
interesting to study a real panel in order to be able to compare the results. This will be
the aim of further studies.

Tt can also be noted that in both figures, the attenuation of the first peak is
about 15 - 20 dB. This result is the same in both studies and enhances the fact that a
good reduction of the first peak in the sound power radiated spectrum can be obtained.
This similarity appears in the low frequencies domain. Indeed, it is observed that the
theoretical model is valid, at least for the low frequencies. The differences between
the experiment and the theoratical parameters secm more and more important as the
frequency increase.

Another point of interest in the comparison concernes the arrangement of the
actuators. G. Gibbs showed that the number of actuators and sensors can be reduced
without changing the results. A new configuration was thus adopted, where only the
central actuator and four sensors distributed in diamond were kept, as shown in the

figure 11.

Figure 11: Simplest distribution of the actuators/sensors in the panel
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The application of the feedback conirol with the second actuator/sensor
configuration provides almost the same result than with the first configuration, as it is
shown in the figures 12 and 13.
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Figure 12: Comparison of the influence of two actuator/sensor configurations on the active
control of the sound power radiated by the single panel
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This implies that the number of actuators and sensors can be reduced. This
resulf confirm the one obtained by G. Gibbs.

Finally, it has been shown that the experimental measurements of G. Gibbs
and the theoretical results coincide well for the low frequencies. Above 1000 Hertz, it
is more difficult to compare them. This can be explained by the numerous
approximations used in the calculation which are valid up to a certain frequency. The
fact that only a single panel is considered instead of a multi-panel fuselage can also
imply some errors. Indeed, G. Gibbs studied a panel, but linked to other panels. Above
a certain frequency, the approximation used in the theoretical model seems
unjustified. Due to these reasons, some further studies will be achieved, assuming a
double panel, or a single panel with reinforcements to make the model of the tensions
inside the aircraft structure more accurate.

C-3. Influence of the suppression of different radiation modes

It has been shown that some reduction can be obtained by reducing the first
radiation mode. Keeping the same actuators, it is interesting to see if results can be
improved when more than one mode are considered.

The first radiation mode has the shape of a piston-like mode: this is why the
configuration of our actuators can be efficient. It has to be noted that the contribution
of the first radiation mode to the sound power radiated is proportional to the sum of
the velocity of each point of the plate (the volumetric velocity).

The second and third radiation modes are rocking modes (ref 4), which means
that they are symmetric with respect to the actuators positions. Due to this fact, they
do not contribute to the volumetric velocity. In this way, acting on the first radiation
mode will not change the contribution of the second and third radiation modes on the
vibration of the plate. Nevertheless, the fourth mode, which is a quadrupole mode,
contributes to the volumetric velocity. It will be excited in a different way when an
anti vibration will be applied against the first mode. Due to this reason, it is possible
that the control would be more efficient if we act on the fourth and first radiation
modes together. A study was then led in this way. The results are plotted in figure 14.
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Figure 14: Influence of the firtst radiation mode alone and the first and fourth radiation modes
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It appears that controlling the fourth radiation mode together with the first one
is not useful. This can be explained by the fact that its influence on the sound power
radiated is smaller than the one of the first mode. The strategy to consider only the
first radiation mode is then justified.

C-4. The spillover effect

One of the physical mechanisms with active control is that it changes the
energy distribution of the system. As a physical issue, there is an energy conservation.
It means that a noise attenuation for certain frequencies can be associated with an
increase in an other frequency domain. This is also called the spillover effect. Usually,
this effect appears when one mode is controlled. The energy reduced on this mode
will be set off again on the other modes, which imply a spillover. In this study, a
spillover appears when we try to reduce the first radiation mode, but not when the
strategy is to cancel the complete sound power radiated (figure 15).
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Figure 15: The spillover effect

An explanation for this phenomenon is that when we reduce only the first
radiation mode, the energy can be redistributed again on the other mode and then
imply some spillover. When the complete sound power radiated is controlled, it looks
like if each radiation mode was controlled, then the energy is not transmitted directly
to other modes. Nevertheless, the energy conservation should be ensured. Some
spillover will not appear, but the performance of the control will be worse. The energy
repartition will be on all the modes, decreasing the efficiency of the control on each
mode.

C-5. Robustness of the control

Another point of interest in the active control strategy is the robustness of the
control. In fact, as a consequence of the approximations used to calculate the control
signal, there is a risk to implement an unrobust control. This corresponds to a control
where the error on the calculation grows up at each time step to end up at a large
secondary signal, too important for the control.
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For this reason, a criterion to control the robustness was researched. It has
been shown that in order to obtain a robust control the complementary sensitivity
fimction T should respect the inequation (42).

1
T<— A2
B (“42)

where B is a constant representing the precision chosen for the stability criterion. A

usual value of B is 0.5.
Some complementary functions were plotted, for different value of the S

coefficient in equation (40). It appears (figure 16) that as expected, the smaller the 5,
the better is the control, but the worse is its robustness. A compromise is then found.
This is the object of the next part C-6.
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Figure 16: Influence of /5 on the control robustness
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The complementary sensitivity function is defined in equation (43).

T=|44'H, WH,| (43)

ct

More information about the complementary sensitivity function and the
robustness of a control can be found in reference [30].

C-6. Influence of the g parameter

Tt has been shown that one of the main parameter of our feedback control is the
B coefficient appearing in equation (40). This coefficient reduces the efficiency of the
control as it changes the cost function. On the other hand, it makes the control
feasible, controlling its input and permitting it to be stable.

Tt should be consider that the control is applied by several actuators. A
theoretical calculation of the signal to apply does not take care about the limitations of
such materials. If the cost function (equation (40)) was not attenuated by the second
term, dependant on the f coefficient, the cost of the control would be some very large

electrical signals sent at the input of the actuators. This would be impossible to apply,
even if the results would be really efficient. Due to this reason, the A coefficient

should be chosen big enough to ensure a feasibility of the control. Moreover, the fact
to apply a big coefficient will permit to ensure the stability and robustness of the
control as shown in the previous part C-5.

Of course, the final aim is to control the square of the sound power radiated
S;_. So if a good cancellation is researched, the cost function (equation (40)) should

be as close as possible from it. It is then clear that the control will be better with a
smaller S coefficient.

Such remarks were already denoted by Thomas and Nelson (reference [33])
where it appears that when B decreases, the control becomes better and the spillover

increases. The same conclusions are pointed out in our study as shown in the
following figure 17.
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Figure 17: Influence of the S coefficient on the control of the sound power radiated

Figure 18 also stresses this result showing that bigger is the f coefficient,
better is the efficiency of the control.
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Attenuation

Altenuation of the total sound power radiated in respect with the beta ceeficient
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Figure 18: Attenuation of the total sound power radiated in respect with the B coefficient

C-7. Validity of several approximations

Due to the fact that a semi-analytic approach has been chosen, several

approximations were assumed in the calculation of the sound power radiated.

Fortunately their influence on the result can be neglected.

C-7-a- Diagonalisation of the matrices M and ¥

As a first approximation on the radiation efficiency matrix A and on the

modal excitation terms matrix ¥, all the matrices are assumed to be diagonal. This
approximation is equivalent to consider that the cross terms are neglected with respect
with the diagonal terms. As the influence between the different modes is not that
important, this approximation is justified. This is illustrated by the following figure
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Figure 19: Justification of the diagonalisations
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C-7-b- Factorisation of the matrix M

When the first radiation mode is concerned, a factorisation of the radiation
efficiency matrix M has to be applied. This factorisation is described in equation
(23). As the M matrix is not completely symmetric and positive (due to
approximations), the factorisation implies some error, but this error is less important
for the low frequencies domain. To be sure that this approximation is well justified,
the sound power radiated was calculated with and without approximation in figures
20.
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Figure 20: Justification of the approximation of the M factorisation

C-8. Calculation time

One of the main characteristic of the approach used in this study is that it is
semi-analytic. It is not possible to calculate exactly all the integrals required by such a
problem. In the other hand, the calculation time would be really important if a
completely analytic approach was chosen. Due to these rcasons, the problem was
computed in a semi-analytic way (cf B-1).

In one hand, this approach is better as it avoids some approximations. In the
other hand, it permits a fast calculation. This is enlightened by the calculation time
values given in figure 21. These values represent the time required by the calculation
of the sound power radiated with and without control in different conditions.

frequency range: | 0-->1000 Hz | 0 --> 1000 Hz | 0 --> 5000 Hz | 0 --> 5000 Hz
frequency step: 5 Hz 1 Hz 5 Hz 1 Hz

time calculation 1 min.32 sec. | 7 min.35 sec. | 7 min.35 sec. | 38min.

Figure 21: Calculation time of the problem

As the frequency range of interest is below 1 kHertz and as a frequency step of
5 Hertz is enough to obtain exact results, these calculation times are a good proof of
the efficiency of the method used in this study.
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Conclusions

At present time, computer facilities allow to model the response of a panel
excited by a turbulent boundary layer. Without mounting an experiment in a wind
tunnel, it is possible to simulate the flow-induced noise transmitted through a panel.
This is really interesting for the study of sound power radiated in aircraft structure due
to the exterior turbulent boundary layer because a plane fuselage can be viewed as a
set of panel radiating independently. As a first step, this study is concerned with a
simple structure, but in the future, aircraft skins will be modelled as a double layer
panel. This is currently under study at the Institute of Sound and Vibration Research

of Southampton (ref [24]).

Then, as a model of the problem is available, some control strategies with
different actuators and sensors were simulated. The control can either suppress the
first structural modes, or the first radiation modes. Experiments were achieved and
compared with the ones of G. Gibbs. The comparison is difficult due to the
differences between a theoretical and an experimental study. However, both results
agree. It is shown that a feedback control, using an internal model control loop, allows
to obtain efficient cancellation of the noise inwardly radiated by a panel excited by a
TBL, and this with few actuators and sensors. This study shows the validity of the
theoretical model and the possibility for the plane manufacturers to envisage an
efficient robust control of the aerodynamic noise.

At least, this is a simple model of aircraft structure due to approximations.
New research axis can be the study of a more complete aircraft model with for
example a double layer panel, or the study of sensors and actuators design to test
feedback control, This is of great interest for aeronautical manufacturers because of
the need to improve the passengers' comfort and to satisfy stringent norm levels.
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Annexes

Annexe 1: Calculation of the radiation efficiency matrix

The expression to be calculated for each element of the matrix M is the following

sin(k, R(M, M"))
A R(M, M") ALD)

)dy dx'dydx.

sn’y')

M, (@)= j I j j—sm( )sin(

x=0y=0x'=0y'= D

X sin( ) sm(

The calculation of such an integral can be simplified using the Mangiarotty method

(ref 29).
The first step is to apply the next changing of variables

X=x-x, x'=x,
{ ' o (A1-2)
Y=y-y", y=y.
The expression of M becomes:
smkaX“Y x' sin mirX+x‘
M, (@)= j [ R T sin 22 (X2,
XOYO x'=0 p'=0 b (A1-3)
L] Y r
xsin(”y ysin("ZE YD s g avax.
a a
where R=+X*+7" .
Then, a new changing of variables is applied
X =X/b , X,=x1b,
(Al-4)
Y=Y/a , Y,=)/a.
This leads to the following expression
4ab
Mg, (@) J IcD(XI, DF,, (X,)G,, (KX dY, , (A1-5)
X =0 =0
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sin(ky/(bX,)? +(a%)?)

O(X1,Y1) =
J@BX,)? + (@)
=X .
where: {F,(X,))= [sin(rz X,)sin(mm (X, + X,))dX,, (A1-6)
X,=0

-
G,(X,) = [sin(szY,)sin(rz(¥; +1,))dY,.
%=0
The expression for @ will be directly computed, but the F and G integrals
can be calculated analytically, following the same method. Here, the calculation of the
F integral is only presented, but it is exactly the same with the G integral.

The integral to be calculated is:

1-X,
F(X)= [sin(rz X,)sin(mz (X, + X,))dX,. (A1-7)
X,=0
It can be expressed as:
1 1-X,
F (X)= 5 Jcos((m—r)ier +mr X)) —cos((m+r)r X, +mr X)dX,,(A1-8)
X,=0
and then
- X
F,(X))= [[cos((m—r)z X,)cos(mn X,)
X,=0

—sin({m— )z X,)sin(mz X,) —cos((m+r)7 X,)cos(mm X)) (Al-9)
+sin((m +r)z X, ) sin{mz X, )1dX,.

Here, two different cases can be distinguished:
*Mm=r:

cos(rmr X,) sin(rz (2 - X,)) —sin(rz X))

F;‘r(Xl)=(1—X1) 2 dnr (A1-10)
*fm=r:
i . .
F _(X))= m{(m+ P[sin((m—r)zr+rm X)) — sin(mm X,)] (AL-11)

— (m—p)[sin((m +r)zr-rz X,)—sin(mz X )]}
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Annexe 2: Calculation of the modal excitation terms matrix

This appendix shows the details of the theoretical calculation of the y matrix
of the modal excitation terms. This calculation permits to compute the exact value of
the integral. There are no approximations and it enables parametric studies to be

performed at a low cost.
The integral we have to calculate is the following one:

b a b a X' !
W, (@) = 475 J j j I sm( sm( )sin(Sﬂy)sin(nﬂy)
£0720=0 y=0 “ ¢ (A2-1)
|w(X'-X)I |@(y- y)| y-y

e B Ie A U dy'dx' dydsx.

x @ o(@)e

This main integral is divided in two parts. y is the result of the product
between the two expressions A and B, multiplied by 167%¢, / ab , where:

w(x"—x)

Ve ldxdx!, (A2-2)

rrx'. . murx
sin( 5 } sinf 5 e

A=

X

= i[ afsm( )sm( )

Le—e
g

x'

a(y'-y) Pl

Ve Ye dydy'. (A2-3)

As a first step, we apply the following variable transformation:

X=x/b , X'=x'hb, (A2-4)
Y=y/a , Y'=)M,
and so, expressions (A2-2) and (A2-3) become:
11 —a, M|
4=b" | [sin(rz X"y sin(mz X)e ve laxdx, (A2-5)
X=0X"=0
11 ‘ ea(y-1)|_ . ¥-Y
> [ [sin(sm¥")sin(nz e U gvay. (A2-6)
¥Y=07¥'=0
Then, a second variable transformation is applied:
X =X-X , X,= Loxsxon,
2 (A27)

Y=Y-Y , ¥, =-;—(Y+Y‘—1).
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The new expression of A can be written as:

1 1%
1 2 2 X —a, | —L
A=b% J' I sin(rﬂ(% + X, + %)) sin(mn'(——j+ X, +—;~) Ye | ‘dX,dXz. (A2-8)
Xy=-1 X2=LX_1|_1
2 2

Using trigonometric formula, this expression becomes:

1|X1|
=%. I f [cos((r —m)zw (X, +—))cos((r+m)7r—-——)
= 1X1| 1

—sin{(r —m)w (X, +—))Sm((r+m)n’£—) cos((r + m)z (X, +—;—))cos((r mywr— 1)

X,
X, o T
+ sin((r + m)7 (X, +%)) sin(( -—m)n'—zi)]e Ye lciX'ldXz.
(A2-9)
Then, two cases can be studied:
*case : If r=m
1 |X1|
bz 1 mle
A=— I j[cos(m'X ) —cos(2ra (X, +—))]e *ldX,dX,. (A2-10)
2 A=-1 X,= o
1 2
The integration of this expression with respect to X, gives:
1L
_ % f Tl -|x ) cosr X, )+—sm(m|X DI, (A2-11)
or
1 —a abX;
A=b* [ e U1 - X, ) cos(rz X,) + ———sm(rer )dxX,. (A2-12)
X =0
Writing the circular functions as sums of exponential functions leads to:
2
A= & I [(1- X )e“" + (1~ X,)e%" + (eC’X1 - % )dX,, (A2-13)
2 X0 g
C =-a, @2 +irnm,
where: ¢ (A2-14)

C, =—ax2—ll—irfr=C;.
U

c
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Now, a simple expression of 4 can be obtained, integrating (A2-13) with respect to
X,.
The final result is:

B 1 1 (S-h 11 (% -1) 2R(C)
~2{(Cl+. ) +(

— e - 1 (A2-15)
irr” c, irr C.C

The same kind of calculation can be achieved concerning the B coefficient
when s = n, and the result is:

|
B=L [[A-5)e +(1-K)e™ +—— (e —e“ ), (A2-16)
2 isw

%=0

where:

C,=-a, %24-1'(.977——?-),

¢ ; (A2-17)
o o
C4=—0,’y a—i(S?f'F?a‘).

An integration permits to obtain the final result for B:

(e -1 (____1_ -y 11, (A2-18)

st G iswt.  C, C, C,

2
1
B=2 [(—+—
2 "¢,

#case 2: If r#m:

An integration of the equation (A2-9) in respect to X, leads to:

2 Xy=—1 (r- m)mw 2 2—
. Sln((r + m)ﬂ 2 ) {COS((J" — m)ﬁ(l — LXLI)) _ COS((r _ m)ﬂ' ]Xl |)]
(r-mz 2 2"

cos((r — m);r—w)

- 2 [sin((r + m)m(1— I-)-(-ﬂ)) _sin((z + m)77:|—{1l)]
2 2

(r-i—m)ﬂ'

sin({r — m)yr-—)

- s 2 [cos((r + m)r(1— |i;1—|)) —cos((r + m)yz%—i)] dx,.

(A2-19)
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Assuming that:

e (r+m)z ’
(7 -—2m) T (A2-20)
F=r

we can write the 4 coefficient as:

pr L -a
7 I

X=-1

. i [((—1)’“"+1 ) [Cos(f; X0 sin(r| ) ———-Cos(g 20 sin(E| X, )

2 (A2-21)

sin(£ X,)
r

cos(F|X1 I) -—%X—l)

(=)™ -1 cos(EIX, |)]}dX,.

Following the same scheme than in the previous case, it is possible to calculate
the exact value of 4. The result is:

_((“l)HmH_l)bz i a __1_ o1V __1_ c _ _L g
A= 2% ) [n( C (e" -1 c (e” 1)) -#( G, (e -1) c (™ -1)],

(A2-22)

where:
b
C =-a, @2 +irm,
¢ (A2-23)
w .
C,=—-a,—t+imn.
U

[

Concerning the expression of B, in the n# s case, the next result is obtained:

3 ((_1)s+n+l —1)(12 _1— o _L ¢ ~ _1_ o __1-” o
B= 217 ) [n(cl (e” -1) . (e -1) S(C2 (e” -1 C. (e™ -]

(A2-24)
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Annexe 3: Figures

A-3-a- Figures of radiation efficiency coefficients:

Some Radiation efficiency terms for a rectangular plate
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A-3-b1- The total sound power radiated by the G. Gibbs panel.

This figure was obtained with a panel of the same dimension as the one used

by G. Gibbs.
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A-3-c- Figure of the total sound radiated by a panel with the
diagonal approximation:
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A-3-d1- Influence of the first radiation mode on the volume
velocity of the panel:

Infiuence of the first radiation mode on the volume velocity
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A-3-d3- Phase of the actuator / panel transfer function:
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Annexe 4: Calculation of the optimal value of the control filter

The aim of this annexe is to calculate the optimal value of # that minimize
the cost function J:

J= Si_ + BWIW
The expression of I is given by:

s =2

2"’ ° Ir{diag(4)" Si(diag] M]diag( A)diag()}

For convenience, the diag expression will be omited.

Then, the value of the cost function is:
J=W'AAL(-HWH, , AAYM M(1— AL H, WH)AAL'Y + W' W
This can be written:

J =P A4 M MAAY = V' AL HW' H,, AA' M’ MAA'Y...
o~ AA M MAA H, WH AA'Y...

act

AV AL H W H, A4 M MAA H, ,WH, ALY + BWW

act
The derivation of such an expression leads to:

ﬁ = _H:;ct
W
L2H ALY AA'H H, A4 M' MAA'H,

act

A4 M MAAVY AL H' — H, AL M' MAAPY AL H +...

W+28W

. . e e 7
J is a quadratic form, so the value of W that minimize it is the one that sets up FT7

to zero, This optimal value is then:

Wiy = 3
AA'H, H, +— .
H. AL M MAAYY AL H,

act
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