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1 Introduction

The objective of this work is to investigate the active control ofsound transmission into an enclosed cylinder,
Its motivation derives from problems experienced in the space industry where payloads may be damaged
dn ng launch by he high levels of engine noise. l‘assive noise reduction usually has a large weight penalty
associated with it. especially at low frequencies. The active reduction of the noise transmission using piezo-
eleclric actuators is note tially a light weight solution. l’iczoelcclric actuators are useful for this application
beca they can excite I structure without having to react against anything (they introduce strains not point
forces). In this study . uple single channel feedforwanl control system is used to reduce the sound trans-
mission from n external harmonic signal. This does not realistically model the stochastic noise produced
by alauncher o o n' but will demonstrate the potential for act noise control.

    

2 Computer modelling ‘
To access the feasibility of actively controlling sound transmission into an enclosed cylinder, is simple corn-
putcr model was set up, ltatber than providing an exact prediction of the control possible in a practical
experiment, the model allowed us to investigate the interaction between the structural vibration and the
acoustics, Circumstances which would facilitate good attenuations using active control could then be iden-
tified. The natural frequencies of the structural and acoustic modes were taken from an existing computer
model (l'llOXMODlS) These natural frequencies were their used in the computer model constructh
for this work. This model consisted of three .jor components- i) The effect of forcing (Le. the external
acoustic source and the piezoelectric actuator) on the structure. The interaction or coupling between the
structural modes of vibration and the acoustic modes in the can y and hence the prediction of the resulting
acoustic field. (iii) The control system and il.s ability to reduce the noise levels in the cavity. The following
sections will give a brief description of these three components.

   

2.1 The forcing of the structure

The structure is driven both by aprimary acoustic. field and a secondary piezoelectric actuator. We will first
consider the forcing of the structure due to the c. . nal acoustic field.

 

To model the forcing effect- of an incoming plane wave on the cylinder. 5 simple numerical model was
constructed. The broad assumption tat-cu, was that the acoustic field at. the surface of the cylinder was
unchanged by the presence of the cylinder. Although this assumption may not be realistic in some circum-
stances, it is a useful approximation in the context of this work. We are prima ' interested in active control
of acoustic Iranin ssion from any general external acoustic field into the cylinder. So although this model
does not realistically represent the excitation due to an incoming plane wave. it will provide a reasonable
primary excitation on which we can explore the poss ties of active control.
The structural modes (Figurc l)ofa cylinder fitted with two stiff end plates
are given by,

  

c. acting as simple supports)

as" :5“. (an) (I)
where (-5,“ is the mode shape of the nm"' mode with in being the axial mode mnnber and n being
circumferential mode number. L is the length ofthe cylinder and 0 describes the angle around the cylinder.
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The circumferential mode shapes are combinations of sin and cos terms. It is possible to simplify this to
a single term if the excitation is known and the origin of the 0 coordinate is redefined to suit. In the-ac
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Figure l: The cylinder used for the computer simulations The in = 2. n = 2 mode shape is shown as an

example.

simulations the modes in = l to 5 and n = 0 to G are considered The surface of the cylinder was divided

up into 20 elements along its length and 24 elements circumferentinlly. [it any one frequency the complex

prmures at each elemental position due to the incoming plane wave could be calculated. By taking the

inner product of the vector of radial displacements due to an individual structural mode (i.e. mode shape) at

the elemental positions and the vector of pressures at the elemental positions, a generalized forcing function

for that mode could be determined.

I,“ = ¢§__(1hr(=) (2)
Therefore at a particular frequency, the generalized forcing function I," of the inn” mode is determined

by the inner product of the pressum [1(2) at the elemental positions a: and the value of the Inn” mode

shape tbs” at the elemental positions (T denotes the transpose). The absolute pressures at the elemental

positions are dependent upon the amplitude of the incoming plane wave. However. our interests lie primarily

with the relative values of the complex prcmure at the surface of the cylinder and we will therefore assume

some arbitrary amplitude which produces the prasnres 11(2). We can extend this relationship to include all

of the modes considered Le.

p = 1'11: (3)
where f, is a vector of loading coefficients and W5 is a matrix describing all of the mode shape valum of

the modes considered at the elemental positions. To calculate the excitation of each structural mode, the

forcing functions need to lie multiplied by their respective complex rnauce terms. The complex resonance

terms are dependent on the natural frequency of the mode considered and the frequency of excitation. These

terms take into account the dumping of the structure. The complex resonance term for the (111.11)” mode

is given by.
w

am..(u) = , _”,) (4)
Dumnu — .m.

 

where D is the damping factor. a"... is the complex resonance term for the innm mode when the forcing

frequency is given by u and w"... is the natural frequency of that mode. The vector as is a collection of

thee terms for the structural modes considered. From the above equation we can see that when a mode is

forced at its natural frequency (i.c. (.1 = at“) the amplitude is limited by the amount of damping prisent.
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Damping hecomesle. important as we move away from resonance. The excitation of the structural modes
due to the forcing functions and the complex rmnance terms is described hy,

u,. = Bthr 0 as) (5)

Where or is a complex motor of structural mode excitation due to the primary acoustic field as is the
vector of complex resonance terms for the structural modesV G) denota a Iladamard product (i.e, an element
by elcmcut multiplication) and B," is a constant which relates the forcing of the mode to the excitations
U], will he a function of the structural properties of the cylinder i.e. stiffness, density etc,
The calculation of the forcing of thestructure by the piezoelectric actuator follows the approach of Lester
and Lefebvre This approach models the effect of two piezoelectric ceramic patches placed on opposite
sides of the cylinder walls and driven out of phase with one another. This actuator arrangement minimizes
the in-plane forces (in-plane forces due to the two actuators tend to cancel) and produces a bending moment.
In our cxpcrimcnt (section 'I) only a single piezoelectric patch was used and the implanc forces produced by
the single actuator were not considered. In a more complete and accurate model these forces would have to
lie taken into acronnL

The generalized forcing functions are considered in two parts. one to dealing with the sin term and one
to deal with the cos term III equation L The center ofthe piezoelectric is posi red at (and!) and its
dimensions are defined as (A¢,A0). The equations which dcfine their excitation will also be dependent on

  

the value of it. If n = 0 the modal forcing functions are given by, e.

L5” = thyroid" (VI-gar) 5i" (Ir-11‘)

(6)
IL. = 0

/f__ is the forcing function rcgarding the cos term and I,‘__ relates to the sin term (equation 1). 8;, is
-a constant which rclales lhe input to the piezoelectric to the forcing and is a function of the piezoelectric
properties of the ceramic as well as the structural properties of the ceramic. the bonding material and the
cylinder. I. is the length of the cylinderr If n is greater than zero than the equations are given liy,

  

j;___ = r, BumAfl (sin (m—gfz) sit: (a?) sin (L91) cna(nfl‘)) (_)
r

:__ = OmnflumAfl (sin sin sin siu(n0,))

when: Gm" is a weighting coefficient. given by.

, m an
— I + (s)

when: a is the radius of the cylinderl We can define a vector of forcing terms for the modes considered L.
The amplitude of the structural modes will then be dependent upon the forcing vector and the vector of
(UNIDIEX resonance KCI’IIIS.

"' = Div”! 0 ’15) (9)
where u, is the vector of structural mode amplitudes due to the secondary source and 0]., relates the
amplitude of the structural modes to a unit of modal forcing.

2.2 Radiation from structural modes into the acoustic cavity

The radiation from the vibrating cylinder into the inner cavity can be described hy the coupling between
the structural modes and the acoustic modes of the cylindrical cavity. The acoustic mode shapes are given
by.

 

J..:(k,r)cos(""”) “" (n'fl) (10)
L sin
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where .I,.: is an 11"" order Bessel [nuction and L', is the radial wavcnumher delermiued hy the zero normal-

particle wall boundary condition as solutions of the equation J,.-(k.r) = 0 win-n r n the cylinder radius

[3]. To calculate the coupling between a structural mode and an acoustic mode we integrate the product of
their mode shapth at the cylinder wall and include a complex ruouancc term for the acoustic modes Le.

= [5 ui_.,_.w,._.,_.(z.o.v-ws_.(:.0)ds (In

..- is the coupling factor between the innm structural mode and the u‘pm'” acoustic modes
the complex resonance term [or the acoustic modes taking l he saute form as that of equation: 4.

ug factors [or all of the combinations of structural and acoustic modes can then he represented

as a matrix of coupling [actors C. The acoustic modes considered [or these simula 'ons were; n' = 0 to (i,

p = 0 to ‘2 and m' = 0 to 4. The excitation ofeach of the acoustic modes is then given by the vectors.

a,. = BMCnI.

(1‘!)
a, = H‘.Cu,

where a,. is a vector of complex acoustic mode amplitudes due to the primary excitation and a, is lhe

vector of complex acoustic mode amplitudes due to the secondary with unit cxcita B“ is a. constant

Which relates the rihraliun of the structure to the amplitude ol’ the acoustic modes and Is a function of the

propertis ol’ the lluid i.e. density, speed of sound etc.

2.3 Minimization of Energy

The total acoustic energy in the cavity due to the primary excitation alone is given hy the sum of the squares

of each mode amplitude I tiplied by a constant. In rector notation this is given by.

E, = Lib-(afar) (K!)

where E, is the energy din: to the primary, Hg in a constant and II denotes the llermiliau transpose

(conjugated transpose). The total energy in the enclosure during control will he due to a combination of the

primary and secondary sources' contributions. We can then manipulate the secondary source's amplitude

and phase to reduce the total acoustic energy in the enclosure. The normalized complex amplitude oi the

ugh: secondary sourre is u, and hence the acoustic mode amplitudes due to the secondary source will he

gr an by a,u.. The Iotal acoustic energy when the secondary source is active (i.e. on) is given by,

If-r = Us“, + a, )"(a,. + s,u,) (14)

where ET is the total tergy. This equation is a llermitian quadratic in u, and has a unique minimum value.

The secondary source 5 complex amplitude required to minimize the total energy is given by [4].

Hr... = -(5l'8p)/lli'h)

where u._,, is the optimal secondary source strength for minimizingthc acoustic energy. The acoustic energy

levels can thus he calculated with and without control to determine the amount of attenuation possible.

3 Results of computer simulations

The results shown lurre can only be an example ol’ the very large number of possible permutatiqu of source

pm'tiouI frequency range. slructural characteristics etc. This section will therefore cxal 0. a configuration
similar to the one tested expurimemnlly.
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For the rcsulLs shown here lhe cylinder length is taken to be 0.94111, the radius to be 0.45m, the structural
damping factor to be 0.02 and the acoustic damping factor to be 0.005. Thirty five structural modes and one
hundred and live acoustic modes are considered in tln'se simulations. The center of the piezoelectric actuator
is placed at z = 0.3m and 0 = %, and it is 100mm long (in x direction) and 45mm wide (circmnferentially).
The mechanical properties of the cylinder are only used in the calculation of the natural lrequeneia ol the
structural modes and are not necessary to calculate equation l5. if the natural frequencies are provided,
The properties of the model cylinder are taken from [I] and are tabulated in Table 1, This: properties
eorratspourl to the properties of the real cylinder tested experimentally (Section 4). The plane wave primary

Face Plates (Cl‘lll‘, common
T 'ness (min)
Del ity (kg/mafia

Elastic mod. (N/m’flt‘ll
Tensile axial
Tensile circumf,
Shear in plane

Q33 (aim um honcyromb)
Tlnchnm (mm)
Density (kg/ma)

Shear mod.(N/m’)Eli
Axial
Circulnf.

  
        

    

    
   

 

      

  
    

   
Wall

  

Length (in)
Diameter (in)
Mass/area (kg/m”)

 

    

Table 1: Properties and dimensions of cylinder ll used in the active control experiments

field is incident on the cylinder at d = 45“ to the z axis and at and angle 0 = 0 (Figure l). The acoustic
energy levels before and alter control are shown i Figure 2‘ These results show that the control system
has the ability in most cases to reduce the acoustic energy due to resonant behaviour. At resonance the
response is dominated by a single structural and/or acoustic mode and a single channel system which can
couple into this mode will in general be able to achieve good attenuations. What is more interesting are the
cases where elf-resonant control is achieved. This occurs in two regions in the frequency range considered; (i)
350-500H: and (ii) 550— TOOIIL [t is characteristic that the oil-resonant raponse of a system will involve
more than one mode. Therefore a single channel control system will generally be unable to achieve good
atienuatious off-resonance However. the response of the system we are considering is due to the interaction
of two sets of modes. and although the acoustic off-resonant behavior may be due to a number of awuslic
modes they may all be excited to the largest extent by asingle structural made. The reduction of this
structural mode amplitude will therefore produce good oil-resonant attenuation, This scenario could equally
occur with a single acoustic made being excited by anumber of structural modes. In this case the actuator
could minimize the nu contribution to that acoustic mode to achieve good off-rmuaut control.

 

In the case we are considering there are a number of structural and acoustic resonances present in the
350 — EGOH: frequency range. What it is important to consider is the coupling between the structural and
acoustic modes. A single structural mode will not couple into the majority of the acoustic modes because
they are not matched geometrically and it is therefore possible for numerous structural resonances and
acoustic resonances lo orcur within a frequnncy range, and the coupling to be dominated by the interaction
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Figure 2: The acoustic energy present in the cylindrical caVily before (solid) and after control (dashed) when

controlling the transmission due to an incoming plane wave incidnut at 45°.

of a single structural mode with a single acoustic mode. It so happens that in this simulation the n = 2V

in = l structural resonance (467Il:) has a natural frequency close to the u‘ = 2, p = 0, m’ = 0 acoustic

mode (370I{:). These two modes couple very well geometrically , and most of the other structural and

' modes in this frequency range do not couple at all, It is therefore possible amongst a large number

of dividual resonances to still achieve good ofl-nsonaut attenuation] using a single channel control system.

Similarly the control in the 550 — 700Hz range seems to be due to good geometric coupling between the

n = 4. m = 2 structural mode (585H2) and the u' = 4. p = 0. m‘ = l acoustic mode (671”1).

  

4 Experiment

The experimentation was carried out on a model cylinder, which was originally constructed as a 1/6 scale

model of an Ariane 5 fairing [l]. The cylinder was of dimension L = 0.94m and o = 0,45vn (Figure 8.)

and constructed of thin aluminium honeycomb covered by carbon fibre re—enforced plastic. The end caps

were made of 8mm steel to provide still' (simply supported) end conditions. The cylinder was suspended

from the ceiling of a large auechoic chamber by steel cables connected to the end caps. The primary sound

field for the experiment was generated by an 8 inch loudspeaker. The secondary actuator used was a large

(100mm x 45mm x 2mm) piezoelectric ceramic which was driven via a l to 128 Quad step-up transformer

(used for electrostatic loudspeakers) to produce high drive voltagu from low voltage amplifiers. The actuator

can be driven with voltages ofover IUUOV but for our purposes it won only necessary to use between 50 and

200 volts, The piezoelectric ceramic was fixed to the cylinder using epoxy glue and this involved the gluing

of the flat piezoelectric surface to the curved cylinder. An epoxy base was therefore required to produce a

flat surface to which the actuator could be glued. This is probably undesirable for high excitation levels. In a

real implementation however. bases could be made ofstill'cr material (i.e. metal) or the actuators themselves

could be curved. It may also be possible to integrate the actuators into the face plate construction of the

fairing sandwich wall. To observe the sound pressure inside the cavity. five electret microphones were used
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Figure 3: The exp< ' rental layout of the cylinder showing the microphone locations, the secondary actuator's
pos i and the two primar_\~ sottrce positions.

  

and placed in the prxsilio ltown in Figure 3. A single acceleromclcr was placed a variants points on the

external structure loin sure theVibration levels present and to determine the dominant structural mode
present at various frequent-its.

 

4.1 Broadband frequency response measurements

The frequency responses between the input to the primary source and the the microphones and the frequency
responses between the input to tlte secondary source and the five microphones ivas measured over the
0—800": frequency range. If the frequency response) between the primary source and the microphones are
known, the nest. attenuations possible can be calculated over a range of frequencch The frequency responses
between the loudspeaker and the live Inicrophonm (at asingle frequency), can be described by alive element
complex vector T,. and similarly for the secondary actuator as T.. The sum of the mean squared pressures
at the microphone positions can then be calculated for any combination of source strengths as,

P,- = (T,. + T.u,)”(T,. + T.u,) (16)

where Pr is the sum ofthe mean squared pressures at the microphone positions and u, is the source strength
of the secondary source turd the primary source is assumed to have unit amplitude. This equation is very
si ilar to equation 14 which ducriha the acoustic energy in the cylinder and there is a unique secondary
source strength [1,”, which minimizes this function. This is given by.

_ Ti'Tr

T[’ T.

lly substituting the optinntl secondary source strength hack into the equation for the In of the squared

pressures (equation ill) and dividing by the original pressure (Le. before control) we can calculnm the mtio
7
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of the sum of the squared pressures before and after controlI

 

H." _ T'IIIIIT'IITP

Pr. ‘ ‘ fluff, ‘ ’
The sum of the mean squared pressures Pr", is obtained when the secondary source strength is set to the
optimal value and the sum of the mean squared pressures when n. 0 is given by Pr, = TJ’TP. The
frequency response of the secondary source itself will effect the frequency responsesbetween the input to
the secondary source and the outputs of the microphoum iu the same way and will cancel in equation 18.
The important factor will be the relative dill'erences in the frequency respollsr: of the paths between the

secondary source and the five microphones. Similarly, the primary source’s frequency response (i.e the

frequency response of the electronics. the loudspeaker and its radintion elliciency) will not affect the atnnntes

of attenuation. This will however affect the valum of the sum of the squnrcd pressures (in. P1”, and IA“)
observed. These values are also affected by the microphones‘ frequency responses and we must assume that
their responses are all llat or at least similar to each other.

 

4.2 Attenuation prediction

The frequency responses between the primary source aml live microphones, is used to produce the solid

line graph m Figure 4, which reprnseuts the sum of the squared pressurt: measured at the microphone
posi ous due to the primary source alone. The dmlrcd line represents the sum of the squared premlres at

the microphone positions alter control (Equation 13). This graph displays many sharp resonances across
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Figure 4'. The sum of the 5 squared pressures measured at the microphone positions without control (solid)
and the levels predicted afler control (dashed) for the primary source,

the frequency range which all seem to be attenuated to some extent by the control system (between 2-5:!17).

There are also two regions of significant off resonant control, the first. being hetwceu 300 — 450”: and the
second between 670— 7‘10”: This corresponds well to the regions of attenuation predicted by the computer

model in section 3,
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4.3 Single channel control

The frequency responra- measureman (section d.l) allow us to predict what attenuations our control system

would achieve over a range of frequencies. To ensure that that: predictions are valid, experiments were

carried out at two frequencies in the frequency range considered (359": and mu; i.e. 00": and (WM:
full scale). The control was carried out manually by altering the phase and amplitude of the input to the
secondary source while monitoring the rmponse of the microphones. Although this adaption method is crude

the results can be directly compared with the predictions above at single frequencies and may give ussome
confidence in the results of the frequency raponse measurements to predict the attenuation! accurately.

The resulting reductions in mean squared pressure levels at the microphone positions were “MB and 7!!!!
respectively. This corresponded very well to the 10.6110 and 53:10 attenuations predicted by the frequency

response measurements at these frequencies. These values of attenuation are taken from the data displayed
in Figure 4, A slighlly larger reduction was measured than predicted at the higher excitation frequency.
This is probath because the exriiation frequency was not very accurately measured in the active control
experinlenl and llll! predicted reductions in Figure «l are very frequency dependent.

4.4 Accelerometer results

The frequency responses between the sources and an accelerometer placed on the cylinder was measured
for various accelerometer locations (Figure 5). These measurements allowed us to observe the structural
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Figure 5: The eight acreleromeler positions on the cylinder.

resonances and compare their natural frequencies with those predicted from the computer simulation. The
mode order was deduced from the shape of the measured axial acceleration and the relative phases of

the accelerat I circumferentially. This was sullicient to identify the first few mon. Figure 6 allows the

frequency response between the input to the piezoelectric actuator and the accelerometer at position L The

observed natural frequencies of the first few modes fall within 4 percent of the predicted natural frequencies

(Table '2). The measured response often had double peaks (probably due to asymmetries within the cylinder)

and therefore both peak frequencies are quoted. At any given frequency. the relative phases of the frequency
responses at the diffcrcut accelerometer positions allow us to confirm that the mode observed is the one
predicted to be dominant. at that frequency.

  

5 Conclusions

This work demonstratis that altliongh‘precisr: modelling ofcvcry feature ofsound transmission into a cylinder
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'lele 2: Predicted and measured natural frequencies of the first few structural modes in Hz.

cannot he represented rising a simplc theoreticnl method, the important physical aspects which determine
the overall performance of an active control system can he represented. For the cylinder considered it was
generally the interaction between specific structural and acoustic modes which determine the performance.
It has also been demonstrated that these potential reductions can be achieved in practice [or a pure tone
primary excitation.

Given that much of the sound transmission in a frequency range could be due to a single structural mode, a
modal sensor designed to sense that mode could be used a feedback control system to rcduu the wriiid
transmiuion in that frequency range. regardless of the primary source type (Le. random or deterministic).
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Figure 6: The frequency response of accelerometer l to the piezoelectric actuator.
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