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1 I n t r o d u c t i o n

A m ong the  stra tegies available for th e  active control of 

energy transm ission from one area  of a  s truc tu re  to  an 

o the r area, th e  control of travelling waves, s t ru c tu ra l  

intensity  or power flow can all be considered. T he  pre

vious intensity  or power flow contro l stra tegies usually 

assumed far field p ropaga tion  and  are based on an esti

m a te  of the exact s t ru c tu ra l  energy flow [1, 2].

I t  is thererefore the  purpose  of th is p ap er to  present a 

s tra tegy  using stra in  sensing for th e  control of s t ru c tu ra l  

in tensity  associated w ith  flexural m otion in a coupled 

b e a m /p la te  m echanical system  and com pare it  w ith  a 

s tra tegy  based on the  control of th e  acceleration a t  one 

point on the s truc tu re .  T h e  ins tan taneous intensity  is 

completely taken in to  account in the  control algorithm, 

i.e.  all the  te rm s are considered in the  real-tim e control 

process and, in particu lar, th e  evanescent waves are con

sidered in this approach. P revious work has shown the  

validity of this energy-based approach using acceleration 

sensing [3], T h e  approach is lim ited to cases where the 

geom etry  is such th a t  the  in tensity  at the  error sensor 

will have the sam e sign for th e  control source and the  

prim ary  d isturbance.

2 S t r u c t u r a l  i n t e n s i t y  m e a s u r e m e n t  u s in g  

s t r a i n  s e n s in g

2.1 F lexural s tru ctura l in te n s ity  in  a b eam

T he  s truc tu ra l intensity  is th e  ins tan taneous ra te  of 

v ibrational energy transfer, or energy flow, per un it a rea  

in a given direction. T he  ins tan taneous energy flow in 

a beam , called the  in s tan taneous s tru c tu ra l intensity  

(subscrip t {) in th is paper, originating from a flexural 

displacem ent w ( x , i ) ,  can be expressed for an Euler- 

Bernoulli isotropic beam :

d 3w \  (  d w \  rf (  „ r d2w \  I  d 2x
E l

d x 3 dt  J 1 \ E I  d x 2 d td x
(1)

where E  is the  Young’s m odulus, I  the  area  m om ent 

of ine rtia  of the  beam  and  i th e  unit vector in the  x 

direction. T he  control algorithm  will minimize th e  time 

average of the ins tan taneous intensity, called th e  active 

intensity.

2.2 F in ite  d ifferences im p lem en ta t io n

Since four discrete stra in  sensors are used to  es tim ate  

th e  s truc tu ra l intensity, it  is necessary to  develop a
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Figure 1: E xperim enta l setup.

finite differences approxim ation  based on s tra in  sensing 

to  m easure s tru c tu ra l  in tensity  associated w ith flexural 

m otion  in beam s. T h e  flexural stra in  e z is re lated  to
d w (x ,  t) 

d x 2
. T hethe  flexural d isplacem ent by e z {x , i )  

in s tan taneous in tensity  is evaluated a t  the  center of the 

probe, x e, w ith  an e rror on th e  order of A, A  being 

the  spacing betw een two consecutive sensors. T h e  tim e 

differentials of s tra in  in equation  (1) are estim ated  using 

a backw ard finite difference scheme w ith  error on the 

order of r 2 , w here r  is the  time increm ent between 

samples.

3 E x p e r i m e n t a l  v a l id a t io n  

3.1 E x p er im en ta l se tu p

T h e  Fig. 1 shows the experim ental se tup  used for the  

control. T h e  s tru c tu re  is a  p la te  (0 .48m x  0.42m. x 

0.003m) connected  to a  beam  (3m  x 0.0254m x 0.003m) 

m ade of a lum inium  covered on one side by a  I S D  830  

viscoelastic m a te r ia l com bined w ith a constrain ing alu

m inium  foil. T h e  viscoelastic m ateria l is used to  increase 

the  s tru c tu ra l  dam ping such th a t  the intensity  signal can 

be m easured.

T h e  d is tu rbance  is generated  by a Bruel  & Kjaer  

4810  shaker connected to  the  beam  by a stinger a t  one 

end of the  beam . T he  contro l ac tu a to r  consists of a  P Z T  

patch  a c tu a to r  ( P S I - 5 A - S 2 ). T h e  coordinates of the  

edges of the  p a tch  are 0 .2m  and 0.27m  from th e  shaker 

taken as the  origin of coordinates. T he  coord inates of 

th e  four P V D F  stra in  sensors are x \  =  0.22m, X2  =  

0.26m, X3  =  0 .3m  and xn — 0.34m. T he  accelerom eter 

used for acceleration contro l is located  in the  middle 

of th e  P V D F  sensors array  a t  x e =  26.5cm .  Tw o 

accelerom eters located  a t  2.09m and 2.19m are used for 

m onitoring  th e  control and  the  m ean RMS value of these 

signals is used as a perform ance indicator.

in te n s i t y
sensor
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The control of instantaneous intensity and of accel

eration were experimentally performed using a feedfor

ward filtered-X least mean square algorithm (FX-LMS)

[2] adapted to this energy-based cost function. The out

put control signal Y (m ) at the actuators is obtained by 

filtering the reference signal X (ra) by the control filter 

W T(m ) which is updated using W (m  +  1) =  W (m ) — 

p o V w I i ( m )  where is a parameter taken to ensure 

convergence and V w / i ( m )  is the gradient of the error 

surface with respect to the coefficients of the control 

filter given by V ^ I j  =  [R ie 2 +  R.2 ei — R.3 e4 — R.4e3] 
where the four error functions e; corresponding to the 

four physical quantities involved in the instantaneous 

intensity (Eq. (1)) can be defined as:

e i(m )

e2(m) 

e3(ro) 

e4 (m)

d e z

dx  

1 d3e

(m ) +  W T(m )R i(m )

(m ) +  W  (m )R 2(m )
fc4 d td x 2 

e zp +  W T(m )R 3 (m ) 

1 d 3e

k4 d td x 3
(m ) +  W  (m )R 4(m )

(2)

(3)

(4)

(5)

where R; are the corresponding filtered reference signals
1 / 4

and where the flexural wavenumber is k ■
_  (  p S  2

where p is the density, S  is the section of the beam and 

u  is the angular frequency.

The algorithm was implemented on a dSPACE  pro
totyping environment, equipped with three D E C  Alpha 

processors. The reference input signal was taken as the 

signal from the generator that drives the disturbance 

shaker. The sampling rate was set at 3k H z  in the ex
periments. A  piezoelectric patch is used to inject the 

control signal in the structure, in the form of two mo

ments along its two edges.

3.2 Experim ental control results

The Fig. 2 presents some typical control results ob

tained using two different approaches. The mean RMS 

value measured at the two monitoring accelerometers 

is presented in this figure, using two different strate

gies. The first strategy aims at minimizing the acceler

ation level at the point x e. The second strategy aims at 

minimizing the structural intensity with the sensor cen
tered at x e. These preliminary results indicate that the 

intensity suffers from convergence problems, indicated 

by points superimposed with the without control curve, 

while the acceleration control algorithm converges over 

the entire frequency band. Apart from these conver

gence problems, the control of intensity tends to perform 

adequately on the resonances below 350 Hz while inten
sity and acceleration control behave almost the same 

above this frequency. The location of the actuator ex

plains the lost in the performance of both algorithms
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Figure 2: Two structural active control strategies.

around 350 Hz. Three reasons could explain the prob

lems noticed with intensity algorithm: 1) the P V D F  sen

sors signals were not filtered, which could lead to spu

rious energy in the frequency band of interest, 2) the 

extensional waves were not considered in the intensity 

algorithm, it is suspected that a coupling between the 

two types of waves leads to poor performance of the con

trol algorithm and 3) low and high frequency limitations 

arise due to the limited accuracy of the measurement in

cluding the finite difference scheme.

4 C o n c lu s io n s

The control of flexural intensity in complex structure 

originating from point force and using a piezoelectric 

patch actuator has been experimentally validated by 

comparison with a classical acceleration control. High 

attenuation of the mean RMS acceleration downstream  

of the error sensor location can be achieved when con

trolling harmonic disturbance with a piezoelectric patch. 

Some problems have been identified with the intensity 

control algorithm and reasons have been proposed to 

tentatively explain these problems. Work is in progress 

to alleviate these limitations.
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