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Model reference active structural acoustic control is experimentally investigated in this study for 
physical systems characterized by stationary, narrow-band disturbances in which the acoustic 
field remains relatively unchanged. The filtered-x version of the multichannel adaptive 
least-mean-square (LMS) algorithm was implemented on a TMS320C25 digital signal 
processing board to achieve the desired control approach, and control inputs were generated 
with piezoelectric actuators. Model reference control provides the designer with a method of 
replacing acoustic error sensors such as microphones located in the far-field with error sensors 
such as accelerometers located on the surface of the structure. As opposed to driving the 
response of the structure to zero at the coordinates of the accelerometers, the response is driven 
to some predetermined "reference" value corresponding to the desired far-field acoustic 
directivity pattern. In essence, the uncontrolled structure is adaptively modified to behave like 
the reference structure under acoustic control conditions. Results from this study indicate that 
the same acoustic directivity pattern can be achieved with model reference control, and the only 
requirement is that the number of structural sensors used in the control approach is at least 
equal to the number of control actuators required to achieve the desired acoustic directivity 
pattern. 

PACS numbers: 43.40.Vn, 43.50.Ki 

INTRODUCTION 

The purpose of this work is to evaluate experimentally 
the advantages afforded with model reference control for 
minimizing far-field sound radiation from vibrating struc- 
tures. Since the primary objective in active structural 
acoustic control is to minimize far-field sound radiation, 
microphones located in the acoustic far-field are typically 
implemented as error sensors in the control approach. 
However, with the push toward developing adaptive struc- 
tures configured with control actuators and error sensors 
embedded within or bonded to the structure, alternative 
methods of measuring or predicting sound radiation are 
required. A variety of attempts have been made to develop 
structural sensors which yield an equivalent cost function 
to that achieved with sensors located in the acoustic field. 

In past studies by Clark and Fuller, polyvinylidene fluoride 
(PVDF) sensors have been optimally shaped and posi- 
tioned on the surface of structures to provide the appro- 
priate error information for suppressing far-field sound ra- 
diation. •-3 In addition, a design approach for developing 
PVDF sensors which weights independent modes of a 
structure has been outlined such that directional acoustic 

control can be achieved by selectively suppressing sound 
radiation at desired far-field coordinates corresponding to 
specific spectral lines of the wave-number transform. 4 Pre- 
liminary experimental studies have also been devoted to 
developing error sensors from optical fibers placed on the 
surface of the structure such that vibration of modes ex- 

hibiting the greatest radiation efficiency is suppressed. 5'6 

While all of the above approaches result in significant 
attenuation of far-field sound radiation, none of the previ- 
ously outlined sensing techniques yield acoustic control 
which is identical to that achieved with microphone error 
sensors, with the exception of PVDF sensors designed to 
weight independent structural modes. 4 However at this 
stage, practical techniques for implementing modally 
weighted PVDF sensors are not available for complex 
structures. As an alternative approach for implementing 
structural error sensors on complex structures, model ref- 
erence control was investigate analytically by Clark and 
Fuller. 7 Results from this study suggest that accelerome- 
ters can be located on the structural surface, and as op- 
posed to driving the structural response to zero at these 
locations, the response is driven to some predetermined 
magnitude and phase reference value for single frequency 
or broadband control. In the single frequency case (studied 
here), a simple finite impulse response filter can be used to 
create the desired response while in the multifrequency or 
broadband case, an infinite impulse response filter can be 
implemented, providing a reference signal correlated with 
the input disturbance is available. This predetermined 
structural response corresponds to that resulting in the de- 
sired acoustic directivity pattern. The only requirement is 
that the number of error sensors is at least equal to the 
number of control actuators necessary to achieve acoustic 
control. 7 In other words, if the desired acoustic directivity 
pattern can be achieved with only one control actuator, 
then only one error sensor is required in the model refer- 
ence control approach since the frequency response func- 
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tion between that control actuator and structural sensor is 

unique. The reader is referred to Ref. 7 for a more detailed 
discussion and proof of this concept. 

In this study, experiments were conducted to evaluate 
and confirm the potential of the model reference control 
approach for active structural acoustic control. To achieve 
control, the filtered-x version of the multichannel adaptive 
LMS algorithm was implemented on a TMS320C25 digital 
signal processing board resident in an AT-compatible com- 
puter. The structure of the LMS algorithm is ideally suited 
for model reference control since the error to be minimized 

can readily be defined as the difference between some "de- 
sired" plant response and the measured plant response. 
When the measured response is equivalent in both phase 
and magnitude to the desired response, the mean square 
error is zero, and model reference control is achieved. For 
the purpose of this study, two structures were used to test 
the controller. Structures with boundary conditions ap- 
proximating a simply supported beam and a simply sup- 
ported plate were instrumented with accelerometer error 
sensors and piezoelectric control actuators. Harmonic ex- 
citation of the structures was generated with a shaker to 
create the input disturbance. Microphones were located in 
the acoustic field to provide error information as well as 
evaluate the success of the model reference controller. 

When implementing model reference control, a model 
of the plant is required to compute the desired structural 
response. As opposed to generating the plant model ana- 
lytically, the model was obtained experimentally. To de- 
velop this model, the controller was initially used to min- 
imize the sound radiation from the structure with 

microphone error sensors. Upon achieving control, the 
phase referenced structural response was measured with 
accelerometers at a number of structural coordinates equal 
to the number of control actuators. This measurement was 

performed by conducting a system identification between 
the reference input (correlated with the input disturbance) 
to the controller and the response of each accelerometer. 
The control algorithm was then executed to minimize the 
difference between the desired response and the measured 
response at chosen accelerometer coordinates. The result 
was equivalent attenuation in sound radiation with very 
similar acoustic directivity patterns. By developing the 
plant model experimentally, complex structures which 
cannot readily be modeled analytically can be configured 
with structural sensors and thereby eliminate the need for 
microphones located in the radiated acoustic field except 
when measuring the original system model. 

I. MODEL REFERENCE CONTROLLER 

Before proceeding with the details of the control ap- 
proach, a brief overview of the model reference controller 
is in order. A conceptual schematic of a feed-forward adap- 
tive model reference controller is presented in Fig. 1 (a). 
The adaptive plant encompasses the structure, control ac- 
tuators, error sensors, and control dynamics associated 
with the multichannel version of the adaptive LMS algo- 
rithm, depicted in Fig. 1 (b). The reference plant consists 
of the models required to create the desired response at the 
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FIG. 1. LMS model reference controller schematic. (a) Conceptual sche- 
matic of model reference controller. (b) Detailed schematic of model 
reference controller. 

chosen error sensor locations, and these models can be 

obtained analytically or experimentally depending on the 
designer's choice. The adaptive plant essentially modifies 
its output until the total error E(k), which is defined to be 
the difference between the desired response, •des(k), and 
the sum of the adaptive response gAp(k), and the distur- 
bance, Ed (k), is minimized. 

The method of control chosen for practical implemen- 
tation in this study is the multichannel filtered-x version of 
the adaptive LMS algorithm. The formulation of this algo- 
rithm readily lends itself to model reference control since 
the disturbance is included in the output of each error 
sensor. The multichannel version of this algorithm was 
previously described by Elliot et al. 8 and will be briefly 
reviewed for the reader. The output of an error sensor can 
be modeled at the nth time step as 
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M N•I N w--1 el(n)=eft(n) +e•eS(n)+ E Plmj E Wmi(tl--j) 
. m=l j=0 i=0 

Xx(n--i--j), (1) 

where n =time step number; m =actuator number; 
/=error sensor number;/=adaptive filter coefficient num- 
ber; j = fixed filter coefficient number; el(n) = total error 
the lth error sensor; e•(n) = error due to the disturbance at 
the lth error sensor; e•eS(n)=desired response at the lth 
error sensor; x(n) =input reference source; Wmi 
=coefficients of the adaptive finite impulse response 
(FIR) filter for the mth actuator and the ith coefficient; 
Plmj=jth coefficients of the fixed finite impulse response 
(FIR) filter between the output of the mth adaptive filter 
and the lth error sensor; M= number of control actuators; 
Np= number of fixed filter coefficients (Np= 2 here); Nw 
= number of adaptive filter coefficients (Nw = 2 here). In 
the LMS algorithm, the mean square error signal is defined 
by 

J=E • e•(n) , (2) 
1=1 

where E is the expectation operator and L is the number of 
error sensors. Since this error function is quadratic, only 
one minimum solution exists. The outputs of the fixed fil- 
ters Plmj at each time step n, were used by the LMS algo- 
rithm to minimize the mean square error signal by modi- 
fying the coefficients of the adaptive filter as follows 

L 

Wmi(11+ 1) --Wmi(11)--• E el(n)rlm(n--i), (3) 
/=1 

where 

N--1 

rim(n--i)= • PlmjX(n--i--j) (4) 
j=0 

and /_t is the convergence parameter for the algorithm. 
Upon achieving control, the adaptive finite impulse re-- 
sponse filter coefficients converge to a steady-state value. In 
typical applications, these coefficients, when multiplied by 
the reference signal, yield a response equal in magnitude 
and opposite in phase to the disturbance present (when the 
number of independent actuators equals the number of er- 
ror sensors), driving the response at the chosen error sen- 
sor to some minimum value. For the case of model refer- 

ence control, the desired response at the lth error sensor is 
no longer zero, but rather some predetermined system re- 
sponse. 

To implement the equations modeling the error sen- 
sors and actuators in the LMS algorithm, the weighting 
coefficients in the equations for the response of the error 
sensors must be determined. A schematic of the control 

approach is presented in Fig. 1 (b). The coefficients Plmj 
define the transfer functions between the control actuators 

and the' error sensors chosen. The desired response for 
model reference control is generated from an FIR filter 
with coefficients defined by d l, as depicted in Fig. 1 (b). 9 
For example, the output of the filter dl can be computed as 
follows 

FIG. 2. Simply supported beam/baffle system (back of baffle). 

eldeS(k) =dloX(k) q-dl,x(k-- 1 ). (5) 

If the desired response at each error sensor is zero, the 
coefficients defined by dl are simply set equal to zero. As 
the adaptive coefficients begin to converge, the error signal 
is driven to a minimum, and hence the response is driven to 
the desired value at each error sensor. Upon converging, 
the adaptive coefficients Wmi contain the necessary infor- 
mation for computing the optimal control voltage to each 
actuator. 

II. BEAM AND PLATE CONFIGURATION 

For the purpose of this study, the simply supported 
beam and simply supported plate were independently po- 
sitioned in a finite rigid baffle located in the anechoic cham- 
ber at VPI and SU where acoustic tests were conducted. 

Both structures were constructed from cold-rolled steel 

and the beam measured 380 mm long X 40 mm wide X 4.57 
mm thick while the plate measured 380 mm long X300 
mm wide X 1.96 mm thick. A picture of the beam config- 
ured with two piezoelectric actuators and the disturbance 
shaker is presented in Fig. 2. The piezoelectric actuator 
used in this experiment is positioned 74 mm from the right 
side of the beam as illustrated and measured 38.1 mm 

long X 31 mm wide X 0.19 mm thick. The input disturbance 
was created with a shaker positioned 240 mm from the 
right side of the beam. The view point illustrated is from 
the back side of the rigid baffle. 

A picture of the plate is presented in Fig. 3 and four 
piezoelectric control actuators are depicted. The view point 
is from the front side of the baffle in the anechoic chamber, 
and the traversing microphone and boom used to obtain 
the directivity pattern at 1.6 m from the horizontal center- 
line of the plate are illustrated. The three control actuators 
used in this study were centered at coordinates of (63,155) 
mm, (190,250) mm, and (316,50) mm from the lower-left 
corner of the plate, respectively. Each piezoceramic patch 
measured 38.1 mm long X 31 mm wide X 0.19 mm thick, 
and the full actuator was constructed by placing a patch on 
the back of the structure with the same spatial coordinates 
and wiring it electrically out of phase with the front patch. 
This has previously been shown to result in uniform bend- 
ing about the neutral axis of the beam upon applying a 

3260 J. Acoust. Soc. Am., Vol. 93, No. 6, June 1993 Clark et aL' Model reference active control 3260 

 Redistribution subject to ASA license or copyright; see http://acousticalsociety.org/content/terms. Download to IP:  128.173.126.47 On: Tue, 12 May 2015 14:37:53



• .':..•:---:-•" TABLE II. Theoretical and measured plate resonant frequencies, f,•n- 

FIG. 3. Simply supported plate/baffle system (front of baffle). 

voltage to the actuator patch pair. 1ø'11 The shaker was lo- 
cated on the back of the plate at coordinates of (240,130) 
mm from the lower-left corner of the front side of the plate 
(i.e., reference frame of measurement). Also shown are 
PVDF sensors which were not used in these experiments. 

The simply supported boundary conditions for each 
structure were achieved by attaching the beam or plate to 
thin shim stock steel such that resistance to rotational mo- 

tion was small compared to resistance to rigid body motion 
of the structure. This technique has been successfully used 
and discussed in previous studies. 9'12 The resonant frequen- 
cies of the first 8 modes of the beam and plate are com- 
pared to the predicted resonant frequencies in Table I and 
Table II, respectively. As indicated from the results, the 
measured resonant frequencies are within 3% of the pre- 
dicted values for the worst case. The mode shapes have 
also been observed consistent with the predicted shapes in 
previous experimental studies with test structures approx- 
imating simply supported boundary conditions. 12 Hence, 
while perfect simply supported boundary conditions cannot 
be achieved, boundary conditions obtained with the previ- 
ously outlined technique are close enough to the desired 

TABLE I. Theoretical and measured beam resonant frequencies, f•. 

Mode Predicted frequency Measured frequency 
(m) (Hz) (Hz) 

(1) 76 78 
(2) 303 304 
(3) 681 680 
(4) 1210 1208 
(5) 1891 1880 
(6) 2724 2704 
(7) 3707 3664 
(8) 4841 4752 

Mode Predicted frequency Measured frequency 
(m,n) (Hz) (Hz) 

(1,1) 86 85 
(2,1) 185 183 
(1,2) 245 247 
(2,2) 344 342 
(3,1) 350 351 
(3,2) 508 504 
(1,3) 509 518 
(4,1) 581 603 

simply supported boundary conditions that both the struc- 
tural and acoustic response of the structure can be modeled 
analytically. Other methods for obtaining simply sup- 
ported boundary conditions have been discussed as well, 
and the reader is referred to Ref. 13 for greater detail. 

III. RESULTS 

Control experiments conducted with the simply sup- 
ported beam are outlined first using a single control actu- 
ator and accelerometer to achieve model reference control 

for two test frequencies. In Sec. III B, control experiments 
with single and multiple control actuators are studied us- 
ing the simply supported plate as the test structure. 

A. Simply supported beam 

The first control experiment was conducted at an ex- 
citation frequency of 300 Hz, which is just below the sec- 
ond resonant frequency of the simply supported beam used 
in this study. The acoustic directivity pattern along the 
centerline of the horizontal axis of the beam resulting from 
the uncontrolled disturbance was initially measured in 9 ø 
increments at a radius of 1.6 m. The control algorithm was 
then invoked and the acoustic response of the structure 
was minimized at three microphone error sensors corre- 
sponding to a radius of 1.6 m from the beam along the 
horizontal centerline and at angles of 45 ø, 0 ø, and --45 ø. 
For convenience, --45 ø is used to represent the polar co- 
ordinate corresponding to (0=45 ø, •b = 180ø), while 0 ø and 
45 ø are used to represent the polar coordinates correspond- 
ing to (0=0 ø, •b=0 ø) and (0=45 ø, •b=0ø), respectively. A 
single piezoelectric actuator was used to achieve control, 
and the acoustic directivity pattern wap again measured. 
Upon achieving control, a system identification was exper- 
imentally performed to compute the finite impulse re- 
sponse (FIR) filter necessary to create the "reference" 
structural response for an accelerometer located 170 mm 
from the right corner of the beam as depicted in Fig. 2. 
Upon determining the FIR filter required to create the 
"reference" plant, the model reference control approach 
was implemented utilizing the single accelerometer as the 
error sensor. 

The resulting acoustic directivity patterns for the un- 
controlled response, the controlled response implementing 
microphone error sensors and the controlled response im- 
plementing the single accelerometer error sensor are pre- 
sented in Fig. 4(a). The controlled response based on mi- 
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FIG. 4. Control results for simply supported beam. (a) Directivity pat- 
tern of experimental results, f= 300 Hz. (b) Directivity pattern of ex- 
perimental results, f=660 Hz. 

crophone error sensors or model reference control with a 
single accelerometer resulted in sound attenuation on the 
order of 20 dB as indicated in Fig. 4(a). In addition, the 
directivity pattern for the model reference case closely fol- 
lows that of the control case implementing microphone 
error sensors. One should note that while three error sen- 

sors were required to achieve the controlled acoustic direc- 
tivity pattern when implementing microphones, only one 
accelerometer was required when performing model refer- 
ence control. As discussed in previous studies, the same 
controlled acoustic response can be obtained if the number 
of model reference sensors is at least equivalent to the num- 
ber of control actuators. 7 

The second control experiment conducted with the 
simply supported beam was at an excitation frequency of 
660 Hz, which is just below the third resonant frequency of 
the structure. As outlined for the previous test case, mi- 
crophones were initially implemented as error sensors and 
the acoustic response at the previously outlined coordi- 
nates was minimized with a single piezoelectric control 
actuator. Upon achieving control, a system identification 
was performed to compute the necessary FIR filters for 
creating the "reference" plant. While only one control ac- 

tuator was used, tests were performed implementing two 
accelerometers as error sensors and then a single acceler- 
ometer as an error sensor in the model reference control 

approach. The second accelerometer was positioned 270 
mm from the right of the beam as depicted in Fig. 2. These 
tests were performed to demonstrate that increasing the 
number of model reference sensors (i.e., accelerometers) 
beyond the number of control actuators yields no improve- 
ment in the resulting controlled response. 

The acoustic directivity patterns for the three con- 
trolled responses and the uncontrolled response are pre- 
sented in Fig. 4(b). As illustrated, as much as 30 dB of 
sound attenuation was achieved between 0=-45 ø and 

0-45 ø , while very little attenuation was achieved between 
0=-45 ø and 0=-90 ø and an increase of 10 dB was ob- 

served between 0=45 ø and 0=90 ø . The important obser- 
vation concerns the directivity pattern for the three con- 
trolled responses. In both model reference control cases, a 
nearly identical acoustic directivity pattern was obtained 
whether one accelerometer or two accelerometers were uti- 

lized as error sensors. In addition, the acoustic directivity 
patterns resulting from model reference control consis- 
tently matched that resulting from control with micro- 
phone error sensors. Again this emphasizes the point made 
in the previous analytical study that the number of error 
sensors required to obtain the desired acoustic response 
must simply equal the number of control actuators. 7 

B. Simply supported plate 

For the simply supported plate, two control experi- 
ments are reviewed. In the first case, the excitation fre- 
quency was chosen at 320 Hz which lies between the (1,2) 
and (2,2) mode of the plate used in this study. An accel- 
erometer located at spatial coordinates of (120,240) mm 
from the lower left corner of the plate illustrated in Fig. 3 
was used as an error sensor. The control actuator was 

centered about the spatial coordinates of (63,150) mm 
with dimensions documented in Sec. II. The acoustic re- 

sponse of the plate was initially controlled based on micro- 
phone error sensors located at the same coordinates as 
those used in the beam experiments. Upon achieving con- 
trol, a system identification was performed to determine 
the appropriate reference plant for the model reference 
controller. As indicated in the plot of the measured acous- 
tic directivity patterns in Fig. 5 (a), approximately 10 dB 
of attenuation was achieved and the directivity patterns for 
the controlled acoustic response and the model reference 
response are very similar. For comparison, the model ref- 
erence controller was disabled, and the response of the 
accelerometer was driven to zero as opposed to the desired 
response for controlling the sound radiation [denoted ac- 
celerometer in Fig. 5 (a)]. As indicated negligible acoustic 
attenuation was achieved when the accelerometer output 
was driven to zero, emphasizing that single-point vibration 
control is inappropriate for controlling far-field sound ra- 
diation. 

In the second control experiment conducted with the 
simply supported plate, the excitation frequency was set at 
400 Hz. A multiple channel control approach was taken 
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FIG. 5. Control results for simply supported plate. (a) Directivity pat- 
tern of experimental results, f= 320 Hz. (b) Directivity pattern of ex- 
perimental results, f=400 Hz. 

with the three piezoelectric actuators located at coordi- 
nates outlined in Sec. II. Two more accelerometers were 

placed on the structure at spatial coordinates of (180,200) 
mm and (280,80) mm from the lower left corner of the 
plate depicted in Fig. 3. Since three control inputs were 
used, a minimum of three accelerometers were required for 
the model reference control approach. The measured 
acoustic directivity patterns for the controlled and uncon- 
trolled responses are presented in Fig. 5(b), and as ob- 
served, approximately 20 dB of acoustic attenuation was 
obtained when minimizing the response of the microphone 
error sensors or implementing the equivalent model refer- 
ence control with accelerometers. The directivity patterns 
compare well, although some deviation is observed in the 
level of sound attenuation. As discussed previously in the 
analytical study, this error is likely attributed to inaccura- 
cies in estimating the required reference response to 
achieve the desired acoustic directivity pattern. 7 For com- 
parison, the response at each accelerometer was driven to 
zero as opposed to the desired response, and as observed 
the resulting acoustic response of the structure increased 
by an average of 2 dB. In general, minimizing the struc- 
tural response at arbitrary coordinates will yield little if 

any sound attenuation unless the structure is being driven 
on-resonance for a given structural mode. 7 Results from 
this test case also support the conclusion from the previous 
analytical study, 7 suggesting that equivalent acoustic con- 
trol can be achieved with structural sensors by model ref- 
erence control approaches as long as the number of struc- 
tural sensors is at least equal to the number of control 
actuators. 

IV. CONCLUSIONS 

Experiments for controlling sound radiation from both 
a simply supported beam and plate were conducted for 
harmonic excitation. Results from both structures support 
conclusions drawn in a previous analytical study concern- 
ing advantages afforded with model reference control. 7 In 
general, the same controlled acoustic directivity pattern 
can be achieved with structural error sensors as opposed to 
acoustic error sensors by driving the response of the struc- 
ture at the sensors to a reference structural response result- 
ing in the desired acoustic response. In addition, regardless 
of the number of acoustic error sensors implemented in the 
original control cost function, the number of structural 
sensors required to achieve the same controlled acoustic 
response must simply equal the number of control actua- 
tors used in achieving model reference control. 

Disadvantages of model reference control are an in- 
crease in the a priori system modeling or system identifi- 
cation required as well as a decrease in the flexibility af- 
forded by the LMS algorithm. To implement the model 
reference control approach, the designer must either model 
the system in advance or experimentally determine the re- 
quired reference response at chosen coordinates. Thus, ac- 
curacy of the system reference model becomes an impor- 
tant issue. In the previous analytical study, the sensitivity 
of the controlled response to errors in the reference model 
was studied. 7 Even with errors in both the phase and mag- 
nitude of the reference models, significant acoustic attenu- 
ation was predicted, which emphasizes the fact that model 
reference control is based on simple physical principles. 
Errors in the "reference" model result in a controlled 

acoustic directivity pattern which is different from the de- 
sired acoustic response; however, significant sound attenu- 
ation is achieved since the relative phase referenced re- 
sponse of the structure at each accelerometer coordinate is 
physically most important for achieving the desired acous- 
tic response. 7 Experimental results from this work support 
this observation since the exact directivity pattern was not 
always achieved with model reference control; however, 
the level of sound attenuation was of the same order of 

magnitude. Model reference control simply allows the de- 
signer to impose a modal response over the surface of the 
structure which corresponds to the desired acoustic re- 
sponse. 

While model reference control as implied in the name 
requires a system model for the desired response, the feed- 
forward implementation ensures that the transfer function 
between the noise disturbance and the error sensors, in 
contrast to feedback methods, need not be considered. The 
control approach is thus relatively simple to implement on 
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simple or complex structures. As with most alternative 
design approaches, increased design flexibility over one re- 
gime results in more restrictive limitations in others. In the 
case of model reference control as implemented in this 
study, replacing acoustic error sensors in favor of struc- 
tural sensors prevents the controller from compensating 
for changes in the dynamics of the acoustic field once the 
system model is chosen. However, control of far-field 
sound radiation from the structure can be achieved under 

conditions where permanently locating microphone error 
sensors in the acoustic field is not possible. In spite of 
limitations discussed, many physical systems are based on 
stationary signals for which the acoustic field remains rel- 
atively unchanged, and for these cases, model reference 
control provides a unique method of achieving the desired 
acoustic response without implementing microphones as 
error sensors. 
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