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This thesis presents the results of a theoretical and experimental study of active sound 
transmission through a smart panel. The system studied consists of a thin aluminium panel 
with an embedded 4x4 array of square piezoceramic actuators. The sensing system consists 
of a 4x4 array of accelerometers positioned above the centres of the sixteen piezoceramic 
patches on the other side of the panel. Each of the sixteen sensor-actuator pairs is arranged to 
implement local (decentralised) velocity feedback control. The smart panel is mounted on the 
top of a rectangular cavity with rigid walls in order to measure the sound radiation from the 
panel when excited by either a primary acoustic source (a loudspeaker) within the cavity or a 
primary structural source (a shaker) acting directly on the panel. 

This thesis can be divided into three parts. The first part contains a theoretical and numerical 
study of the smart panel with sixteen decentralised control units. A fully coupled model of 
the smart panel mounted on the cavity has been formulated, from which the total kinetic 
energy and sound radiation can be derived as a function of the feedback gain implemented in 
the sixteen decentralised control units. The stiffness and mass effects of the piezoelectric 
actuators, and the mass effects and local dynamics of the accelerometers have been taken into 
account in the model. 
The second part describes the detailed design and implementation of the sixteen decentralised 
control units. The behaviour of the sensor-actuator pairs has been studied and their open loop 
frequency response functions are analysed, with particular regard to the effects of the sensor-
actuator local dynamics and of the piezo patch dimensions. The implementation of velocity 
feedback on a single control unit is first described and its stability discussed. The 
implementation of the complete system with sixteen individual control loops has then been 
discussed and the stability of the multi-channel system has been analysed. 
In the third part, the control effectiveness of the smart panel has been assessed 
experimentally. The reduction of the panel's total sound power radiation has been measured 
in an anechoic chamber when excited either by the acoustic field produced by a loudspeaker 
placed in the Perspex box or directly by a point force generated with a shaker. The variation 
of the vibratory field over the panel surface has also been measured with a laser vibrometer to 
describe the action of the smart panel and compare it with the predictions of the theoretical 
model. 
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1. INTRODUCTION 

Active noise control (ANC) and active noise and vibration control (ANVC) systems have 

been successfully used for the control of tonal noise disturbances in relatively small 

enclosures such as the cabin of aircraft or cars, as described in reference [4]. These control 

systems operate with large numbers of error sensors and actuators distributed within the 

cavity via a fully-coupled multi input multi output (MIMO) adaptive feed-forward controller 

[4], Therefore they are relatively bulky, heavy, invasive and costly systems that can control 

only tonal disturbances for which a causal reference signal unaffected by any control input is 

available. As a result they have been successfully implemented only in few applications as 

for example the control of tonal disturbances in propeller aircrafts (Section 10.15 of reference 

[4] and [5-8]) or engine noise in cars (Section 10.15 of reference [4] and [9,10]). 

ANC systems using adaptive feed-forward controllers have also been developed for the 

control of stationary random disturbances. The success of these control systems depends on 

two issues; first, the possibility of modelling, within the controller, the feedback effects of the 

secondary sources on the reference sensors so that the control filters can be derived from the 

design of an optimal dummy controller and, second, the possibility of measuring the primary 

disturbance well in advance so that the optimal controller has a causal impulse response [4]. 

These two problems have made it very difficult and challenging to develop ANC or ANVC 

systems either for the control of random noise in aircraft [11,12] due to jet airflow noise, or 

the control of road and aerodynamic stationary random noise in cars [13,14]. Up to the 

present, the only really successful application has been for the control of fan random noise in 

ventilation ducts, where the reference signal can be taken sufficiently in advance to guarantee 

a causal optimal filter and the feedback effect of the control sources on the detection sensors 

can be clearly identified [4,15]. 

1.1 Feed-forward active structural acoustic control 

During the past two decades scientists have begun to consider the possibility of reducing 

noise transmitted to enclosures by actively controlling the sound radiation/transmission 

through the side partitions. In this case structural actuators are integrated on the partitions in 
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such a way as to modify their vibration and thus reduce the sound radiation/transmission. A 

detailed introductory description of this method, also known as active structural acoustic 

control (ASAC), is given in reference [16]. This control approach was conceived and initially 

developed within the same scientific community that studied ANC systems. As a result the 

first ASAC systems were built using adaptive feed-forward controllers which a) require a set 

of error sensors scattered in the receiver room for the detection of the total sound power 

radiation as an error parameter to be minimised and b) enable only the control of tonal 

disturbances for which a causal reference signal could be feed trough to the controller 

[16,17]. Thus, although the actuators were integrated into the partition, these systems still had 

all the practical drawbacks listed for ANC and AVNC systems. It was also found that, in 

some frequency bands, the minimisation of the sound radiation was achieved by 

reconstructing the modal response of the partition so that the vibration field was slightly 

enhanced rather than reduced, with consequent potential problems related to mechanical 

failure [16-20] or an increase in nearfield pressure [35]. This phenomenon was found to be 

caused by the sound radiation mechanism. In general, above the critical frequency [21], the 

sound radiation of a partition is determined only by the self radiation efficiency of each 

structural mode, thus self radiation efficiencies are independent to the modal order [22]. In 

contrast, below the critical frequency the sound radiation of a partition is controlled both by 

the self radiation of each structural mode and by the mutual radiation of pairs of structural 

modes, also the self or mutual radiation efficiencies heavily depend on the mode orders (in 

general structural modes with both or one odd mode order have greater radiation efficiencies 

and the radiation efficiency tends to decrease as the mode order is increased) [21-23]. This 

detailed description of the sub-critical behaviour is generally necessary except for well 

separated resonance frequencies of the partition, i.e. for low modal overlap or modal density 

[24]. The overall vibration of the partition when it has well separated resonance frequency is 

primarily controlled by the resonant structural mode and thus the sound radiation is governed 

by the self radiation efficiency of the resonant structural mode itself [16,22]. However, either 

at off-resonance frequency bands or at higher frequencies, where the modal overlap of the 

partition is sufficiently high so that several resonant modes determines its vibration [24], the 

sound radiation contribution due to the mutual effects of pair of modes is not negligible 

[16,22,23]. Although the self radiation resistance of each structural mode is always positive, 

the mutual radiation resistance of pairs of structural modes could assume negative values 

which give rise to sound cancelling effects [22]. Thus, below the critical frequency, the 

control system can reduce the total sound power radiated/transmitted in narrow frequency 
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bands by rearranging the vibration contribution of each single structural mode in order to 

maximise this sound cancelling effect. This approach is termed modal restructuring [19] and 

can result into an enhancement of the vibration level of the partition [16,18-20]. 

Alternatively, at the resonance frequencies of well separated structural modes or at 

frequencies above the critical frequency, the control system can reduce the total sound power 

radiated only by reducing the vibration contribution of efficiently radiating structural modes. 

This approach is termed modal suppression [19]. Burdisso and Fuller [25] also considered the 

modal restructuring mechanism from a different point of view where the vibration of the 

structure after control is characterised by new eigenvalues and eigenfunctions which have 

lower radiation efficiencies. 

An important step forward for this technology was achieved by integrating structural error 

sensors within the partition, which were able to estimate the far field sound radiation [26-33]. 

This allowed the construction of compact and light control systems with a relatively small 

number of input-output channels that were therefore more suitable for practical applications. 

Most of this research sprung up from the aerospace and naval sectors where there was a clear 

requirement of reducing the structure-borne noise transmission or radiation of the fuselage 

walls or marine hulls which are generally made of thin and lightly damped panels [34]. It was 

found that, at relatively low frequencies where the acoustic wavelength is larger than the 

dimensions of the panels that make up the fuselage walls or marine hull, the vibration of each 

panel can be considered to be the superposition of a number of frequency dependant self 

radiating radiation modes, of which by far the most efficient one corresponds closely to the 

net volume velocity of the panel over a relatively large frequency band [32,35] (for more 

details see references 1-7 in [32]). A lot of work has therefore been carried out to develop 

smart panels with integrated distributed strain sensors [31,35-51] or with arrays of sensors 

[49-60] that measure the vibration components of a panel that mostly contribute to the far 

field sound radiation, in particular the first radiation mode and the volumetric vibration of the 

panel [35]. Active control tends to be effective at relatively low frequencies where the first 

radiation mode, or its volume velocity approximation, produces most of the sound radiation. 

Thus, just one error sensor could be used to have a good estimate of the total sound radiation 

by a panel. 

Work has also been carried out to build up input strain actuators made either with arrays of 

small piezoceramic patches or distributed piezoelectric films [36,39,41,49-52,61-70] to be 
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coupled with the sensor transducer. If the sensor-actuator transducers are collocated' and 

dual^ [51,71-74] then the real part of their response function is constrained to be positive real 

so that a single input single output (SISO) adaptive feed-forward controller could be 

implemented with a very fast-acting controller [35,50,51]. Thus the technological progress in 

the construction of smart panels with collocated and dual sensor-actuator pairs has given the 

possibility of building very compact, light and non invasive control systems that could be 

very effective for the control of tonal disturbances [16,28-33], 

Some attempts have also been made to develop adaptive feed-forward controllers for 

broadband random disturbances by placing detection sensors in the vicinity of the panel if not 

on the panel itself [75], In this case the main problem is given by the fact that having closely 

placed detection sensor and control actuator transducers prevents the possibility of deriving a 

causal controller [76], This type of control system has been developed with some level of 

success in double panel partitions, such as aircraft double wall constructions, by placing the 

detection transducers on the excited panel and the control and error transducers on the 

radiating panel [77], 

1.2 Feedback active structural acoustic control 

In parallel to the work carried out on feedforward systems, AS AC systems have also been 

developed using feedback controllers. The implementation of feedback control systems do 

not require a reference signal so that, when used for disturbance rejection applications, they 

could be used to control both tonal and random, wide-band, disturbances. Bauman et al, [26] 

and Bauman and Robertshaw [27] first proposed a methodology to design a feedback control 

system for the reduction of broad band sound radiation by a panel which uses structural error 

sensor and control actuator transducers acting on the panel. Their instructive work has led to 

several studies were MIMO feedback control systems using structural sensors and actuators 

have been used in smart panels for the control of sound radiation/transmission. The 

' Collocation is a geometrical condition were point sensor-actuator transducers are placed in the same position 

of the structure and distributed sensor-actuator transducers are placed over the same area of the structure. 

^ Duality is a physical property were the sensor-actuator respectively excites and detects the vibrations of a 

structure in the same manner, i.e. they are characterised by the same detection and excitation function for each 

natural mode of the structure. Often dual sensor-actuator transducers pairs are also named to be "matched," 

"compatible" or "reciprocal." 
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background of most of the scientists that developed these control systems was modem 

feedback control theory, where the synthesis of the optimal feedback gains in the controller is 

made using a state-space formulation [50,51], A series of papers have been published where 

optimal static- (fixed gains) or dynamic- (frequency dependent gains) controllers are 

designed with reference to H2 or Hoo cost functional that refer to either a set of states of the 

system (state-feedback) or a set of measured output parameters (output-feedback) 

[26,27,50,51,78-86]. Work has also been presented where the optimal controller has been 

derived from the standard linear quadratic regulator (LQR) or linear quadratic Gaussian 

(LQG) problems, which could be considered as a subset of the more general H2 optimisation 

problem [50,51,87,88], A consistent review of the various aspects that characterize the 

modem approach for the design of feedback controllers for vibration/sound-radiation 

rejection problems is given in references [50,51], 

Although most of the initial studies have demonstrated the possibility of designing MIMO 

state-feedback control systems for ASAC purposes, the implementation stage has resulted 

into a series of practical problems. For example, in order to have compact smart panels, the 

parameter to be controlled, the radiated sound power, is not directly measured but derived 

from a set of structural sensors bonded on the panel. From the control point of view this 

means that the performance variables, i.e. the states, of the systems can not be directly 

measured and thus output-feedback controllers can not be implemented. As a consequence 

state-feedback control has to be implemented that requires a state estimator or observer 

system that models the essential physics of the system. In practice the state estimator consists 

in a set of analogue or digital filters which model the plate dynamics and the sound radiation 

mechanisms as suggested by Bauman et al, [26] and Bauman and Robertshaw [27]. 

1.3 Feedback SISO active structural acoustic control 

Although the work carried out to develop distributed strain sensors and actuators for smart 

panels was initially aimed at the implementation of feed-forward control systems, scientists 

soon recognized that these types of transducers would also have great advantages in the 

design and implementation of feedback control systems. Indeed the possibility of building 

strain sensors which measure the radiation modes of panels has given the possibility of 

implementing output-feedback control systems where the state variables to be minimised 

could be directly derived from the measured radiation modes outputs without the need of a 
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State estimator. In particular, since the low frequency sound radiation is controlled by the first 

radiation mode, and knowing that, at relatively low frequencies, the first radiation mode 

could be approximated by the volume velocity vibration of the panel component which is 

frequency independent, the possibility of developing SISO feedback control systems based 

on the control of volume velocities was envisaged [32,35]. 

Scientists with a background in modem control theory designed optimal SISO feedback 

control systems using the state-space formulation for the minimisation of either an H2 or Hoo 

cost functional. In contrast scientists with a background in classic feedback control theory 

followed a different path, where the design of the sensor-actuator transducers is oriented to 

the implementation of SISO feedback control systems for disturbance rejection [89-92]. This 

control approach is characterised by the classic disturbance rejection feedback control loop in 

which the output of the system, for example the volumetric vibration or a specific radiation 

mode of the panel, is produced by the primary disturbance and control excitation that is itself 

proportional to the measured output via a feedback control function. In general the control 

function can be arranged in such a way to enhance the mass, stiffness and damping effects of 

the controlled structure. However for the specific case of disturbance rejection the most 

suitable strategy is active damping, which reduces the response of the structure at resonance 

frequencies and, as a result, the steady-state response to wide-band disturbances [51]. Active 

damping does not produce attenuation at off-resonance frequency bands, on the contrary it 

tends to fill in the response spectrum at anti-resonance frequencies. Therefore active damping 

is not particularly suitable for the control of tonal disturbances except in the particular case 

where the excitation frequency is close to a resonance frequency of the smart panel, which 

does not vary as the physical or operating conditions changes (variation of temperature or 

change of static loading etc.). The literature on classic feedback control is well established 

particularly for servo-mechanisms and a detailed summary of SISO classic feedback control 

theory of flexible structures is given in references [50,51]. 

The simplest way of achieving active damping is by implementing direct velocity, or rate, 

feedback. In this case the output of the sensor is directly feed back to the actuator via a fixed 

control gain. This control scheme is stable for any value of the control gain if the sensor-

actuator frequency response is strictly positive real [35,50,51,70]. As highlighted in the 

previous section, this happens when the sensor-actuator transducers are collocated and dual. 

Most of the work carried out by scientists is therefore focussed on the design of collocated 

and dual sensor-actuator pairs so that a relatively simple feedback controller can be 

implemented, which is unconditionally stable [52]. If the sensor-actuator transducers are not 



Smart Panel with an array of Decentralised Control Systems for Active Structural Acoustic Control E. Bianchi 

collocated and dual then only a limited range of control gains could be implemented in order 

to guarantee stability and this result in a reduced performance capability of the system. In this 

case the control performance could be enhanced by shaping the control function with 

standard compensator circuits as for example Lead, Lag, PI and PID compensators. 

Building distributed sensor-actuator transducers, which are collocated and dual, is not an 

easy task. The most obvious way of building these sensor-actuator pairs is by placing the 

sensor on one side of the panel and the actuator on the opposite side of the panel. Gardonio et 

al. [70] have shown that in general this simple construction can not provide a strictly positive 

response function. The sensor output is determined by both the bending and in-plane 

vibration of the panel generated by the actuator. Although the in-plane vibration of the panel 

is relatively small compared with the bending one, the sensor output is severely affected by 

this component which produces an extra phase shift at the first in-plane resonant mode of the 

panel. As a result, at higher frequencies the sensor-actuator response function is not strictly 

positive real and is characterised by larger amplitude values than in the low frequency range 

of control. This precludes the implementation of direct velocity feedback control and even 

with an appropriate compensator circuit only relatively small control gains could be 

implemented and thus modest control effects are achieved [49,58,59]. Several alternative 

constructions have been studied to avoid this sensor-actuator feed-through effect. For 

example the distributed sensor has been substituted with a grid of accelerometers but even in 

this system, aliasing effects produce a non strictly positive real response function [57-60]. 

Alternatively Lee et al. [93] have proposed to use double-layer sensor-actuator transducers to 

be operated in such a way to avoid the detection of in-plane vibration and to excite the plate 

only in bending. In this case the implementation of the two transducers is corrupted by 

interlayer coupling effects [93]. Cole and Clark [94] have proposed a similar solution where 

only two transducers are used, which work simultaneously as actuators and sensors. This 

solution avoids the interlayer coupling effect described above. However, the implementation 

of these sensors-actuators is not trivial since relatively small charge outputs have to be 

derived from the large inputs to each transducer. This requires compensation techniques 

which are very sensitive to physical or operational changes of the system (static loads, 

temperature etc.). Finally the operation of relatively large distributed sensor or actuator 

transducers with shaped electrodes is relatively sensitive to shaping errors of the electrodes 

which could contribute to make the response function to be non strictly positive [95]. 

Because of their experience on the implementation of feed-forward digital controllers, some 

researchers developed a particular design approach for feedback systems, in which the 
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control system can be modelled with a feed-forward control scheme. This was done by 

building an internal model of the control path in the feedback loop and so the approach has 

become known as internal model control IMC [96]. With this approach, the implementation 

of a feedback control scheme is redirected to the derivation of a suitable model of the 

feedback path and the derivation of a classic adaptive feed-forward control filter. The 

implementation of ASAC with IMC feedback control schemes has been tested in a few cases 

[97-99]. 

1.4 Decentralised MIMO feedback active structural acoustic control 

The problems encountered in the development of smart panels for SISO feedback ASAC 

control with distributed transducers that cover the entire surface of the panel have forced 

researchers to find alternative control solutions. 

In Section 1.1 it was argued that below the critical frequency and for low frequencies such 

that the resonances of the panel are well separated, the sound radiation at resonance is 

controlled by the self radiation efficiency of the resonant mode. In contrast, the off-resonance 

frequency sound radiation is controlled by both the self- and mutual-radiation efficiencies of 

the structural modes. A new formulation of the sound radiation in terms of radiation modes 

was therefore proposed as a tool to design structural sensors that would have been able to 

estimate the sound radiation either at resonance or off-resonance frequencies. Such 

complicated sensors are not necessary to feedback controllers to actively damp the structural 

modes. Active damping feedback control tends to be effective only in the vicinity of 

resonance frequencies, where the sound radiation is controlled by the self radiation of the 

resonant mode, while it tends to enhance the vibration at anti-resonance frequencies, where 

the sound radiation is controlled by the self and mutual radiation effects of a set of modes. In 

order to implement active damping feedback control it is sufficient to have sensor-actuator 

transducers that are well coupled with the low order structural modes. Moving the sensor-

actuator design problem from the control of radiation modes to that of structural modes is not 

a significant practical improvement, since distributed sensor and actuator transducers that 

cover the entire surface of the panel are still required. However Elliott et al [3] have shown 

that active damping of structural modes could be achieved with small localized control units 

that implement SISO velocity feedback control. They initially considered the ideal case of 

having a collocated and dual point-velocity and point-force sensor-actuator system which is 
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positioned away from the nodal lines of the modes to be controlled. These two transducers 

would enable the implementation of unconditionally stable direct velocity feedback control. 

Elliott et al. [3] noticed that as the control gain is gradually increased from zero, the active 

damping effect of the structural modes grows and consequently both the total kinetic energy 

and total sound radiation of the panel averaged in a certain frequency band decrease. 

However, they also found that this behaviour is only valid up to an optimal feedback control 

gain, above which the kinetic energy or sound radiation by the panel increases and can even 

become larger than before control. The analysis of this phenomenon showed that the velocity 

feedback control unit works as a sky-hook damper which absorbs energy from the structural 

modes. However, for relatively large control gains, the control actuator is actually driven to 

pin the panel at the error sensor position so that the vibration of the panel is moved back to 

that of a lightly damped structure with an extra pinning point. Therefore a set of new 

structural modes are created which could be excited at new lightly damped resonance 

frequencies and radiate sound even more effectively than the original modes (see section 2.5 

of reference [21]). 

Starting from these considerations Elliott et al. [3] proposed a new control configuration 

based on grids of decentralised velocity feedback control units using a piezoceramic patch 

actuator with on the centre a small accelerometer. Although it is non collocated and non dual, 

this sensor-actuator configuration enables relatively large feedback control gains at low 

frequency so that the equivalent of a grid of sky-hook dampers could be implemented 

provided the control gains do not exceed the optimal values. The large number of control 

units, which are uniformly distributed over the panel surface, allows the damping of a 

relatively large number of low frequency resonant modes and consequently the control of low 

frequency wide-band sound radiation. This type of decentralised vibration and sound 

radiation control effects was first observed by Petitjean and Legrain [100] in an experiment 

where a grid of 5 x 3 collocated piezoceramic patches mounted on either side of a panel were 

used to either implement a fully coupled MIMO LQG feedback controller or fifteen SISO 

rate feedback controllers. For this particular type of panel they found that the vibration 

reductions in the two control cases were very similar. This type of experiment was then 

repeated on a different smart panel [101] and it was again found that, despite its simplicity, 

decentralised feedback control was giving similar control effects to those of a MIMO optimal 

feedback controller. Indeed Petitjean et al. [101] noted that "Whatever the control algorithm, 

in this experiment of active noise control, it turns out that controlling panel vibrations 

through distributed actuators and sensors results in an attenuation of the pressure field. This 
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fact seems contradictory to some previously published studies on the topic, which point out 

that it is important to take the radiation efficiency of the plate modes whose frequencies lie 

within the frequency band of interest into account in the control law." The contradiction 

comes from the fact that radiation mode theory is important when feed-forward active control 

is implemented at off-resonance frequencies, where the mutual radiation effects can not be 

neglected. Alternatively, active damping of broadband disturbances using feedback control 

mainly regulates the vibration at resonance frequencies, where the sound radiation is 

determined only by the resonant modes. 

1.5 Scope and objectives 

This PhD dissertation presents a theoretical and experimental study of active sound 

transmission through a partition with a grid of decentralised velocity feedback control units. 

The system studied consists of a thin aluminium panel of dimensions xZ = 414x314 mm, 

with a 4x4 array of small piezoceramic actuators bonded on one side of the panel and a 

collocated array of miniature accelerometers placed on the other side. Each control unit, 

composed of a square piezoelectric patch and a collocated accelerometer, is arranged to 

implement local (decentralised) velocity feedback control, by means of a simple analogue 

feedback controller that provides a constant gain. The smart panel is mounted on the top of a 

rectangular cavity with rigid walls in order to measure the sound transmission/radiation with 

reference to either a primary acoustic source (a loudspeaker) within the cavity or a primary 

structural source (a shaker) acting directly on the panel. 

The three main objectives of this thesis are: 

1. to investigate the physics of the smart panel with sixteen decentralised control units; 

2. to assess the stability and robustness of the control system; 

3. to design, build and implement a prototype smart panel. 

A numerical model of the complete system (smart panel with sixteen decentralised velocity 

feedback control units and rigid cavity) has been formulated in order to assess the feasibility 

of such a control system and to pursue the first objective. Moreover, an exhaustive study of 

the sensor-actuator response functions has been carried out to meet the second objective. 

Finally, the practical issues involved in the experimental implementation of the decentralised 

control system (the third objective) have been addressed, including the construction of the 

10 
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smart panel and cavity and the design of the sixteen analogue controllers. 

The effectiveness of the decentralised velocity feedback control is demonstrated in a set of 

experimental tests that show the performances of the system in terms of reduction of the 

vibration level and reduction of the sound transmission for the two different types of 

excitations: loudspeaker in the cavity or shaker on the panel. 

1.6 Structure and organization 

This thesis can be divided into three parts. The first part, consisting of Chapters 2 and 3, 

contains the theoretical study and the numerical results concerned with the smart panel with 

sixteen decentralised control units. More precisely, in Chapter 2 the original idea of using a 

decentralised control system is investigated for the panel excited by an acoustic plane wave, 

while in Chapter 3, a further investigation of the prototype smart panel is carried out 

considering the testing configuration implemented in this study, i.e. smart panel mounted on 

the top of a rectangular cavity with rigid walls and excited by either a primary acoustic 

source (a loudspeaker) within the cavity or a primary structural source (a shaker) acting on 

the panel. 

The second part of the thesis consists of Chapters 4, 5 and 6, and contains the design and 

implementation of the sixteen decentralised control units. In Chapter 4 the behaviour of the 

sensor-actuator pairs is studied and their open loop frequency response functions are 

analysed, with particular attention to the effects of the sensor-actuator local dynamics and of 

the piezo patch dimensions. In Chapter 5 the implementation of velocity feedback on a single 

control unit is discussed. An analysis of the stability of the single-channel control system is 

reported and the design of a phase-lag compensator, which increases the gain margin of the 

feedback controller, is also presented. The results of the on-line implementation of the single-

channel control system are then discussed, in terms of attenuation of the vibration level of the 

plate and reduction of the sound transmission. Finally, in Chapter 6, the implementation of 

the complete system with sixteen individual control loops is described and the results 

obtained are discussed. Moreover the stability analysis of the multi-channel system is 

assessed using the Generalised Nyquist Criterion. 

In the third part of the thesis, consisting of Chapters 7 and 8, the control effectiveness of the 
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smart panel has been assessed experimentally by measuring in a anechoic chamber the 

reduction of its total sound power radiation when it is mounted on a Perspex box with very 

thick and rigid side walls. The panel has been excited either by the acoustic field produced by 

a loudspeaker placed in the Perspex box or directly by a point force generated with a shaker 

(Chapter 7). Also, the variation of the vibratory field over the panel surface has been 

measured with a laser vibrometer in such a way as to describe the main operative features of 

the sixteen decentralised control units (Chapter 8). Conclusions and recommendations for 

future work are given in Chapter 9. 

In this work most of the experimental results are plotted without specifying the reference 

parameter for the units expressed in decibels. This is due to fact that the plots presented are 

either used to highlight the main features of frequency response functions or to evaluate the 

relative attenuation of the vibration/sound radiation of the panel without and with control. 

The sensitivity parameters of the sensors used for the experimental acquisitions are given in 

Appendix A. 

1.7 Contributions of the tliesis 

The main original contributions of this thesis are; 

1. An analysis of the response of a smart panel that has embedded piezoelectric 

actuators and acceleration sensors, including a detailed investigation of the effects of 

these transducers on the overall dynamics. 

2. The design of a feedback controller for a single piezoelectric actuator and acceleration 

sensor and an analysis of the effect on the performance of such a controller of the 

actuator and sensor dynamics. 

3. The design, implementation and testing of a smart panel with a 4x4 array of 

piezoelectric actuators and acceleration sensors and its associated sixteen channels 

decentralised feedback controller. 

4. The analysis of stability using the Generalised Nyquist criterion for the sixteen 

channels decentralised controller from experimental data. 
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2. SMART PANEL WITH A 4x4 ARRAY OF DECENTRALISED 

SENSORS/ACTUATORS 

In this chapter the original idea of local velocity feedback using multiple actuators and 

sensors [1-3] is investigated considering a panel with an array 4x4 of miniature 

accelerometers and closely located piezoceramic actuators placed under each sensor. The 

performance of such a system is analysed in terms of the reduction of the vibration and sound 

transmission through the smart panel when it is excited by an acoustic plane wave. The 

theoretical model developed for this preliminary study is described in the next section, while 

the multi-channel feedback controller is analysed in the successive one. In the third section, 

the local dynamics of the sensor-actuator pairs is described and the effects they produce on 

the overall system are investigated. Finally, in the last section, the response of the panel and 

its sound radiation is discussed with reference to a range of feedback gains in the 

decentralised control systems. 

2.1 Theoretical Model 

As shown in Figure 2.1, the system studied consist of a clamped and baffled aluminium panel 

of dimensions 414 mm x 314 mm x 1 mm. The panel is excited on one side by a harmonic 

plane acoustic wave of unit amplitude. The azimuthal and lateral incidence angles of the 

acoustic wave are chosen to be of ^ - 45° and 6 = 45° so that all the structural modes of the 

panel are excited. The panel radiates sound on the other side of the panel into free field. A 

weakly coupled model is used to describe the sound transmission through the panel which 

assumes that the acoustic pressure of the radiated sound has no effect on the vibration of the 

panel, which is a reasonable assumption in air for this thickness of panel. 

The panel is equipped with an array of 4 x 4 control systems that operate independently (see 

Figure 2.2). The sixteen control systems have been equally spaced along the x - and y -

directions so that the distances between two actuators or between a lateral actuator and the 

edge of the plate are = l j5 = 82.8mm and = l j 5 = 62 .8mm. Each control system 

consist of a piezoelectric actuator, of dimensions 25 mm x 25 mm x 0.5 mm, which is 
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bonded on the excited side of the panel and a small accelerometer which is placed on the 

other side of the panel in correspondence of the centre of the actuator. The actuator is driven 

by a small single-channel analogue controller that implement velocity feedback control and 

could be integrated within the accelerometer case. Tables 2.1 and 2.3 summarize the 

geometrical and physical properties of the system. 

Transmitted sound 

BaHle 

Clamped smart 
panel 

Incident acoustic 
plane wave 

Figure 2.1: Physical arrangement for the computer simulations, in which the vibration of a baffled clamped 
panel is excited by a plane acoustic wave on one side and radiates sound into an anechoic half 
space on the other side of the panel. 

Accelerometer with 
feedback controller 

j G p r 

,0%^ ^0%^ 

Piezoceramic 

Clamped panel actuator 

Figure 2.2; Smart panel with a 4x4 array of decentralized control systems composed by an accelerometer 
sensor with a built in feedback control system and a piezoceramic actuator is mounted on the 
panel to implement vibro—acoustic control. 

The steady state response of the panel and sound radiation in a frequency range 0 to 1 kHz 

have been calculated assuming the primary disturbance to be harmonic with time dependence 

of the form exp(j&#). The velocity-type and force-type parameters used in the model have 

been taken to be the real part of counter clock wise rotating complex vectors, e.g. phasors. 

The velocity or force parameters are therefore given by w(r) = Re{vv(£0)e^"'] or 

f{t) = Re{/(ft))e^""] where w{(jo) and /(ft*) are the velocity and force phasor at the instant 

r - 0 and j = . 
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Table 2.1: Geometry and physical constants for the panel. 

Parameter Value 

Dimensions y = 414x314 mm 

Thickness - 1 mm 

Mass density P . = 2700Kg/m^ 

Young's modulus E.-- = 7x10'° N/m^ 

Poisson ratio V, =0.33 

Loss factor 'Us - 0 05 

Smeared mass density (including part of the 
mass effects of the piezo actuators) P.S = 3000Kg/m^ 

Smeared Young's modulus (including the 
stiffening effects of the piezo actuators) 

E. = 7.1x10'° N/m" 

Table 2.2; Geometry and physical constants for the piezoceramic patches. 

Parameter Value 

Dimensions of the PZT patches = 2 5 x 2 5 mm 

Thickness of the PZT patches hp = 0.5 mm 

Mass density p, = 7 5 0 0 K g / m ' 

Young's modulus =50x10^ N/m" 

Poisson ratio =0.29 

Stress constant = 7 . 5 N / V m 

Strain constant =150x10"'^ m/V 

Distance between the centres of ,d^ = 82.8,62.8 mm 
two adjacent patches A y 

Transverse velocity 
at the centre of each 
element 

Velocity and force at the 

centre of each sensor-actuator 

C b system: , A g 

Lines of control 
moments generated 

Radiating elements b y each actuator 

Figure 2.3: Velocity and force-moment notation used in the mathematical model. 

15 



Smart Pane! with an array of Decentralised Control Systems for Active Structural Acoustic Control E. Bianchi 

The mathematical model built in for the simulations considers the panel divided into a grid of 

rectangular elements whose dimensions have been taken to be = Z^/(4M) and 

Ke - / ( 4 N ) , where M and N are the higher modal orders used in the calculus. 

The phasors of the transverse velocities, w . (w) at the centres of these elements have been 

grouped into the following vector: 

(w) 

C2 1) 

where P = 8MiV is the total number of elements. Similarly the phasors of the transverse 

velocities, (m), and forces, at the centres of each control systems have been 

defined as follows: 

(2.2a,b) 

The primary excitation is given by the amplitude of the incident acoustic wave in which case: 

(2.3) 

The excitations of the sixteen piezoelectric control actuators can be approximated by four 

line moments, all with equal magnitude, acting along the edges of the piezoelectric patches so 

that the control excitations can be grouped into a vector of moments as follows: 

C2 4) 

The vibration of the panel at the centres of the elements and at the centres of the control 

systems can be expressed in matrix form using mobility functions so that: 
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+ Tf,, (w)f,(aO , (2.5) 

vXa)) = Y,^((u)f^((u) + Y,Xm)fXw) , (2.6) 

where the elements of the four mobility matrices are defined as follows [102]: 

'y'v 

y , ; ' ( ( w ) = = = ] r — ^ - - - - 9 . 4 , ( z ? ) 

[".I "y 1 
. )'«p )l f , y.,!) - , ^ . , 2 ) ^ + i - V f 1 , y,,)+i/f 

. % I 0 0 I 
= j ® E S -

, (28 ) 

r 1 

w to) « « 
C ( ® ) = ^ ^ ^ = i " ' E E — f — T- (2 9) 

(a,) m=ln=, ^1,2,(1 + ; ,?,) - 0)2] 

m,.,(w) 
r., . 1 XZIO) 

= ; » H - ° ' 

k a + ; :7 j -G) ' ] 

where: 

w(cy) is the phasor of the panel velocity in z-direct ion, 

Pj (co) is the sound pressure phasor of the incident acoust ic wave, 

(D is the circular f requency , 

j = s f - ^ is the complex operator , 

m, n are modal indices , 
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0 ) ^ is the natural f requency of the m,n-th mode, 

^mn }') is the m,n-th bending natural mode at position ( x , y ) , 

E ; is the Young ' s modulus of elasticity , 

is the density of the material of the p a n e l , 

V ; is the Poisson ratio , 

is the hysteresis loss factor , 

dx 

is a modal normalisation parameter , 

is the first derivative in x d irect ion of the m,n-th bending natural 

mode at position (x, y) , 

is the first derivative in y d irect ion of the bending natural 

mode at position (x,y) , 

For a clamped rectangular thin panel the natural frequencies are given by [102]: 

Ct) 

r V 
n ( Z l l ) 

where m is in mgf/f and 

G f W + GVn) + 2 
L. 

(m)^ (») + (1 - v ) / ; , (%)] C&12) 

and the constants G^, G^, J^, are summarised in Table 2.3 below. 

The plate natural modes (l>„„{x,y) are given by the product of the (p^(x) and ^„(y) beam 

functions 

(2 13) 
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Table 2.3: Values for the constants , Gy , , Hy, , Jy when a rectangular plate has all four edges are 
clamped. 

mot n Gr or Gv % or Hy Jx or Jy 

2,3,4 

1.506 

1 
m + — 

1248 

r ] 
m + -

(2m +1) 71 
m H— 

2 

1248 

1 -
(2m + l)n 

The function represents the natural modes of a beam having the same boundary 

conditions of the plate under consideration at y = 0 and y = Z and, in the same way, the 

function q),,(y) represents the natural modes of a beam having the same boundary conditions 

of the plate under consideration at % = 0 and x = l^. 

The boundary conditions for a plate with all edges clamped are given by [103]: 

X = 0 and X = 

y = 0 and y = L 

w = 0 

w = 0 

ok 
0 

0 

(2.14) 

and the beam functions in the %-direction for a clamped-clamped beam, also given in 

references [102,103], are; 

1^ 

h 2 

X 1 

7 7 ^ 2 

+ L coshy. 

+ sinhy;;, 

2 

L 2 

(2.15a,b) 

where in this case 

wn(ym/2) 
siiih(y^/2) 

ki = 
sin(ym/2) 

wmh(ym/2) 
(2.16a,b) 

and the constants and y'̂  are the m-th zeros of the two following implicit equations 

tan (Xm /2) + tanh /2) = 0 taii(y^/2)-tanh(y;^/2) = 0 , (2.17a,b) 
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whose roots are summarised in Table 2.4. The beam functions in the y-direction are the same 

as those in the x-direction given by equations (2.15a) and (2.15b) and are all normalised so 

that the norm for a plate with all edges clamped is given by A„„, - P s h J J y / 4 . 

Table 2.4: Roots for the 2 equations (2.17a) and (2.17b). r=6,7,8,9,.. 

y, = 4 J 3 0 0 y^ = 7,8532 

y, =10,9956 y ; = 1 4 J 3 7 2 

y, =17^:788 y 6 = 20,4204 

y, =23^620 y; = 26,7036 

}^=2&,8452 y^^=32^#68 

/lus,... = ( 4 / - l ) ; r / 2 yn.i4_. = ( 4 r + l);r/2 

Using beam functions, the first derivative modes function are given by the following 

relations: 

Wmn y) — (^) 
(:() (2.18a,b) 

so that 

ax 
smy. 

X 1 

L 2 

I 

+ coshy; 
X 1 

z 7 " 2 
/ J 

(2.19a,b) 

2.2 Multi-channel Feedback controller 

If there is no control action, i.e. ((u) = 0 , then the transverse velocities at the centre 

positions of the panels can be calculated directly from equation (2.5) to be: 

vXw) = Y ^ / m ) f / w ) . (2.20) 
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If, as shown in Figure 2.4, for each sensor-actuator pair a decentralized feedback control 

loop is implemented with constant feedback gain, h, such that: 

f (£t)) = -H(£y)v„((y) C2.21) 

then 

H((y) = 

"•16 

(2.22) 

Assuming for the time being that the closed loop system is stable, then the velocities at the 

centre positions of the control system can be deduced by the block diagram in Figure 2.4 and 

are given by: 

v/cu) = (I + Y,, (m)H(m))-' ((u) . C2.23) 

Also, from equations (2.5), (2.21) and (2.23), the transverse velocities at the centre positions 

of the panels can be calculated as a function of the primary excitation vector and the gains in 

the matrix H((u): 

vXo)) = k ((u)H(a))(l + Y,, ((w)H(m)r (G))] fp (o)) - (2 24) 

Sound pressure 
of the incident 
acoustic wave 

>Vc(w) 

Velocities at the 
control positions 

Figure 2.4: Multichannel feedback control system, which for a passive plant response, ¥^,,((0), and a passive 

controller H(CO), is unconditionally stable. 
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It should be underlined that these results are valid provided the sixteen decentralized 

feedback control units are all stable. Elliott et all. [3] have shown that this is true when 

collocated and compatible transducers are used. Elliott et all. [3] have also shown that for a 

collocated piezoceramic actuator patch and accelerometer sensor, where the actuator is 

modelled as a set of four line-moment excitation and the sensor is modelled such that it 

precisely measures the transverse velocity in correspondence to the centre of the actuator 

patch, the system is also stable. In the second part of this dissertation the true behaviour of 

these two transducers is analysed in more details both experimentally and numerically. It is 

here anticipated that when the true transducers are analysed, then each control unit is not 

guaranteed to be stable above few kilo Hertz. A limited feedback gain is therefore required in 

equations (2.21) and (2.22) otherwise they can not assumed to be valid since the control units 

are unstable. 

The total kinetic energy of the panel or the total sound power radiated per unit primary 

excitation can be derived from the velocities of the radiating elements given in equation 

(2.24). The total kinetic energy of the panel is given by 

E{co) - ^\w{x, y,a))f dxdy , (2 .25) 

where Sg is the surface area of the panel. This expression can be approximated to the 

summation of the kinetic energies of each element into which the panel has been subdivided 

so that; 

(w)v, (fu) , (2.26) 
2 

where is the mass per unit area of the panel. The total sound power radiation by a 

baffled panel can be derived by integrating the product of the nearfield sound pressure on the 

radiating side and the transverse velocity of the panel so that 

1 V'r 
W (̂(U) = — . (2.27) 

2 0 0 
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The sound pressures in front of the panel y,co) is related to the transverse velocity of 

the panel at the same position w(x, y,co) by the specific acoustic impedance in air Zg so that: 

Pg (%, y.m) = Zg (x, w ) . C2.28) 

Similarly to the case of kinetic energy, the integral in equation (2.27) can be approximated to 

the radiated sound power by all the elements into which the panel has been subdivided so that 

the total sound power radiation can be expressed as: 

W W = : ^ R e [ v ; ' ( ( U ) p W ] , 
2 

(2.29) 

where ASs is the area of each element and p((u) is the vector with the sound pressure terms 

in front of the panel at the centre positions of the grid of elements: 

pico) = 

f , ( w ) 

AeCo)) 

(2.30) 

Equation (2.29) can also be written as 

A 5 . 
Re|y^(G))Z(a))v(m)J = v^(w)R(m)Vg((u) . (2.31) 

where Z is the matrix with the point and transfer acoustic impedance terms over the grid of 

point into which the panel has subdivided [32], 

Z(ft)) = 

sin(A:̂ M2) sm(&_,;,) 

sin(A;̂ A ;̂) 

torn 

^o'n 

(2.32) 
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where is the acoustic wavenumber in air and is the distance between i-th and 

j-th elements. The radiation matrix R is therefore given by [32]; 

R((u) = Re[Z((u)]: 

sin(A;^r2i) 

sin(&orfi) 

(2.33) 

Although the sound power radiated by the panel usefully quantifies the far-field pressure it 

generates, high vibration levels in weakly radiated modes can give rise to significant pressure 

levels in the near-field of the panel. It has been shown that the total kinetic energy of a panel 

provides a better measure of near-field pressure than radiated sound power [35], and so if 

there is any possibility that listeners may be in close proximity to the panel, as well as being 

further away, then both of these criteria are important for active structural acoustic control. 

For practical computations only a finite number of modes can be used in the expansion for 

the mobility functions given by equations (2.7) to (2.10). The convergence of the modal 

series can be investigated by calculating the ratio of the velocity computed at a point on the 

panel with a modal summation using N modes, to that computed with a large number of 

modes, such as 500, with natural frequencies up to 25 kHz. This result can be misleading for 

the active control simulations presented here, however, since very high levels of attenuation 

are predicted at some frequencies and so the residual components of the vibration may be 

more sensitive to modal truncation. The results presented here were obtained by taking in 

equation (2.7) to (2.10) the natural modes and natural frequencies up to 25 kHz. This was 

chosen since none of the results presented here was significantly altered if the upper limit of 

the modal summation was higher. A large number of modes is required to accurately model 

the velocity with a collocated actuator because the velocity is influenced by the nearfield of 

the actuator, which is more intense for the piezoelectric actuator than it is for the point force. 

It should be noted that only the line moment excitation of the piezoelectric actuator [20] has 

been taken into account in the model, not the local stiffening effect. 
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2.3 Sensor-actuator Effects 

The matrix model introduced above neglects two features of the system: 

(a) the dynamic effects of the piezoelectric actuators and accelerometer sensors, and 

(b) the frequency response function of the accelerometer sensor. 

The small dimensions of one sensor-actuator pair compared to that of the panel justify this 

choice. However, because the panel is equipped with sixteen of these control systems, their 

dynamic effects are certainly important even at low frequencies. Also, the accelerometer 

sensor operates as a single degree resonant system with natural frequency at relatively high 

frequency, in general about 30-50 kHz, and thus the high frequency response of the panel 

with the sixteen accelerometer sensors could be quite different to that of the panel on itself. 

Since the piezoelectric patches are uniformly distributed over the panel surface and, up to 

15 kHz, their surface dimensions are not negligible if compared to the wave length of the 

bending vibration in the panel (see Section 4.4), then their stiffness and part of the mass 

effects could be modelled as a smeared effect over the entire surface of the panel so that low 

order mode shapes remains unaltered and the variation of the natural frequencies can be 

easily derived assuming a higher bending stiffness and density of the panel. The local 

dynamics of sensor-accelerometer plus part of the mass effect of the piezo actuator have 

instead been modelled with a lumped parameter system that accounts for the inertial mass, 

stiffness and damping of the accelerometer and the mass of accelerometer case plus part of 

the mass of the piezoelectric actuator arranged as shown in Figure 2.5. 

(a) (b) 

^2 t fl 

fml 

Figure 2.5: 

T / . 

Mobility diagram of one sensor-actuator system, which has been modelled with three lumped 
elements: the accelerometer inertial mass, equivalent stiffness and damping of the sensing piezo 
element and the mass of the accelerometer case. The dynamic effects of the piezoelectric actuator 
have been smeared over the panel surface by modifying the Young's modulus and density 
parameters of the panel. 
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The driving point impedance of each accelerometer sensor Z{cl)) = can easily 

derived by considering the diagram in Figure 2.5 above [104]. For the top and bottom masses 

the following two relations can be written; 

(2.34) 

C135) 

where W) ^nd Y^(co) are the mobility terms for the two masses: 

^2(0)) = (2.36,2.37) 

Also, for the four poles mounting system described by a spring element and damping element 

in parallel, the following two equations can be written; 

/ml ((») = ^mll ((W)Wml ((^) + ^ml2 ((») 

ym2 ((W) = ((W)Wm2 ((U) + ^ m 2 2 ((W)̂ m2 ((») 
(2.38a,b) 

where the four impedance terms are given by 

^m2l (®) - " 

^ k ^ 
Ca + • 

](o 
C„ + -

](o 

JO) 
Zm22W) = C„ + • 

J(0 

(2.39a-c) 

Using (a) the dynamic equilibrium and (b) compatibility conditions at the top and bottom 

junctions, so that 

(a) dynamic equilibrium and /z = "/m2 » (2.40a,b) 

(b) compatibility = < 1 and M/z = , (2.41a,b) 
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the following equation is obtained 

= , (2.42) 
l - I {(O) 

where 

(2,13) 
1 ^ (a;) 

Thus, since vv^(ft)) = WjCcu), the equivalent impedance of the mechanical system shown in 

Figure 2.5 can be calculated to be; 

As well known, the output signal of accelerometers is proportional to the differential 

acceleration of the accelerometer-mass and accelerometer-case: 

measured acceleration ocw^~w^ . (2.45) 

Thus, for a given velocity at the mounting point of the accelerometer ŵ . = , the measured 

value is given by: 

where A{(o) is the accelerometer frequency response function [105]: 

= — r^-rr-^ . (2-47) 

with 0)̂  = jm^ the accelerometer natural frequency and the damping 

ratio of the accelerometer. 
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Table 2.5: Physical properties of the sensor-actuator transducers. 

Parameter Value 

Mass of the piezo actuator =0.2x10"^ Kg 

Mass of the accelerometer case =0.2x10"" Kg 

Inertia mass of the accelerometer =0.22x10-" Kg 

Stiffness of the accelerometer =1.1x10^ N/m 

Mounted frequency resonance of accelerometer — (0^l27Z = 33.6x10^ Hz 

Damping coefficient of the accelerometer c„ = 2.5 N/ms"' 

In the next section, for the simulations in which the sensor-actuator local dynamic effects 

have been taken into account, the physical parameters given in Table 2.5 above have been 

used. As discussed above the mass effect of the piezo actuators have been taken into account 

partially as a localized effect and partially as a smeared effect over the panel surface. As a 

result, the lumped mass of each piezo actuator has been taken to be m = 0.2x10"^ Kg , 

although the true mass is 1x10"^ Kg. In order to account for the smeared inertia effect of the 

sixteen piezo actuators, the density of the material of the panel has been taken to be: 

p , = 3000 K g / . The stiffening effect of the piezo actuators has also been smeared over 

the panel and thus the Young's modulus of elasticity used in the simulations has been 

assumed to be =7.1x10'° N / m ^ . 

Accelerometer 
• 1) inertial mass 
y 2) dissipative and 

elastic elements 
' 3) case mass Transverse velocity 

and force at the centre 
of the control system s § 

''n2 ^ f la 

t /ze: 

^.3 t /z ^«4 I fzci 

Mass of the 
- piezoelectric 
actuator 

) C ' ) C " 3 

Control moments generated by 
the piezoelectric actuators 

Figure 2.6: Schematic representation of the sensor-actuator elements, which are represented by four lumped 
elements: the mass of the piezoelectric actuator, the mass of the case of the accelerometer and the 
spring and inertial mass in the accelerometer. 
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When the dynamic effects of the sixteen sensor-actuator systems are taken into account then, 

according to the notation shown in Figure 2.6 above, equations (2.5) and (2.6) should be 

reformulated as follows; 

v / w ) = Y,, ((u)f^ (w) + (w) + Ŷ ^ (m)f, (m) , 

Vc (0)) - Y,, (m)f, (m) + Y (m)f (fu) + Y^, (m)f, (m) , 

C2.48) 

(2.49) 

where the elements of the Y^̂  ((U) and Y^ .̂((u) matrices are given by: 

(2.50) 

/ J / J r 1 
/zc., (A)) (1 + ;?7 J - (U J 

(2.51) 

According to equation (2.44), the phasors of the transverse velocities , (ft)), and forces, 

fzaj ( ^ ) ' the centres of each control systems can be related by the following impedance 

expression; 

/ ^ / a ) ) = Z^g(w)ii/^/w) . (2.52) 

Thus, defining the vectors (m) and f^(co) to be given by the velocities and forces at the 

bottom of the accelerometer sensors respectively: 

V,((U): 

<16 W ) 

(2.53a,b) 

then 

(2.54) 
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where the impedance matrix Z^((U) is diagonal 

(2.55) 

since the sixteen sensor - actuator systems are coupled only via the plate structure as shown 

in Figure 2.6. 

If there is no control action, i.e. {(o) = 0 , then the transverse velocities at the centre 

positions of the panels can be calculated using (a) the dynamic equilibrium and (b) 

compatibility conditions at the junctions between the control units and the plate: 

(a) dynamic equilibrium f̂ . = - f^ 

(b) compatibility 

(2.56) 

(2.57) 

Therefore the velocities of the panel at the centre of the sensor-actuator units is found to be: 

(m) - [l + Y,, ((u)Z^ (m)]"^ ((u)f^ ((u) , (2.58) 

and the transverse velocities at the centre positions of the panels are given by 

V. («» = Y., (ffl)f, (01) - Y„ (<»)Z„„ + Y„ (<»)Z„„ («)]-' Y,, (m)f, (to) . (2.59) 

As discussed in the previous case, when the system is stable, if for each sensor-actuator pair 

a decentralized feedback control loop using the measured velocity (<w) = T(co)w^ (ft)) 

given by equation (2.46) is implemented with constant feedback gain, h, such that: 

(2.60) 

and 

v^(m) = A((u)vX(u) (2.61) 
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where H(m) is given by equation (2.22) and 

A(w) 

A 

An 

A 16 

(2.62) 

with 

<2(W) 

<16 (W) 

C2.63) 

then, the velocities of the panel at the accelerometer positions is found to be: 

Vc ((u) = ((u)H((u)A(w) + (m)Z^ (o))] ' Y (A))f (6u) , (2.64) 

and the transverse velocities at the centre positions of the panels are given by 

V,(fu) = Y,^ (A))f^ (0)) - [Y,, ((U)H((U)A((U) + Y,,((u)Z_(m)]G-' (m)Y,, ((u)f, (o)) , (2.65) 
p' 

where: 

G(A)) = I + Y,, ((u)H((u)A(w) + Y,, ((u)Z_ (m) . (2.66) 

In the following two sections the kinetic energy of the panel and the total sound radiated per 

unit incident acoustic plane wave are plotted in a frequency range 0 to 1 kHz. 

2.4 Simulation results with piezoelectric actuators 

In this section, the response of the panel and its sound radiation is discussed with reference to 

a range of feedback gains in the decentralised control loops. First, the analysis is carried out 

without considering the stiffness and mass effects of the piezoceramic patches and the 

dynamic and mass effects of the velocity transducers. Therefore the kinetic energy and sound 
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power radiation, given by equations (2.26) and (2.31) have been calculated using equations 

(2.20) and (2.24) for the velocities of the radiating elements in the two cases of no control or 

active control. 

Figure 2.7 shows the total kinetic energy of the panel excited by the plane wave before 

control and when subject to control with sixteen individual single channel control system 

with various feedback gains, h. The modal response of the panel is clearly seen in the plot of 

the kinetic energy against frequency before control, with the resonances associated with the 

first four natural modes, (1,1), (1,2), (2,1) and (1,3) occurring respectively at about 70, 118, 

163 and 197 Hz. As the gains of the feedback loops are increased, the resonances in the 

response become more heavily damped, as one would expect with velocity feedback control. 

m -40 

100 200 3 0 0 4 0 0 500 800 
Frequency(Hz) 

7 0 0 8 0 0 900 1000 

Figure 2.7: Kinetic energy of the plane wave-excited panel when the dynamics of the sensor-actuator 
transducers are not taken into account with no control, solid line, and with the 16 decentralised 
feedback control systems having a feedback gain of 10, dashed, 100, dotted, and 1000, dot-dashed 
lines. 

If the gains of the feedback loops are increased beyond a certain value, however, the closed 

loop response displays new peaks, such as that at about 140 Hz for example, which become 

more pronounced as the feedback gain is increased. As discussed by Elliott et al [3] these 

extra peaks are due to the resonances of the controlled dynamic system, which is effectively 

pinned at the sensor positions with high feedback gain. If feedback controllers having very 

high gain were used, the velocities at each sensor could be driven to zero and the physical 

result would be equivalent to that of perfect control of the sensor outputs with a feedforward 
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control system, which could have been implemented if a suitable reference signal were 

available. 

Figure 2.8 shows the ratio of the sound power radiated on one side of the panel to the 

incident sound power due to the plane wave excitation on the other side, which is termed the 

sound transmission ratio, T. Before control only the modes whose modal integers are odd 

radiate sound significantly at low frequencies and also anti-resonances appear, due to 

destructive interference between the sound pressures radiated by adjacent odd modes. As the 

feedback gains are increased, similar trends are observed in the reduction of the sound 

transmission ratio as in the reduction of the kinetic energy of the panel, except that the new 

resonance at about 140 Hz has the greatest prominence, since its velocity distribution has the 

greatest net volume velocity. 

100 200 300 400 500 600 
Frequency (Hz) 

BOO 800 1000 

Figure 2.8: Sound transmission ratio of the plane wave-excited panel when the dynamics of the sensor-
actuator transducers are not taken into account with no control, solid line, and with the 16 
decentralised feedback control systems having a feedback gain of 10, dashed, 100, dotted, and 
1000, dot-dashed lines. 

When the panel's kinetic energy is integrated across the bandwidth shown in Figure 2.7 (up to 

1 kHz) and this is plotted against feedback gain, a clear minimum of 15.8 dB is observed, for 

a gain of about 100, as shown in Figure 2.9 (solid line). These velocities give rise to a poor 

estimate of the panel's global response when the feedback gains are high enough for the new 

resonances to become significant. Figure 2.10 shows the variation with feedback gain for the 

sound transmission ratio integrated across this bandwidth, which corresponds to the total 
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radiated sound power if the plate is subject to broadband excitation by a plane wave up to a 

frequency of 1 kHz, and this also has a minimum value of 10 dB for a feedback gain of about 

100. At high feedback gains the overall sound power radiated after control is some 3.4 dB 

higher than it was with no control, because of the effect of the new resonance at about 

140 Hz. 

Figure 2.9: Normalised kinetic energy level of the panel, integrated from 0 Hz to 1 kHz, plotted against the 
gain in the decentralised feedback controller, h, when the dynamics of the sensor-actuator 
transducers are not taken into account, solid line, or are taken into account, dashed line. 

E 

5 

Figure 2.10: Normalised sound transmission ratio level, integrated from 0 Hz to 1 kHz, plotted against the 
gain in the decentralised feedback controller, h, when the dynamics of the sensor-actuator 
transducers are not taken into account, solid line, or are taken into account, dashed line. 
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In the second case studied, the stiffness and mass effects of the piezoceramic patches and the 

dynamic and mass effects of the velocity transducers have both been taken into account. Thus 

the kinetic energy and sound power radiation, given by equations (2.26) and (2.31) have been 

calculated using equations (2.59) and (2.65) for the velocities of the radiating elements in the 

two cases of no control or active control. 

Figure 2.11 shows the total kinetic energy of the panel excited by the plane wave before 

control and when subject to control with sixteen individual single channel control system 

with various feedback gains, h. The modal response of the panel is slightly different to that 

shown in Figure 2.7 for the previous case. Indeed the resonances associated with the first four 

modes, (1,1), (1,2), (2,1) and (1,3) occur at slightly lower frequencies: 67, 115, 160 and 

193 Hz instead of 70, 118, 163 and 197 Hz. This is due to the added mass effects of the 

sensors and actuators transducers. The resonance due to the accelerometer occurs at too high 

frequency to be evident in this figure. As the gains of the feedback loops are increased, the 

resonances in the response also become more heavily damped as one would expect and when 

the gains of the feedback loops are increased beyond a certain value, the closed loop response 

displays new peaks due to the additional constraints at the sensors positions. 

Figure 2.12 shows for this second case the sound transmission ratio, T before control and 

when subject to control with sixteen individual single channel control system with various 

feedback gains, h. As the feedback gains are increased, similar trends are observed in the 

reduction of the sound transmission ratio and of the kinetic energy of the panel. 

The frequency averaged kinetic energy and sound transmission ratio across the 0 to 

1 kHz bandwidth are given by the dashed lines in Figures 2.9 and 2.10. Both curves have a 

similar trend to those found for the previous case. In this case, the sixteen decentralised 

control units seems to be slightly less effective since the maximum reduction of the kinetic 

energy and sound transmission ratio of the smart panel are of about 14 dB and 9 dB 

respectively instead of 16 dB and 10 dB when no actuator and sensor dynamics were taken 

into account. This is due to the fact that the control effectiveness in terms of reduction of the 

kinetic energy or sound transmission of the panel is limited to the same lower limit as in the 

previous case. However the added mass of the sensors and actuators transducers have 

reduced the kinetic energy and sound transmission of the panel before control by 2-3 dB. As 

a result the reductions of these two parameters generated by the control system are less 

pronounced than in the previous case. Apart from this minor effect on the dynamics of the 

smart panel without control, the mechanical influence of the actuator and sensor does not 

appear to have a significant effect on the attenuations achievable in principle. 
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Figure 2.11: Kinetic energy of the plane wave-excited panel when the dynamics of the sensor-actuator 
transducers are taken into account with no control, solid line, and with the 16 decentralised 
feedback control systems having a feedback gain of 10, dashed, 100, dotted, and 1000, dot-dashed 
lines. 

0 100 200 300 400 500 600 700 800 900 1000 
Fr#qu#ncy (Hz) 

Figure 2.12: Sound transmission ratio of the plane wave-excited panel when the dynamics of the sensor-
actuator transducers are taken into account with no control, solid line, and with the 16 
decentralised feedback control systems having a feedback gain of 10, dashed, 100, dotted, and 
1000, dot-dashed lines. 
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ANALYSIS OF THE SMART PANEL MOUNTED ON A CAVITY 

In the previous chapter, the idea of using decentralized vibration control units to reduce the 

vibration and sound radiation/transmission of panels has been presented and the response of 

the panel and its sound radiation has been discussed with reference to a range of feedback 

gains in the decentralised velocity feedback control loops. When the system is excited by a 

harmonic plane acoustic wave, it has been found that the kinetic energy or sound radiation 

integrated between 0 and 1 kHz are reduced respectively by 14 dB and 9 dB in 

correspondence of the optimal gain of 100. Starting from this promising study, a further 

investigation of a prototype smart panel has been carried out considering the testing 

configuration where the smart panel is mounted on the top of a rectangular cavity with rigid 

walls. This particular configuration has been chosen to simplify the experimental work of 

measuring the sound transmission/radiation for either a primary acoustic source (a 

loudspeaker) within the cavity or a primary structural source (a shaker) acting on the panel 

(see Figure 3.1). 

Transmitted sound 

Clamped smart 
panel 

Transverse point 
force excitation BaHle 

Monopole source Acoustic cavity 
with rigid walls 

Figure 3.1: Physical arrangement for the computer simulations, in which the vibration of a baffled clamped 
panel is excited either by the sound field in the cavity or by a transverse point force and radiates 
sound into an anechoic half space on the other side of the panel. 
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In this chapter the smart panel and testing cavity are designed. The dimensions of the panel 

have been chosen in such a way as they are similar to those of a section of aircraft fuselage 

skin confined between two frames and two stringers. Also the dimensions of the 

piezoceramic patch actuators have been chosen in such a way as to provide enough control 

authority and cover only small parts of the panel itself. The acceleration sensors have been 

chosen in such a way to guarantee the necessary sensitivity provided the weight is reasonably 

low. Finally the rectangular section has been designed with reference to practical issues as for 

example space and weight. 

The control effectiveness of the designed smart panel when is mounted on the cavity has then 

been assessed and the main differences with the control performances found in the previous 

chapter for the panel excited by a plane wave have been highlighted. 

In the first two sections the design of the smart panel and the test rig are described, while in 

the following one, the fully coupled model developed to describe the effects of the acoustic 

cavity on the dynamics of the panel is illustrated. Following, the response of the panel and its 

sound radiation is discussed with reference to a range of feedback gains in the decentralised 

control loops, taking into account the acoustic coupling with the cavity and considering both 

the primary excitation types (acoustic source or structural source). Finally, the construction of 

the smart panel and test rig is described and the resulting experimental setup is illustrated. 

3.1 Design of the smart panel 

The testing smart panel built for this study consists of an aluminium panel of thickness 

t = 1 mm, which has been clamped on a rigid frame so that the "vibrating area" is 

l^xly = 4 1 4 x 3 1 4 m m . The natural frequencies of the panel calculated without taking into 

account the stiffening and mass effects of the control transducers are given in Table 3.1. 

As shown in Figure 3.2, the panel is equipped with an array of 4 x 4 control systems that 

operate independently. The sixteen control systems have been equally spaced along the %-

and y- directions so that the distances between two actuators or between a lateral actuator 

and the edge of the plate are = Z^/5 = 82.8 mm and = 62.8mm. 
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Table 3.1: Calculated natural frequencies of the clamped panel up to I kHz (the stiffening and mass effects 
of the control transducers are not taken into account). 

m n 
Frequency 

(Hz) 
m n 

Frequency 
(Hz) m n 

Frequency 
(Hz) 

1 1 69.7 5 1 441.3 2 5 776.2 

2 1 118 1 4 495.6 7 1 795.8 

1 2 163.4 5 2 522.4 6 3 814.7 

3 1 197.3 4 3 522.9 5 4 837.7 

2 2 208 2 4 538.8 3 5 846.1 

3 2 283.0 6 1 604.8 7 2 875.1 

4 1 305.3 3 4 609.3 4 5 944.3 

1 3 305.7 5 3 654.3 6 4 995.7 

2 3 349.1 6 2 684.8 7 3 1003.5 

4 2 388.2 4 4 708.8 8 1 1014.0 

3 3 421.1 1 5 732.9 1 6 1017.6 
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Figure 3.2: Arrangement of sixteen piezoelectric actuators, as shown by the squares, driven locally by the 
output of sixteen velocity sensors, as shown by the circles, via individual control loops with a gain 
of h (dimensions are in mm). 

3.2 Design of the test rig facility 

In order to assess the performance of the control system in terms of attenuation of the sound 

power radiation, the panel has been mounted on a Perspex box, which has inside a 

loudspeaker that generates the primary disturbance. The internal dimensions of the Perspex 
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box are: = 4 1 4 x 3 1 4 x 3 6 0 m m and the natural frequencies of the acoustic 

modes up to 1.5 kHz were calculated using the formulas given in [106] and are reported in 

Table 3.2. 

Table 3.2: Calculated natural frequencies of the acoustic cavity up to 1.56 kHz 

i j k 
Frequency 

(Hz) 
i j k 

Frequency 
(Hz) 

i j k 
Frequency 

(Hz) 

1 0 0 414.25 1 0 2 1038.9 3 1 0 1357.5 

0 0 1 476.39 0 2 0 1092.4 2 2 0 1371 

0 1 0 546.18 0 1 2 1098.2 2 1 2 1375.7 

1 0 1 631.31 2 1 1 1100.8 0 0 3 1429.2 

1 1 0 685.5 1 2 0 1168.3 3 1 1 1438.6 

0 1 1 724.75 1 1 2 1173.8 0 2 2 1449.5 

2 0 0 828.5 0 2 1 1191.7 2 2 1 1451.4 

1 1 1 834.78 3 0 0 1242.8 1 0 3 1488 

0 0 2 952.78 1 2 1 1261.7 1 2 2 1507.5 

2 0 1 955.7 2 0 2 1262.6 0 1 3 1530 

2 1 0 992.33 3 0 1 1330.9 3 0 2 1566 

As shown in Figure 3.3, a pair of rigid aluminium frames has been used to clamp the 

smart panel on the top open side of the box. Both frames have a width of w=30 mm, but they 

have different thickness: 25 mm for the bottom frame and 10 mm for the top one. The 

dimensions of the plate used to build the smart panel have been chosen to match the width 

and length of the clamping frame so that Z x Z x r = 444 x 344 x 1 m m . 

Figure 3.3: Design of the rigid frames using for mounting the smart panel on the open side of the Perspex 
box. 
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3.3 Mathematical model of the sound transmission 

In this section the sound transmission through the smart panel under study is evaluated 

numerically. As previously mentioned, the system studied consists of a clamped and baffled 

aluminium panel of dimensions x Zy = 414 x 314 mm and thickness 1 mm which is 

mounted on a rectangular cavity of dimensions x x = 414 x 314 x 385 mm. The 

panel is either excited by a transverse point force acting at position (x/, yj) = (120 , 86) mm or 

by the acoustic field generated in the cavity by a monopole source which is positioned at 

position {xp , jp , Zp) - (200 , 120 ,5 ) mm. 

A fully coupled model is used to describe the effects of the acoustic cavity on the dynamics 

of the panel. In contrast, it is assumed that the acoustic pressure of the radiated sound has no 

effect on the vibration of the panel, which is a reasonable assumption in air for this thickness 

of panel. 

The steady state response of the panel and sound radiation in a frequency range 0 to 2 kHz 

has been calculated assuming the primary disturbance acting on the panel or in the cavity to 

be harmonic with time dependence of the form exp(jcot). Similarly to what has been done in 

the theoretical formulation of Section 2.1, the velocity-type and force-type parameters used in 

the model have been taken to be the real part of counter clock wise rotating complex vectors, 

so that; w(0 = Re{w((y)e^®'] or / ( ? ) = Re{/((u)e^"'] where w(ft)) and f((o) are the velocity 

and force phasors at r - 0 , 60 is the circular frequency and j = . 

As shown in Figure 3.4, the mathematical model for the simulations considers the panel 

divided into a grid of rectangular elements whose dimensions have been taken to be 

Ke = /^./(4M) and - ly , where M and N are the higher plate modal orders used in 

the modal summations. The top side of the cavity is also divided into a grid of rectangular 

elements of equal dimensions than those defined for the panel. 

The phasors of the transverse velocities and forces, Wj{(o) and at the centres of the 

panel and cavity elements have been grouped into the following vectors: 

^«l((W) /zgl(G)) 

/zg2((W) 
•, fg (ft)) = • 

/zg2((W) 
and V(,((U) s , f6(0)) = 

vi/gf (m) 

(3.1-3.4) 
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Transverse velocity 
and force at the 
centre of each panel 
ekment w.,, /_, 

Excitation and Radiating 

Transverse velocity and 
fwce at the centre of 
each sensor-actuatcf 
system: 

- Lines of control 
moments generated 

by each actuator 

Cavity elements 
y y y r y y : . ^ Transverse velocity 

and force at the 
centre of each cavity 
element 

F i g u r e 3 .4 : Velocity and force-moment notation used in the mathematical model. 

where P = ^MN is the total number of elements. Similarly the phasors of the transverse 

velocities, w^i(co), and forces, at the centres of each control systems have been 

defined as follows: 

cl6 (O)) 

f M : 

/zcieC^) 

(3.5,3.6) 

The primary excitations are given either by the amplitude of the transverse force acting on 

the panel or by the strength of the monopole acoustic source placed in the cavity which have 

been groped in the two excitation vectors below; 

(3.7,3.8) 

The excitations of the sixteen piezoelectric control actuators can be approximated by four 

line moments, all with equal magnitude, acting along the edges of the piezoelectric patches so 

that the control excitations can be grouped into a vector of moments as follows: 

f / w ) 

m,i(A)) 

/M,2((U) (3.9) 
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The vibration of the panel at the centres of the elements and at the centres of the control 

systems can be expressed in matrix form using mobility functions so that: 

V, ((u) = Y,,(w)f,((u) + Y,,((u)f,(fu) + Ŷ ^ (w)f^ (cu) + Y,, (w) , (3.10) 

V, (A)) - Y,, (m)f, (fu) + Y,, (G))f, ((u) + Y,̂  W) + Y,, (m) , (3.11) 

where the components of the velocity/force mobility matrices, Y^^(co),Y^^(Q}),Y^p(co) and 

Y^^(co), Ŷ g (ft)), Ŷ p (ft)), between the elements i and k, are given by [102]: 

, (3.12) 

and the components of the velocity/piezo-excitation matrices, Ŷ ^ (ft)) and Y ,̂ (ft)), between 

the element i and the piezo-actuator k, are given by: 

7Mt(ft)) 

k 1, (3.13) 
^(:(,. y.oj yti) - ) ' t2)^ + f - %) + i 

A,,, 

where: 

m, n are the modal indices , 

ft),,;,, is the natural frequency of the mode , 

m̂n }) is the m,n-th bending natural mode at position (%, y) , 

is the Young's modulus of elasticity , 

P j is the density of the material of the panel, 

V̂  is the Poisson ratio , 

rî  is the hysteresis loss factor , 
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^mn = P s ^ J x h / ^ is the modal normalisation parameter , 

¥mn y) - (%, , is the first derivative in % direction of (%, y), 

y) = , is the first derivative in y direction of (z,);), 

, a are the dimensions of the PZT patch , 

^k\ ' ^k2 are the x-positions of the two edges of the ^-th PZT patch, 

yki , }^2 are the ^-positions of the two edges of the A;-th PZT patch. 

The natural frequencies and natural modes of the clamped panel have been calculated, as in 

the previous section, using the formulation presented in references [102,103], 

The transverse forces, , acting at the centres of the elements of the top side of the 

rectangular box are given by: 

+ , (3.14) 

where, assuming the area of the elements to be small compared to the bending and acoustic 

wavelengths in the frequency range considered in the simulations presented in this section, the 

elements of the force/velocity impedance matrices between the elements i and k are given by: 

(0)) = , (3.1:5) 

and the elements of the force/primary excitation-strength impedance matrix between the 

element i and the monopole source are given by: 

(A)) = = I z Z ^ \ , (3.16) 

where: 

r,s,t are the modal indices , 

is the natural frequency of the r,s,t-th mode of the cavity , 

Xrs, (x, y, z) is the r,s,t-lh natural mode of the cavity at position {x, y, z) , 
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Cg is the speed of sound , 

is the density of air , 

is the damping ratio or the r,s,t-th natural mode of the cavity , 

AS .̂ is the area of the elements , 

^rst - hb ŷb hb is the modal normalisation parameter . 

The natural frequencies and natural modes of the rectangular cavity have been calculated 

using the formulation presented in reference [106]. 

The panel is equipped with sixteen control units, thus their dynamic effects should be 

taken into account even at low frequencies. According to what has been done in the 

theoretical formulation reported in Section 2.3, the stiffness and part of the mass of the 

piezoceramic actuators have been modelled as a smeared effect over the entire surface of the 

panel. Moreover, the local dynamics of a sensor-accelerometer plus part of the mass effect of 

the collocated piezo actuator have been considered with a lumped parameter model that 

accounts for the inertial mass, stiffness and damping of the accelerometer and the mass of 

accelerometer case plus part of the mass of the piezoelectric actuator arranged as shown in 

Figure 2.5 of Section 2.3. 

The phasors of the transverse velocities, (fu), and forces, f,aj(co), at the centres of 

each control systems can be related by the following impedance expression; 

where the driving point impedance of each accelerometer sensor Z (co) has been expressed 

by equation (2.44) of Section 2.3. 

Defining the vectors of the velocities v„ (co) and of the forces (oj) at the bottom of the 

accelerometer sensors as in equations (2.53a) and (2.53b), then 

f , (fu) = is, , ((%),%, (w) , C3.18) 

where the impedance matrix Z^^(ty) is the diagonal matrix of the driving point impedances 

of each accelerometer sensor (see equation (2.55)). 

45 



Smart Panel with an array of Decentralised Control Systems for Active Structural Acoustic Control E. Bianchi 

The response of the panel taking into account the coupled response with the acoustic cavity 

and with the dynamics of the sixteen control units can now be derived using the dynamic 

equilibrium and compatibility principles at the connecting points between the centres of the 

elements of the panel and those of the acoustic cavity and at the connecting points between 

the sixteen control positions in the panel and the centres of sixteen control units so that: 

Elements centres Control points 

(a) dynamic equilibrium f . = - f . f c - a (3.19) 

(b) compatibility (3.20) 

Using equations (3.10), (3.11), (3.14) and (3.18) the following two relations can be derived 

for the velocities of the panel at the element centres and at the control points: 

Vg ((U) = Vc ((U) - Qgg ((U)q p ((W) + Qgp ((U)f p (w) + Qg, ((U)f, (o)), (3.21) 

((U) = (w) Vg ((U) - ((U)q^ ((u) + ((u)f ^ ((u)f, (cu), (3.22) cp 

where 

Q„(0)) = (I + Y „ Z „ ) - " Y „ Z , 

Q , , ( f l » = ( l + Y „ Z „ ) - ' Y „ Z 69 

Q, / ( i . ) = (l + Y „ Z . J - ' Y „ Q„(<») = (l + Y „ Z , „ r ' Y , , 

Q„{a,) = (l + Y „ Z „ ) - ' Y „ Q„(ffl) = (l + Y „ , Z „ „ r ' Y „ . (3.23.a-h) 

Equations (3.21) and (3.22) can further be manipulated to get: 

vX(u) = ((U)qp (m) - ((U)f^ (fu) - T,, (m)f , (w) , 
g/7 \ ' 

(3.24) 

V, (fu) = T,,(m)q^ (CO) - T,, ((U)f, (o)) - T,,(a))f , (fu) . 
C/7 \ ' 

(3.25) 
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where 

T„ (m) = (I - Q„Q„)"' (C>,.C)„ - ) T„ (m) = (l - Q„Q„ )"' (Q„Q,„ - Q„ ) 

T,, m = (I - Q„Q„)-' (q„Q, - Q„ ) T,, m = (I - Q„Q„)-' (0„Q„ - Q„) 

T.,(ffl) = (I-Q„Q„)•' {Q„Q,,, - Q j T„m = (I-Q„Q„)-' (Q„Q„ -Q„ ) .(3.26.a-f) 

As previously discussed in Section 2.3, the accelerometer sensor operates as a single degree 

resonant system with relatively high natural frequency, in general about 30-50 kHz, and thus 

the high frequency response of the panel with the sixteen accelerometer sensors could be 

quite different to that of the panel on itself. The output signal of accelerometers is 

proportional to the differential acceleration of the accelerometer-mass and accelerometer-

case so that, for a given velocity at the mounting point of the accelerometer , the 

measured value is given by equation (2.46). 

The measured velocities by the sixteen accelerometers can be grouped in the following 

vector: 

<16 W 

(3.27) 

which can be related to the panel velocities at the control points by the following matrix 

Kladon: 

v^(m) = A((u)vX(u) , (3.28) 

where A((u) is the diagonal matrix of the accelerometer frequency response functions (see 

equation (2.62)). 
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P Point force primary 
source on the panel 

Monopole primary 
source in the cavity 

Measured velocities at 
the control positions 

A(m) 

Figure 3.5: Block diagram of the decentralised feedback control system implemented in the smart panel. 

When there is no control action, i.e. f (ct)) = 0 , then the transverse velocities at the centre 

positions of the panels can be calculated directly from equation (3.24) to be: 

v « W = T , / ( u ) q / w ) - T ^ / w ) f / ( W ) . (3.29) 

Provided the control system is stable, if, as shown in Figure 3.5, for each sensor-actuator pair 

a decentralized feedback control loop is implemented with constant feedback gain, h, such 

that: 

fX(u) = -H(m)v^((w) , (3.30) 

where 

H(£0) = h. (3.31) 

then, as can be deduced by the block diagram in Figure 3.5, the velocities at the 

accelerometer positions is found to be: 

,(A)) = [I - T,, (60) H A(m)]-^ kg((W)qp ((») - (A))f, (0))], (3.32) 
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and the transverse velocities at the centre positions of the panels are given by 

v / w ) = T ((U)q (fu) - T (G))f (w) + 

r i i r T (3 33) 
+ T,, (A)) H A(G))[I - T,, (A)) H A(co)]-' (m)q^ ((u) - (A))f^ (m) j 

The total kinetic energy of the panel or the total sound power radiated per unit primary 

excitation can be derived from the velocities of the radiating elements given in equation 

(3.29) and (3.33), as explained in Section 2.2. Therefore the total kinetic energy of the panel 

(equation (2.25)) can be approximated to the summation of the kinetic energies of each 

element into which the panel has been subdivided, as expressed in equation (2.26). 

The total sound power radiation by a baffled panel can be derived by integrating the product 

of the nearfield sound pressure on the radiating side, p„ix, y,a)), and the transverse velocity 

of the panel, w(x,y,(o) (see equations (2.27) and (2.29)). Similarly to the case of kinetic 

energy, the integral in equation (2.27) can be approximated to the radiated sound power by 

all the elements into which the panel has been subdivided so that the total sound power 

radiation can be expressed as in equations (2.29) and (2.31). 

3.4 Simulation results with primary loudspeaker 

In this section the response of the panel and its sound radiation is discussed with reference to 

a range of feedback gains in the sixteen decentralised control units. First, the analysis is 

carried out considering the system to be excited only by the monopole acoustic source placed 

within the cavity. The kinetic energy and sound power radiation, given by equations (2.26) 

and (2.31), have been calculated using equations (3.29) and (3.33) for the velocities of the 

radiating elements in the two cases of no control or active control. 

Figure 3.6 shows the total kinetic energy of the panel excited by the monopole acoustic 

source in the cavity when the sixteen decentralised control units are implemented with 

various feedback gains, h. Since the primary excitation acts on the acoustic cavity, the low 

frequency response of the panel before control is characterised by a selected number of panel 

or cavity resonant modes. For example the first three resonances are close to the natural 

frequencies of the panel relative to the modes (1,1), (1,3), and (3,1) which occur at 70, 197 

and 305 Hz and are well coupled to the low frequency volumetric response of the cavity. The 
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fourth resonance peak is due to the first two natural modes of the cavity, the (0,1,0) and the 

(0,0,1), which occurs respectively at 414 and 445 Hz. These two cavity modes are well 

coupled to the panel modes (3,3) and (1,5) whose natural frequencies are at 421 and 441 Hz. 

At higher frequencies the same type of behaviour is seen where well defined resonance peaks 

are found to correspond to either panel or cavity natural frequencies of strongly coupled 

panel-cavity modes. 

200 400 800 1000 1200 1400 1 600 1800 2000 
Frequency (Hz) 

Figure 3.6: Calculated kinetic energy of the panel when it is excited by an acoustic monopole source in the 
cavity. With no control, solid line, and with the 16 decentralised feedback control systems having 
a feedback gain of 10, dashed, 100, dotted, and 1000, dot-dashed lines 

When the feedback control system is turned on, it can be noticed that as the gains of the 

feedback loops are increased, the resonances which are controlled mainly by the panel natural 

modes become more heavily damped, as one would expect with velocity feedback control. In 

contrast, however, the resonances due to the cavity natural modes are not controlled. This 

behaviour could be explained by considering the particular case where only one control unit 

is acting on the panel. In this case, as shown in Figure 3.7, the error signal, i.e. the measured 

velocity at the control position v,„(ft)), is generated both by the primary source via the transfer 

function Tcqio)) and the secondary source via the transfer function Tcj(ft>) pre multiplied by 

the control gain h. When the response of the panel is controlled by a resonance of the panel 

then, presumably, the two transfer functions Tcq{(o) and T„(ft;) have similar amplitudes and 

relatively small control gains are required to bring down the error signal. In contrast when the 

response of the panel is controlled by a resonance of the cavity then the transfer function 

Tcq{co) has much greater amplitude than Tc^((u) and thus higher control gains would be 
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required to bring down the error signal. Also, it should be noted that the first resonance at 70 

Hz, which is controlled by the (1,1) mode of the panel, requires much higher control gains to 

achieve the same control results obtained for higher order panel modes. This is probably due 

to the coupling of the (1,1) mode of the panel with the volumetric response of the cavity that 

produces a stiffening effect. If the gains of the feedback loops are increased beyond a certain 

value the closed loop response display new peaks, such as that at about 145 Hz for example, 

which become more pronounced as the feedback gain is increased. As discussed by Elliott et 

al [3] and seen in the previous section, these extra peaks are due to the resonances of the 

controlled panel, which is effectively pinned at the sensor positions with high feedback gains. 

If feedback controllers having very high gain were used, the velocities at each sensor could 

be driven to zero and thus the response of the panel would be characterised by a new set of 

natural modes defined by the clamping conditions at the four edges and by the pinning 

conditions at the sixteen control points. It is important to underline that these new modes are 

lightly damped since the sixteen control units are not introducing any active damping effect 

at high gains but are acting to pin the panel at the control positions. 

i 

h h 

T T 
A M • 

Figure 3.7: Block diagram of one closed loop control system: direct velocity feedback. 

Figure 3.8 shows the ratio of the sound power radiated on one side of the panel to the 

strength of the primary monopole source in the cavity which is here called sound 

transmission. As discussed above, before control, the response of the panel is controlled by 

the coupling of the panel-cavity modes. However, at low frequencies, only the panel modes 

whose modal integers are odd radiate sound significantly [21]. Also anti-resonances appear, 

due to destructive interference between the sound pressures radiated by adjacent odd-odd 

modes [21]. As the feedback gains are increased, similar trends are observed in the reduction 

of the sound transmission coefficient as in the reduction of the kinetic energy of the panel, 
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except that the new resonance at about 145 Hz has the greatest prominence, since its velocity 

distribution has the largest net volume velocity and therefore sound radiation. Also, it can be 

noticed that for those peaks controlled by cavity modes, for example those with natural 

frequencies 414 and 445 Hz, there is almost no reduction of the sound radiation for any value 

of the control gain. Indeed between 400 and 1200 Hz there is no control, on the contrary the 

sound radiation is enhanced for relatively high gains. Between 1200 and 1500 Hz good 

control levels are achieved despite the relatively higher frequencies. 

0 200 400 600 800 1000 1200 1400 1 6 0 0 1600 2000 
Frequency (Hz) 

Figure 3.8: Calculated sound transmission of the panel when it is excited by an acoustic monopole source in 
the cavity. With no control, solid line, and with the 16 channel decentralised feedback control 
systems having a feedback gain of 10, dashed, 100, dotted, and 1000, dot-dashed lines 

Feedback gain 

Figure 3.9: Normalised kinetic energy level of the panel, integrated from 0 Hz to 2 kHz, plotted against the 
gain in the decentralised feedback controller, h, when the panel is excited by an acoustic 
monopole source in the cavity (solid line) or by a point force (dashed line) 
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When the kinetic energy of the panel is integrated across the bandwidth shown in Figure 3.6 

(up to 2 kHz) and this is plotted against feedback gain, a clear minimum of 7.4 dB is 

observed, for a gain of about 100, as shown in Figure 3.9 (solid line). For higher gains the 

total kinetic energy after control is actually enhanced by about 2.8 dB because of the lightly 

damped new modal response of the panel as described above. 

Feodbackgain 

Figure 3.10: Normalised sound transmission of the panel, integrated from 0 Hz to 2 kHz, plotted against the 
gain in the decentralised feedback controller, h, when the panel is excited by an acoustic 
monopole source in the cavity (solid line) or by a point force (dashed line) 

The solid line in Figure 3.10 shows the variation with feedback gain of the sound 

transmission ratio integrated across this bandwidth, which corresponds to the total radiated 

sound power if the plate is subject to broadband cavity excitation up to a frequency of 2 kHz, 

and this also has a minimum value of 3.7 dB for a feedback gain of about 100. At higher 

feedback gains the overall sound power radiated after control is some 4.8 dB higher than it 

was with no control, because of the lightly damped new modal response of the panel as 

described above. 

3.5 Simulation results with primary force 

The second analysis has been carried out considering the system to be excited only by the 

transverse point force acting on the panel. Figure 3.11 shows the total kinetic energy of the 

panel before control and when subject to control with sixteen decentralised control systems 
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with various feedback gains, h. The modal response of the panel is quite different to that 

shown in Figure 3.6 since the point force excites most, if not all, the modes of the panel. 

Also, because the cavity exerts only a passive effect on the panel, then the cavity controlled 

peaky resonances seen in the previous analysis are not so marked in this case. Indeed at low 

frequencies the first four resonances are close to the first four natural frequencies of the panel 

modes (1,1), (1,2), (2,1) and (1,3) which occur at frequencies: 70, 118, 163 and 197 Hz. Also, 

there are not the dominant resonance peaks at about 414 and 445 Hz due to the cavity natural 

modes as found when the primary excitation is given by the monopole source in the cavity. 

200 400 GOO 800 1000 1200 1400 1600 1800 2000 
Frequency (Hz) 

Figure 3.11: Calculated kinetic energy of the panel when it is excited by a point force. With no control, solid 
line, and with the 16 channel decentralised feedback control systems having a feedback gain of 
10, dashed, 100, dotted, and 1000, dot-dashed lines. 

In this case, when the control system is turned on, as the gains of the feedback loops are 

increased, most of the low frequency resonances are progressively damped so that for an 

optimal gain of 100 an overall reduction of the kinetic energy of the panel of about 8.1 dB is 

achieved as shown by the dashed line in Figure 3.9. For higher values of gains the response 

of the panel is characterised by a new set of resonance frequencies which, as seen above, are 

due to the new, lightly damped, modes of the panel generated by the control units which, for 

higher gains, are pinning the panel at the sixteen control positions. As a result, for higher 

gains the overall kinetic energy in the frequency range 0 to 2 kHz is increased by about 

1.2 dB as shown by the dashed line in Figure 3.9. It is quite interesting to note that also in 

this case larger control gains are required to achieve the same level of control for the first few 

resonances of the panel as for the resonances at higher frequencies. As discussed above this is 

due to the coupling between the low frequency natural modes and the volumetric response of 
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the cavity which contrasts the damping mechanism of the sixteen control units. 

Figure 3.12 shows the ratio of the sound power radiated on one side of the panel to the 

amplitude of the primary force acting on the panel. This spectrum is also characterised by a 

larger number of resonances when compared to that derived for the case in which the primary 

excitation is the monopole source in the cavity. Most of the resonances in the frequency 

range 0 to 2 kHz are damped when the optimal gain of about 100 is used so that an overall 

reduction of the sound radiation of about 5.5 dB is produced as shown by the dashed line in 

Figure 3.10. 

0 200 400 GOO 800 1000 1200 1400 1 600 1800 2000 
Frequency (Hz) 

Figure 3.12: Calculated sound transmission of the panel when it is excited by a point force. With no control, 
solid line, and with the 16 channel decentralised feedback control systems having a feedback gain 
of 10, dashed, 100, dotted, and 1000, dot-dashed lines. 

Considering the optimal gain, some of the low frequency modes of the panel are less damped 

because of the loading effect of the acoustic cavity. Also, as shown by the dashed line in 

Figure 3.10, when higher values of gain are implemented, because of the pinning effect of the 

sixteen control units, then the sound radiation is actually enhanced to about 3.2 dB. 

3.6 Construction of the smart panel 

The smart panel built for this study is illustrated in Figure 3.13a and b. An equally spaced 

4 x 4 array of piezo patch actuators has been bonded on the bottom side of the panel. Each 

actuator has dimensions of 25 mm x 25 mm x 0.5 mm and it is made of lead zirconate 
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titanate (PZT) piezoelectric material, whose geometric and physics characteristics are 

reported in Table 2.2. On the upper side of the panel, an identical 4 x 4 array of 

accelerometers (PCB Piezotronics, model 352C67) has been placed in such a way to match 

the centre of each actuator, obtaining a set of sixteen closely located control units. The 

sensors employed in this application are high sensitivity, miniature (2 grams), ceramic shear 

ICP accelerometers, which are particularly suitable for shock and vibration studies. Some of 

the characteristics of these accelerometers are reported in Table 2.5. 

As previously mentioned, a couple of aluminium frames has been designed to clamp the 

smart panel at the top of the rigid cavity, as illustrated in Figure 3.13b. 

Therefore, the complete testing configuration consists of the smart panel mounted on a 

rectangular cavity with rigid walls, which sound properties are discussed in the next section. 

This configuration facilitates the measure of the sound transmission/radiation through the 

plate with reference to either a primary acoustic source in the cavity (loudspeaker) or a 

primary structural source acting on the panel (shaker). 

Figure 3.13: Panel with 16 piezoceramic actuators (a) and 16 collocated accelerometers (b). Each sensor 
actuator pair is driven by a decentralized analogue feedback controller. The panel is mounted on 
a Perspex box with inside a loudspeaker, which generates the primary disturbance (b) 
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3.7 Construction and testing of the experimental rig for sound radiation 

property 

The cavity box is made with relatively thick plates of Perspex (30 mm) so that the acoustic 

field generated by the loudspeaker inside it is essentially transmitted through the smart panel. 

In order to assess the real sound radiation property of this test rig, an experimental validation 

has been performed in the anechoic chamber. The total transmitted sound power through the 

panel in presence of a primary acoustic source in the cavity has been calculated by a space 

integration of the sound intensity over a hypothetical surface that surrounds the structure. A 

rectangular array of microphone positions has been used to measure the space average of the 

mean-square sound pressure over the measurement surface, in a frequency range of 0-2 kHz. 

Subsequently, the smart panel has been removed from the testing facility; a thick wood panel 

has been sealed on the top side of the box and then covered by a heavy metal plate, as shown 

in Figure 3.14. In this way the sound transmission through the top of the box has been 

significantly reduced and it has been possible to measure the sound transmission via the 

lateral sides of the Perspex box in presence of the primary acoustic source in the cavity. 

Moreover, the frequency response functions of the velocity at different points of the lateral 

Perspex sides of the box and at the central point of the metal plate for unit excitation of the 

loudspeaker have been monitored during the sound pressure measurement. 

Figure 3.14: The test rig during the sound radiation property investigation: a wood panel has been sealed on 
the top side of the box and then covered by a heavy metal plate. In this way the sound 
transmission through the top of the box has been significantly reduced, in such a way as to 
measure the sound transmission via the lateral sides of the Perspex box. 
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The average frequency response functions of the nine microphone signals per unit excitation 

of the loudspeaker are reported in Figure 3.15 for both configurations (test rig with the smart 

panel, represented by the solid line and test rig covered by the heavy metal plate, represented 

by the dashed line), for two frequency ranges: 0-1 kHz and 0-2 kHz. It can be noted that at 

the low frequencies, up to 300 Hz, the sound transmission through the smart panel is about 

20-30 dB higher than the flanking component radiated by the Perspex walls. Then, between 

300 Hz and 1.5 kHz, some flanking components radiated by the walls affect the overall sound 

transmission of the system, particularly in correspondence of the cavity modes (390 Hz, 

490 Hz, 700 Hz and 950 Hz). Finally, above 1.5 kHz, the sound transmission through the 

smart panel is about 10 dB higher than the flanking component. 
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Figure 3.15: Investigation of the sound radiation property of the test rig (0-1 kHz, left figure and 0-2 kHz, right 
figure): frequency response function between the averaged sound pressure measured by the nine 
microphones and the excitation of the primary loudspeaker source, under normal condition (solid 
line) and averaged sound pressure due to the flanking sound radiation through the side walls of 
the Perspex box, measured with the panel blocked (dashed line). 
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Figure 3.16: Investigation of the sound radiation property of the test rig (0-1 kHz, left figure and 0-2 kHz, right 
figure): frequency response functions of the velocity of two point of the lateral walls, chosen at 
one corner respectively of the largest side (faint line) and of the smallest side (dotted line), and 
frequency response function of the velocity at the central point of the heavy metal plate (dash-
dotted line). 
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In the plots of Figure 3.16 are reported the frequency response functions, for unit excitation 

of the loudspeaker, of the velocity measured at two points on the Perspex side walls chosen at 

one comer respectively of the largest and of the smallest sides (represented with the faint and 

the dotted lines) and of the velocity at the central point of the heavy metal plate (represented 

with the dash-dotted line). From these plots, it clearly appears that the velocity of the top 

metal plate is 20-40 dB lower than the velocity of the lateral side of the box, i.e. its sound 

radiation can be considered negligible. Moreover, it can be seen a significant correspondence 

between the resonance peaks in the frequency response function of the velocity of the side 

walls and those in the frequency response function of the average sound pressure due to the 

flanking sound transmission through the lateral sides of the box. Indeed the two plots in 

Figure 3.15 indicate that the flanking sound transmission produces only small effects on the 

sound transmission via the smart panel in correspondence to the resonances of the cavity. 

These experimental tests of the sound property of the test rig have shown that this 

arrangement is characterised by a flanking sound transmission of about 20-30 dB lower than 

the main sound transmission via the smart panel. However, in correspondence to the cavity 

resonances, the flanking sound transmission could be comparable to that of the smart panel. 

The evaluation of the reduction of sound transmission through the smart panel is thus 

possible, except in correspondence of the cavity resonance frequencies that produce relatively 

high flanking sound transmission effects. 
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4. THE FREQUENCY RESPONSE BETWEEN THE ACTUATORS AND 

SENSORS 

This chapter is concerned with the theoretical and experimental study of the open loop 

sensors-actuator frequency response functions in a frequency range up to 50 kHz. In the first 

section, the measured frequency response functions of a sensor-actuator pair are analysed and 

contrasted with those provided by the mobility-impedance model presented in Section 3.3. 

The dynamic effects of the sixteen sensors and actuators due to the size and stiffness/mass of 

each piezoelectric patch as well as the effects due to the mass and mounted fundamental 

resonance of each accelerometer sensor are also investigated, as explained in the two 

successive sections. 

Finally, in the last section a further experimental analysis of the vibration level around a 

single control unit carried out using a laser vibrometer is reported. 

4.1 Measured and Simulated sensors/actuator frequency response functions 

In this section a comparison between the measured sensor-actuator frequency response 

functions and the simulated responses are presented. An Advantest spectral analyser, model 

R9211B/C, has been used to measure the frequency response functions of the sensor/actuator 

pair n. 7 in Figure 3.2. For these measurements the panel has been mounted on a rectangular 

cavity with rigid walls which is described in more details in Section 3.7. 

The measured frequency response functions have been compared with simulated ones, 

which have been derived using the mathematical model presented in Section 3.3. When the 

dynamic effects of the sixteen sensor-actuator systems are taken into account and no primary 

excitation is present in the cavity or applied to the panel, i.e. q (m) = 0 and (co) = 0, then, 

according to equations (3.28) and (3.25) the relation between the sixteen measured velocities 

at the error sensor positions, (co), and the control excitations of the sixteen piezoelectric 

patches, (co) is given by: 

v„(«') = T,,,(a.)f,(w) , (4.1) 
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where T„„(£o) = A(co)Tp ,̂((w) and the A(ft>) and matrices are given by equations 

(2.62) and (3.26) respectively in Sections 2.3 and 3.3. The transfer matrix T^ (̂ct)) accounts 

for both the passive effect of the acoustic cavity on which the panel is mounted and the 

dynamic effects of piezo and accelerometer transducers. As shown in Figure 4.4 the 

dynamics of each sensor-actuator unit has been modelled with three lumped elements: a) a 

bottom mass that includes part of the piezoelectric actuator mass and the mass of the 

accelerometer case; b) a lumped spring and damper for the piezoelectric element in the 

accelerometer and c), the inert!al mass of the accelerometer. The dynamic effects of the piezo 

actuator have been smeared over the panel surface by modifying the Young modulus and 

density parameters of the material of the panel. 

The sixteen sensor actuator frequency response functions can be extracted from equation 

(4.1) by taking the sixteen diagonal terms of the matrix T^,(co) • For example the frequency 

response function giving the measured velocity at the accelerometer sensor n. 7 due to the 

unit excitation of the collocated piezo actuator n. 7 is given by the frequency response 

function 

In practice the physical properties of the sixteen accelerometer sensors and piezo actuators 

differs from each other, in particular each accelerometer has a different resonance frequency 

which, for the sixteen transducers used in the smart panel, have been found to go from a 

minimum of 35 kHz to a maximum of about 42 kHz. This variability of the resonance 

frequency is rather important and therefore the simulations shown below have been obtained 

by using the physical parameters summarised in Table 2.5 with the inertia masses of the 

sixteen accelerometers, , spread in a range of values such that the natural frequencies of 

the sixteen accelerometers are uniformly distributed between 35 kHz and 42 kHz. Also, in 

order to account for the inertia and stiffening effects of the piezo actuators the smeared 

density - 3000Kg/m^ and smeared Young's modulus of elasticity =7.1x10^° N/m^ 

have been used in the simulations of the panel response. 

In the following three Figures, 4.1 to 4.3, the measured sensor-actuator frequency response 

functions are contrasted with those obtained from the numerical model respectively for three 

frequency ranges of 0-1 kHz, 0-10 kHz and 0-50 kHz. In these plots, together with the 

measured frequency response function (faint line) two other curves are plotted; the first is the 

simulated sensor-actuator frequency response function when the sensor-actuator mass and 

dynamics effects are not accounted for (dashed line), and the second is the simulated sensor-
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actuator frequency response function when the sensor-actuator mass and dynamics effects are 

instead taken into account (solid line). 
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Figure 4.1: Open loop frequency response function (0-1 kHz) of the sensor/actuator pair n. 1: simulated FRF 
with no sensor-actuator dynamic effects (dashed line), with sensor-actuator mass and dynamics 
effects (solid line), and measured FRF (faint line) 

Figure 4.1 shows that, for frequencies up to the sixth resonance frequency of the plate 

(283 Hz), the solid line, which represent the simulated frequency response function with the 

sensor-actuator dynamic effects, overlaps the dashed line, which represent the simulated 

frequency response function without effects. However, for frequencies above the sixth 

resonance, the sensor-actuator dynamic effect produces a small downward shifting of the 

resonance frequencies of the plate as one would expect with an increment of the mass. 

Comparing the measured frequency response function with the numerical simulation when 

the dynamic effects of the sensor-actuator transducers are taken into account, it can be seen 

that the agreement between the experimental and numerical results is relatively good up to 

200 Hz and can be considered satisfactory at higher frequencies. The measured frequency 

response function is well reproduced by the simulation except for a shift in frequency that is 

probably due to the uncertainty for some parameters used to model the dynamic effects of the 

actuator and sensor transducers. 

Figure 4.2 shows the two simulated frequency response functions compared with the 

measured frequency response function in a frequency range of 0-10 kHz. Above 4 kHz, the 

amplitude of the simulated frequency response function with sensor-actuator dynamics 

effects (solid line) has a flatter modulus than that which does not account for these effects 
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(dashed line). In terms of amplitudes, both simulated curves present small differences respect 

to the measured one (faint line) and in terms of phase values a good agreement can be seen, 

particularly between the measured and simulated frequency response functions which include 

the sensor-actuator effects. 

SIMUL. - EXP. 

MM MW 4^ ^0 mm 7^ MM XM 
Frequency (Hz) 

0 MW 4M) ^0 7^ MM IMM 
Frequency (Hz) 

Figure 4.2: Open loop frequency response function (0-10 kHz) of the sensor/actuator pair n. 7: simulated 
FRF with no sensor-actuator dynamic effects (dashed line), with sensor-actuator mass and 
dynamics effects (solid line) and measured FRF (faint line) 

SIMUL. - EXP. 
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Frequency (Hz) 
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20000 30000 
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Figure 4.3: Open loop frequency response function (0-50 kHz) of the sensor/actuator pair n. 7: simulated 
FRF with no sensor-actuator dynamic effects (dashed line), with sensor-actuator mass and 
dynamics effects (solid line) and measured FRF (faint line) 
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Figure 4.3 shows the two simulated frequency response functions compared with the 

measured frequency response function in a frequency range of 0-50 kHz. The simulated 

frequency response function that does not account for sensor-actuator dynamics effects 

(dashed line) presents an almost flat amplitude trend in the whole frequency range. In 

contrast, the frequency response function which takes into account both the piezo actuator 

mass effect and the accelerometer dynamics (solid line) has a relatively wide frequency band 

trough between 30 kHz and 40 kHz and a broad peak between 43 kHz and 46 kHz, which 

better agrees with the measured response. 

4.2 Sensor-actuator dynamic effects 

As shown in Figure 4.4, the accelerometer can be considered as a single degree of 

freedom neutralizer that reduces the vibration level at the measurement point in 

correspondence to its natural frequency. In fact each input impedance frequency function of 

the accelerometers has a peak in correspondence to the resonance frequency of the 

accelerometers and then a trough at higher frequencies. Figure 4.5 shows the simulated input 

impedances of the sixteen accelerometers with the physical parameters given in Table 2.5 

with variable inertia mass so that their resonance frequencies are uniformly spread between 

35 kHz and 42 kHz. From this plot it is evident that there is a relatively high impedance 

effect at the frequency band of the resonances that tends to reduce the vibration of the panel 

as found in Figure 4.3. 

lumped damper for the piezoelectric Cg 
element in the accelerometer 

m„+m 

}n„ inertial mass of the accelerometer 

ka lumped spring for the piezoelectric 
element in the accelerometer 

bottom mass that includes part of 
the piezoelectric actuator mass 
and the mass of the accelerometer 

Figure 4.4: Schematic representation of one sensor—actuator system. 
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Figure 4.5: Input impedance frequency functions of the sixteen accelerometer sensors used in the numerical 
model for the response of the smart panel. 

The sensitivity functions that give the ratio between the measured velocity signals by the 

accelerometers and the true velocities underneath the accelerometers are characterised by a 

peak in correspondence to the resonance frequencies of the accelerometers. However, for 

each accelerometer, this effect is limited to a relatively narrow frequency band as shown in 

Figure 4.6 below for the accelerometer n. 7. Therefore, the measured sensor-actuator 

frequency response function remains characterized by the trough at 30 kHz to 40 kHz and the 

crest between 43 kHz and 46 kHz generated by the sixteen accelerometers that works as 

neutralizers. 

0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 
Frequency (Hz) 

5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 
Frequency (Hz) 

Figure 4.6; Sensitivity function of one accelerometer used in the numerical model for the response of the 
smart panel. 
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The analysis of the measured and simulated sensor-actuator frequency response functions 

shows that the frequency responses are affected by an evident phase shift above 10 kHz as 

shown for example in Figure 4.3. This phase lag is due to the fact that the accelerometer and 

the piezoelectric patch are not a truly collocated and dual sensor-actuator pair. The actuation 

mechanism of the piezoceramic actuator can be modelled as four lines of moments acting 

along the edges of the piezoelectric patch [36]. The sensor is instead measuring the transverse 

velocity at the centre position of the actuator patch. There are thus two types of problems: the 

actuation and sensing are not collocated and also the moment actuation is not compatible to 

the linear transverse velocity sensing. Both effects contribute to determine a non-positive 

definite real part frequency response function at higher frequencies [53, 72-74]. 

4.3 Effect due to plezo actuators dimensions 

Intuitively, the non-collocated positioning effect found above 10 kHz for the 

accelerometer sensor piezo actuator frequency response function depends on the size of the 

actuator patch with reference to the bending wavelength vibration of the plate. The collocated 

positioning effect can therefore be extended to a wider frequency range by using a smaller 

piezoceramic patch actuator. Figure 4.7 shows the predicted sensor-actuator frequency 

response functions with two different piezoelectric patch actuators, of dimensions 25x25 mm 

(faint line) and 12x12 mm (solid line). The bottom plot confirms that with a smaller patch the 

phase roll off is much lower than with the larger patch. Indeed by halving the size of the 

actuator the frequency response function is then found to be positive definite up to about 

35 kHz. The draw back is that by reducing the size of the piezoceramic patch the control 

authority is also decreased. Therefore a compromise has to be found between the possibility 

of extending the minimum phase property of the sensor actuator frequency response function 

to higher frequencies and the required control authority to produce the desired control effect. 
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Figure 4.7: Open loop frequency response function (0-50 kHz) of the sensor/actuator pair n. 7: simulated 
FRF with standard size piezoelectric patch (faint line) and with smaller size patch (solid line) 

4.4 Investigation of the sensor-actuator dynamic with the laser vibrometer 

In order to investigate the behaviour of the piezoelectric actuator at the high frequencies, a 

further analysis of the vibration level around a sensor-actuator pair has been carried out using 

Laser Doppler Vibrometer (LDV)'. The system has been excited with a random signal up to 

50 kHz directly applied to the piezo actuator n. 7. A grid of 480 points to be scanned has 

been defined on a square surface of double side of the piezo patch (see Figure 4.8), centred 

respect to the sensor n. 7 and a set of frequency response functions between the velocity at 

each grid point and the primary disturbance has been measured by means of the laser 

vibrometer. This set of data has been processed by the laser software system in order to 

obtain two dimensional (2D) colour coded images of the velocity distribution around the 

sensor-actuator pair at different frequencies, as shown in the plots below. 

' A briefly description of the laser vibrometer functioning is reported in Appendix C, while a further application 

of this device is reported in Chapter 8 with reference to the experimental assessment of the decentralised control 

system. 

67 



Smart Panel with an array of Decentralised Control Systems for Active Structural Acoustic Control E. BlanchI 

i f « i • i4«. II &-ip' 

I ' i ' : ' ! . 

# * # # # * # # # * 

I I I I 
»* #"*-* # I 

* * - * - * * 

f »-« •#-# #-* 9 f- «-
. , # . * ' |L : ( ' I 

T T » \ I I I I T , ' 
i t j i t i t i s . » • j t f 

f i *-# 
% * # # * i - i I 

„ 1 1 ' #'# A-#- # 11 i ' 111 ' I i *- * 

#$ * * # A f '» # * # 
#*-*-*. * * * * # * • • • • • « • II 

l i t ' : 1T f # 

* * # * •-»-1 ' ' ' j 

Figure 4.8; Grid of desired measurement points (480) on the surface of the plate around the sensor actuator 
pair n. 7 to be scanned with the vibrometer when the system is excited by a structural primary 
source on the panel (piezo actuator) 

Figure 4.9 show the distribution of the vibration velocity of the scanned area around the 

sensor-actuator pair n.7 at 343 Hz (left side picture) and 2.116 kHz (right side picture). It can 

clearly be seen that at these relatively low frequencies the vibration level is uniformly 

distributed on the scanned area since the wavelength of the bending wave is bigger than the 

actual size of the piezo patches. In fact, as shown in Figure 4.10, the wavelength of the 

bending wave is inversely proportional to the square of the frequency and, for this specific 

case, the wavelength becomes smaller than the piezo patch dimension above 15 kHz. For 

frequencies higher than this critical value, the distribution of velocity becomes less uniform, 

as shown if Figure 4.11 for the frequencies of 16 kHz (left side picture) and 44 kHz (right 

side picture). At such higher frequencies the bending wavelength are shorter then the piezo 

dimensions. Also, the various components of the sensor-actuator transducers behave less and 

less as "lumped parameter" elements and therefore directly affect the overall vibration of the 

panel in the vicinity of the control unit. As explained in the previous section, at these 

frequencies the sensor-actuator pair cannot be considered truly collocated with the 

consequence of a non-positive definite real part frequency response function. 
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Figure 4.9: Vibration velocity of the plate in correspondence of a sensor actuator pair, assessed with the 
laser vibrometer and using the piezo actuator as primary excitation: 343 Hz (left picture) and 
2.116 kHz (right picture). 
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Frequency (Hz) 

Figure 4.10: Wavelength of the bending wave of the panel (solid line) as function offrequency. The dashed line 
represents the actual size of the piezo patch (25x25 mm) 
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Figure 4.11: Vibration velocity of the plate in correspondence of a sensor actuator pair, assessed with the 
laser vibrometer and using the piezo actuator as primary excitation: 16.09 kHz (left picture) and 
44.13 kHz (rightpicture). 
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5. IMPLEMENTATION OF VELOCITY FEEDBACK USING A SINGLE 

SENSOR/ACTUATOR PAIR 

In this chapter the design of a single channel velocity feedback controller is described and its 

experimental implementation is discussed. This investigation has been carried out for the 

control unit (accelerometer-feedback controller-piezo actuator) n.7 in Figure 3.2, considering 

the smart panel mounted on the rectangular cavity and excited by the acoustic primary source 

(loudspeaker) or by the structural primary source (shaker). 

The main features of the velocity feedback are described in the next section, while, in the 

following one, the stability analysis of the system is investigated. Subsequently, the design of 

a phase lag compensator for the implementation of the velocity feedback is discussed 

considering its effects on the closed loop frequency response function of the system. Finally, 

the on-Hne implementation of the single channel velocity feedback is described in the last 

two sections, with reference to the two types of primary excitations (loudspeaker and shaker); 

the results in terms of attenuation of the vibration level and of reduction of the sound 

transmission are reported. 

5.1 Design of a single feedback control system 

The design of the single channel velocity feedback control systems has been tested on the 

sensor-actuator pair n. 7 when the panel is mounted on the rectangular cavity which is 

described in more details in Section 3. Figure 5.1 shows the block diagram of the 

single-input single-output feedback control system that has been implemented. The total 

output velocity measured by the accelerometer sensor, yO'o)), is given by the vibration 

generated by the primary disturbance, d(/ct)), which can be either an acoustic source in the 

cavity underneath the panel (loudspeaker) or a primary force acting on the panel (shaker), 

and by the vibration generated by the control actuator which is set to be proportional, but 

with opposite phase, to the velocity measured by the accelerometer sensor itself. Therefore, 

for this feedback control scheme, the ratio between the error signal, y(Jco), and that of the 

primary disturbance, d{j(o), is given by [51]: 

70 



Smart Panel with an array of Decentralised Control Systems for Active Structural Acoustic Control E. Blanchl 

(5.1) 

where G(j(o) is the frequency response function between the sensor and actuator pair, D(j(o) 

is the frequency response function between the sensor and the excitation source (loudspeaker 

or shaker) and H{j(D) is the control function. 

i 
^(/6)) 

D(/(W) 

G(/m) G(/m) 

Figure 5.1: Block diagram of the closed loop control system: direct velocity feedback. 

5.2 Stability analysis 

As shown in Figure 5.1, in order to implement direct velocity feedback control, the control 

function is set to be a constant gain H(jco) = h so that, provided the sensor actuator 

frequency response function is positive real, by increasing the gain h the ratio y{jQ))/d(jo}) 

is always brought down. In order to guarantee an unconditionally stable control operability 

that gives reductions of vibration at all frequencies, the Nyquist plot of the open loop 

frequency response function G{j(o)H{jo)) should stay in the right-hand half of the complex 

plane for any frequency [51]. The analysis presented in the previous section has shown that 

the frequency response function of the sensor-actuator is not minimum phase. Indeed above 

about 10 kHz the phase exceed -90° and constantly rises up to -360° in correspondence to 

48 kHz. Also, the amplitude gradually rises up to 2 kHz and then remains constant around the 

maximum amplitude values at higher frequencies. There is also a trough between 30 kHz and 

40 kHz, which is followed by a crest with relatively high amplitudes between 43 kHz and 

46 kHz. Therefore it is likely that at higher frequencies the sensor-actuator frequency 

response function enters the left hand side of the Nyquist plot and, for relatively low values 
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of gains, goes into the circle of radius 1 and centre (0 ,-1) or even encircles the Nyquist point 

(0 ,-1) since the amplitude of the sensor-actuator response was found to be relatively large 

even at high frequencies. Thus, it is possible that even for small values of gain the control 

system is affected by control spillover at the higher frequencies or even goes unstable [51]. 

& 
0 

without compensator 

10 

1 1 
0 

R«U Axis 

Figure 5.2: Nyquist plot (0-50 kHz) of the measured frequency response function of the sensor-actuator pair 
n. 7 without compensator (gain of 30, PI=12.5 kHz): 1=5 kHz, 2=10 kHz, 3=15 kHz, 4=20 kHz, 

The Nyquist plot of the open frequency response function G{j(o)H{j(D) is shown in 

Figure 5.2 for a constant control gain /z = 30, in a frequency range 5-50 kHz. This plot is 

focussed of higher frequency response in order to assess the stability of the controller. The 

low frequency part of the transfer function has been omitted to avoid overcomplicating the 

graph. Considering this plot it can be noticed that the trough of the amplitude of the sensor-

actuator frequency response function between 30 kHz and 40 kHz, which is due the 

neutralizing effects of the sixteen accelerometers, occupies exactly the negative, left hand 

side, of the Nyquist plot. Therefore, as expected the Nyquist plot is characterised by a left 

hand side part which however is quite squeezed towards the imaginary axis. This is a very 

important result, since, even if the sensor-actuator frequency response function is not 

minimum phase, still relatively large control gains could be implemented without entering in 

instability and without having too large control spillover phenomena at relatively higher 

frequencies. Also, the resonance effect due to the accelerometer sensor at around 44 kHz is, 

in this case, not compromising the stability of the control system since the sensor-actuator 

frequency response function between 40 kHz and about 50 kHz is positive definite. It must be 

72 



Smart Panel with an array of Decentralised Control Systems for Active Structural Acoustic Control E. Bianchi 

said that this type of sensor-actuator response function was not designed in advance and has 

come out from a happy choice of the accelerometer and the mass of the piezoceramic patch. 

Since it is very difficult to construct a collocated and dual sensor-actuator pair at all 

frequencies, it is then very important to design the two transducers in such a way as the 

Nyquist plot of the sensor-actuator response function has very little negative real part. 

5.3 Design of phase lag compensator 

As discussed above, the test panel studied for one control unit is prone to generate 

instabilities in a frequency range between 12.5 kHz and 40 kHz. Therefore, in order to give 

the possibility of implementing the high gains required to obtain the wanted reductions of the 

vibration and sound radiation of the panel, a phase-lag compensator with frequency response 

function CQco) has been designed and implemented in the controller that is shown in 

Figure 5.3. 

Figure 5.3: Block diagram of the closed loop control system: velocity feedback with compensator. 

The first order compensator represented in Figure 5.4 is commonly used to improve the 

performance of the analogue feedback systems and increase their relative stability. The 

optimal values for the resistors and capacitor of the compensator circuit have been derived 

iteratively by simulating the open loop frequency response function T(jco) - H (jQ))Gija>), 

where 

H(jco) - hC(jco) (5.2) 

and C(jco) is the phase-lag compensator frequency response function which, according to 

the notation given in Figure 5.4, is given by: 
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C(jco) = 
V . ( # ) 1+ 

% 1 + 7 ( y ( R , + R 2 ) C 
Cx3) 

The iterative procedure has brought to the design of a phase-lag compensator with the 

following electric characteristics; R]=18 kQ, ^2=1 k£2 and C=15 nF. Therefore the resulting 

pole frequency of the compensator is co-1/{r^ + R2)c = 3703.7 rad/s, and the zero 

frequency is (U = I/R2C = 66666.67 rad / a'. 

r A A A r -
Ri 

Vi 

Ry 

C 

1 + j(0 RjC 

Vn 

Viijco) 1 + jco{R]^ + R2)C 

/(i =18 k n 

7̂ 2 = 1 kO 

C = 15 nF 

Figure 5.4: Phase lag compensator built in the feedback controller 

The frequency response function of the compensator is shown in the Figure 5.5. It can be 

seen that, at low frequencies, the gain of this circuit is unity and the phase shift is small, 

while at high frequencies the phase shift is again small but the gain is now ^2/(^1 + ^ 2 ) ' 

therefore, the loop gain can be considerable attenuated at frequencies for example around the 

Nyquist point, with little phase shift. In the frequency region from the pole to the zero 

frequencies, the phase lag is negative (up to -65° at 3 kHz), but it occurs quite far from the 

Nyquist point without affecting the stability of the feedback system [107]. 

0 3000 10000 5000 20000 23000 30000 33000 40000 43000 50000 
Ff#quency M 
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Frequency (Hz) 

Figure 5.5: Transfer function of the compensator in the range 0-1 kHz (a) and 0-50 kHz (b) 
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Figure 5.6 shows the Nyquist plot of the open loop frequency response function T{j(0) with 

the phase lag compensator and a control gain h = 450, in a frequency range 5-50 kHz. The 

response below 5 kHz has again been omitted from this figure to avoid overcomplicating the 

graph, but this has a considerably larger amplitude with the compensator that has the case in 

Figure 5.2. Figure 5.6 shows how the compensator has rotated the Nyquist plot in clock wise 

direction such that the real part of the transfer function T(jco) enters the negative side of the 

plot at 9.5 kHz to leave it at about 40 kHz. However, comparing this plot with that relative to 

the implementation of direct velocity feedback in Figure 5.2, it can be noticed that the same 

stability margin is achieved with the compensator than in the case of direct velocity feedback 

but with a fifteen times higher control gain. 
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Figure 5.6: Nyquist plot (0-50 kHz) of the measured frequency response function of the sensor-actuator pair 
n. 7 with compensator (gain of 450, P2=9.25 kHz): 1=5 kHz, 2=10 kHz, 3=15 kHz, 4=20 kHz, 

6=30 mz, 72=^0*% 

5.4 On-line Implementation with an acoustic primary source in the cavity 

The practical implementation of the feedback control number 7 in Figure 3.2 is now 

discussed. This experimental work has been carried out with the panel mounted on the 

rectangular cavity with rigid walls. The control effectiveness of the system has been first 

assessed with reference to the acoustic source in the cavity (loudspeaker). 

The two plots in Figure 5.7 and 5.8 show the measured velocity at error sensor n. 7 per 

unit excitation of the loudspeaker in the cavity between 0-1 and 0-2 kHz without control 
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(solid line) and when the feedback control system with compensator n. 7 is implemented 

using a relatively high gain that nevertheless guarantees stability (faint line). These two plots 

indicate that relatively good reductions of the vibration level are achieved up to 2 kHz. 
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Figure 5.7: Measured velocity at error sensor n. 7 per unit excitation of the loudspeaker in the cavity between 
0-1 kHz without control (solid line) and when the feedback control system with compensator n. 7 
is implemented (faint line). 
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Figure 5.8: Measured velocity at error sensor n. 7 per unit excitation of the loudspeaker in the cavity between 
0-2 kHz without control (solid line) and when the feedback control system with compensator n. 7 
is implemented (faint line). 
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Considering in more details Figure 5.7 it can be noticed that the control system find 

rather difficult to damp down the resonance frequencies at 70, 178, 391, 519, 675, 814, 843 

and 871 Hz. This is due to two possible factors: the low control authority of the sensor-

actuator n. 7 for some of the resonant modes and the loading effect on the plate generated by 

the low frequency volumetric acoustic response of the cavity. However, except for these 

modes, reductions from 5 up to 15 dB are measured up to 1 kHz. Also, considering 

Figure 5.8, at higher frequencies still reductions of about 6 dB are measured within narrow 

frequency bands. 

In Figure 5.9 the frequency response function of the velocity at the error sensor n. 7 per 

unit excitation of the loudspeaker in the cavity between 0-5 kHz is reported. It can be seen 

that the single channel velocity feedback is not able to contrast the vibration of the plate 

above 2 kHz, but also that it is not affected by any control spillover effects. 

EXPERIMENTAL 
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1500 2000 3000 3500 4000 4500 
Frequency (Hz) 

Figure 5.9: Measured velocity at error sensor n. 7 per unit excitation of the loudspeaker in the cavity between 
0-5 kHz without control (solid line) and when the feedback control system with compensator n. 7 
is implemented (faint line). 

An estimate of the panel sound transmission is shown in Figure 5.10, 5.11 and 5.12 with 

reference to a frequency band 0-1, 0-2 and 0-5 kHz. The solid line represents the measured 

sound pressure at about 0.5 m above the panel in correspondence to the centre of the panel 

itself without control while the faint line represents the measured sound pressure when all 

sixteen control units are working with the same feedback control gain used in the previous 

measurements. 
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Figure 5.10: Measured signal of the microphone per unit excitation of the loudspeaker in the cavity between 
0-1 kHz without control (solid line) and when the feedback control system with compensator n. 7 
is implemented (faint line). 

From the analysis of these plots, it can clearly be seen that the single channel feedback loop 

is effective only on the first resonance, with an attenuation of about 7 dB. As previously 

mentioned, the use of the only sensor-actuator pair number 7 is not sufficient to contrast the 

loading effect on the plate generated by the low frequency volumetric acoustic response of 

the cavity and therefore the performance of the single channel control system in terms of 

attenuation of the sound transmission are relatively modest. 
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Figure 5.11: Measured signal of the microphone per unit excitation of the loudspeaker in the cavity between 
0-2 kHz without control (solid line) and when the feedback control system with compensator n. 7 
is implemented (faint line). 
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Figure 5.12: Measured signal of the microphone per unit excitation of the loudspeaker in the cavity between 
0-5 kHz without control (solid line) and when the feedback control system with compensator n. 7 
is implemented (faint line). 

5.5 On-line implementation with a structural primary source on the panel 

The control effectiveness of the single channel control system has been also assessed with 

reference to the structural source on the panel (shaker). The two plots in Figure 5.13 and 5.14 

show the measured velocity at error sensor n. 7 per unit excitation of the shaker on the panel 

between 0-1 and 0-2 kHz without control (solid line) and when the feedback control system 

with compensator n. 7 is implemented using a relatively high gain (faint line). These two 

plots indicate similar results to those found for the loudspeaker primary excitation with 

relatively large reductions of the vibration level up to 2 kHz. Figure 5.13 shows that also in 

this case the control system find rather difficult to damp down some low frequency 

resonances particularly those at 70, 102, 183, 508, 643, 712 and 744 Hz mainly because of 

the low spatial control authority given by the single acting control unit. Except for these 

modes, reductions from 5 up to 15 dB are measured up to 1 kHz and relatively better 

reductions of about 5 dB than those found in the previous case are measured at higher 

frequencies. 
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Figure 5.13: Measured velocity at error sensor n. 7 per unit excitation of the shaker on the panel between 
0-1 kHz without control (solid line) and when the feedback control system with compensator n. 7 
is implemented (faint line). 

In Figure 5.15 the frequency response function of the velocity at the error sensor n. 7 per unit 

excitation of the shaker between 0-5 kHz is also reported. In this case it can be seen that the 

single channel velocity feedback at the high frequency it is not affected by any control 

spillover effects, and also it provides an attenuation of 2-3 dB up to 3.5 kHz. 
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Figure 5.14: Measured velocity at error sensor n. 7 per unit excitation of the shaker on the panel between 
0-2 kHz without control (solid line) and when the feedback control system with compensator n. 7 
is implemented (faint line). 
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Figure 5.15: Measured velocity at error sensor n. 7 per unit excitation of the shaker on the panel between 
0-5 kHz without control (solid line) and when the feedback control system with compensator n. 7 
is implemented (faint line). 

Similarly to the case with acoustic primary disturbance, an estimate of the panel sound 

radiation from the panel has been reported in Figures 5.16, 5.17 and 5.18 with reference to a 

frequency band 0-1, 0-2 and 0-5 kHz. Again, the control effectiveness in terms of reduction 

of the sound radiation is moderately low if it is compared with the correspondent attenuation 

of the vibration level. Nevertheless, it can be seen that, with respect to the case of acoustic 

primary excitation, the single feedback is able to attenuate not only the first resonance (6 dB), 

but also the second one (3 dB), the resonance at about 650 Hz (4 dB) and a little narrow band 

frequency around 950 Hz (7 dB). 
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Figure 5.16: Measured signal of the microphone per unit excitation of the shaker on the panel between 
0-1 kHz without control (solid line) and when the feedback control system with compensator n. 7 
is implemented (faint line). 
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Figure 5.17: Measured signal of the microphone per unit excitation of the shaker on the panel between 
0-2 kHz without control (solid line) and when the feedback control system with compensator n. 7 
is implemented (faint line). 
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Figure 5.18: Measured signal of the microphone per unit excitation of the shaker on the panel between 
0-5 kHz without control (solid line) and when the feedback control system with compensator n. 7 
is implemented (faint line). 
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IMPLEMENTATION OF THE DECENTRALISED CONTROL SYSTEM 

This chapter is concerned with the design of the multi-channel controller for the 

implementation of the decentralised velocity feedback control system. The development of 

the multi-channel analogue controller is based on the work done to implement the single 

channel control system. Therefore this chapter can be considered as the complement of the 

previous one and it is structured according to the same scheme. In the first section, the main 

features of the sixteen channels controller and its design are discussed and, in the following 

two, the frequency response functions between each sensor and actuator are analysed with 

reference to the stability of the multi-channel control system. Finally, the on-line 

implementation of the control system is described and a set of results obtained in a 

preliminary testing of its performances is reported. 

6.1 Design of the controller 

The analogue control systems built for each decentralized control unit consists of four main 

elements: an integrator circuit to transform the output of the accelerometer sensor to velocity, 

a phase lag compensator circuit, a low-power unit with adjustable gain and a power amplifier, 

as shown in Figure 6.1. 

i 

G(i(U) 

H i ^ ^ w e r L o w ^ w e r 

Phase lag 
Compensator J 

Figure 6.1: Block diagram of the closed loop control system: velocity feedback with compensator and power 
units. 
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The phase lag compensator implemented in each control unit is the same as that described in 

Section 5.3. The high power units are sixteen ILP HY2001 power amplifier, which provide a 

maximum voltage signal of 30 Volts peak to peak for an output power of 40 Watts RMS into 

an 8 £2 loud. Figure 6.2 shows the complete circuit diagram used for each channel of the 

analogue control system. Besides the four main components previously mentioned, further 

electric devices are also present in each board, such as the switching circuit driven by a 

manual switch to select the output (inverted, non-inverted, no output) and the operational 

amplifier driven by another switch to enable/disable all the control signals at the same time. 

I C r -
# I 2 / 

1—' 

. r ^ 

Figure 6.2: Circuit diagram of each of the 16 channels decentralised feedback control system 

All the sixteen channels have been assembled in the single enclosure shown in Figure 6.3 

below. The complete test system is shown in Figure 6.4, where in the centre can be noticed 

the Perspex box with the loudspeaker primary source inside and on top the smart panel with 

the sixteen piezo actuators and accelerometer sensors. On the left side is visible the sixteen 

channel PCB signal conditioner while on the right hand side the analogue sixteen channels 

decentralised feedback control units system is shown. 

Sixteen independent velocity feedback loops are implemented between each collocated 

sensor and actuator: the signal measured from each accelerometer passes through the PCB 
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signal conditioner that has been set to pre-amplify the signal by a gain of five, and then is 

applied to the control board which drives the piezo actuator. 

Figure 6.3: The sixteen channels decentralised feedback control system 

% 

Figure 6.4: The complete experimental setup with the Perspex box with on top the smart panel and the control 
equipment: signal conditioner (left), controller (right). 
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6.2 Measure of the frequency response functions between the sixteen 

sensors and the sixteen actuators 

In this section the multi-channel decentralised control system with equal numbers of 

collocated actuators and sensors is analysed. In this specific case, the plant response, G(jo}), 

is the fully populated matrix of input and transfer responses between the actuators and 

sensors on the panel and the controller response Hfjcoj is a diagonal matrix that contains the 

frequency responses of the decentralised controller (fixed control gain multiplied by the 

phase lag compensator). The same control gain, h, used in the experiments presented in 

Chapter 5 and the phase lag compensator previously designed (see equation 5.3) has been 

implemented in the sixteen feedback controllers. 

Provided the control system is stable, the vector of spectra for the residual signals at the 

sensor outputs, yfjcoJ, is related to that of the sensor outputs before control, D(/G)jd(/£Oj, by 

the expression; 

y(;m) = [l + . (&1) 

where T)(j(o) is the vector of frequency response functions between the sensors and the 

excitation source d(/cyj (loudspeaker or shaker). 

JKjCO) 

Figure 6.5: Block diagram of the multichannel decentralised velocity feedback control system 

If collocated and compatible transducer are used, then the real part of G(jco) must be positive 

definite, since the total power supplied to the uncontrolled system by all the actuator must be 

positive [3]. Moreover, if the controller is designed so that it has a positive real part at all 
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frequencies (e.g. in the case of constant gain for which H(j(o)=hI with h>0), both the plant 

and the controller are passive and the feedback controller illustrated above must be 

unconditionally stable. Thus if multiple local feedback loops are implemented with fixed 

gains then the system is stable provided each of the individual feedback gains is positive. 

Under this condition the feedback gains can, in principle, be increased without limit and the 

signals from the control sensors can be driven to zero [3]. However, this property cannot be 

guaranteed with piezoelectric actuators and velocity sensors since, as emphasised in 

Section 4.2, the actuation and sensing are not truly collocated and the moment actuation is 

not compatible to the linear transverse velocity sensing. Both effects contribute to determine 

a non-positive definite real part frequency response function at higher frequencies. 

Thus it is necessary to determine the stability of the system according to general criteria for 

multivariable feedback controller, for example the Generalised Nyquist criterion, which 

states that the system is stable provided the locus of none of the eigenvalues of G(j(o)}i(jco) 

encloses the Nyquist point (-1,0) as co varies from -oo to +oo [108,109]. 

In order to examine the eigenvalues loci of G(jco)Ji(jco), a set of experimental measures of 

the open loop frequency response functions of the system has been carried out^: a random 

input signal in a frequency range of 0-50 kHz has been used to drive each piezo patch and the 

frequency response functions of the controller outputs have been obtained with references to 

the gains adopted for the implementation of the decentralised control system. 

Figures 6.6a and 6.6b show respectively the amplitude and the phase of the set of frequency 

response functions measured by exciting the actuator number 7 and measuring the signal at 

each of the sixteen sensors. For each function, denoted GH in the y label, the two numbers 

between brackets indicates respectively the reference number of the input used (piezo patch) 

and the reference number of the output (controller output), with respect to the numbering 

used in Figure 3.2. Inspection of the measured frequency response functions of Figure 6.6a 

and of those obtained driving the others piezo actuators (see Appendix B) reveals that the 

' In order to measure the G(jco)H(jco) matrix it would have been necessary to measure the frequency response 

functions between an input signal to each controller and the velocity output at each sensors. This measurement 

configuration however can not be easily done in this specific test rig because the integrator (that can be 

considered part of the sensing) is included in the electric scheme of the controller and can not be separated or 

disconnected. Therefore, in the practical testing, the frequency response functions between an input signal to 

each actuator and the output of each controller have been measured, obtaining the matrix ii(jco)G(jco) instead of 

the desired G(jco)li(jco). However, with respect to the stability analysis, the two matrixes H(jo))G(j(o) and 

G(jco)}l(jco) have the same eigenvalues. 
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diagonal terms of the matrix G(jco)Il(jco), i.e. the elements that represent the response of each 

collocated control unit, tend to be larger than the off-diagonal elements. Assuming that all the 

controllers have the same response^, it can be deduced that the matrix G(j(o) is close to being 

(ELY HS tap) (ft 'Z)HO (ap) (91-7) HO (ap) (SlV) HQ 

(ap) (Zl'Z) HG (ap) ( u ' z ) h d (ap) (Oi'/)HO (gp) (6'Z)H0 

ap 8'Z HO (ap) (s'z)HO (ap) (zV) HO lap) (97) HO 

(ap) (f'z)HO (ap) (SV)HO (ap) (S'Z)HO (ap) (LV)HO 

Figure 6.6a: Amplitude of the sixteen measured frequency response functions between the sixteen control 
outputs and the piezo actuator n. 7, exciting the plate in a frequency range of 50 kHz 

^ In the real implementation this supposition can not be considered to be strictly true, however, since the same 

design and implementation has been used for each controller, it can be assumed valid at least for some 

qualitative comments of the results. 
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diagonal. This characteristic is important for the implementation of a decentralised control 

system, because it suggests that the plant to be controlled can be consider as a collection of 

independent sub-plants and each control term may be designed independently [108]. A more 

formal analysis of stability, using the eigenvalues of G(jco)tl(ja)), is considered below. 

(seejOea) ( 9 i Y ) H 9 s (seeuDea) (gi'jHO (seoiOGa) (SGGjOea) 

[S88jB@a) (seejGea) (OlY)HO (seaiBao) (6'A)H9 

(BaejBea) (8Y)H0 (868jOea) (ZY)HQ (eeejoea) (S'̂ HO (seajDea) (9'JHD 

(seaiOeo) (yz)HO (seaiOea) (seejBea) (z'z)HO (seejOea) 

Figure 6.6b: Phase of the sixteen measured frequency response functions between the sixteen control outputs 
and the piezo actuator n. 7, exciting the plate in a frequency range of 50 kHz 
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6.3 Stability analysis 

The eigenvalues of the measured matrix G(jco)ll(jco) have been calculated and are shown as 

series of plots of amplitude versus frequency in Figure 6.7. 

In order to determine the stability of the multi-channel feedback system, according to the 

generalised Nyquist criterion, a polar representation of the eigenvalues has been used, as 

shown in Figure 6.8, in a frequency range 5-50 kHz. The low frequency part of the plots has 

been omitted to avoid overcomplicating the graph. It can be noted that none of the 

O 
m (U 

o 
lO 

(gp) 9pnwidLuv (gp) apmiidiuv (gp) spniiidujv (gp) spnijidiuv 

c\j c\j 

(gp) epmiidmv gp) epnuidiuv (gp) apn̂ jidiuv (gp) apnwidiuv 

o 
lO (D 

(gp) epnuidiuv (gp) epnwidLuv (gp) eprmidLUV (gp) epn)!|dLuv 

8 5 
M 3 

(gp) epnjiidujv (gp) spnjiidLUV (gp) spni!|dujv (gp) spmndLuv 

Figure 6.7: Modulus of eigenvalues of the matrix G(jco)Il{jco) as functions of frequency (0-50 kHz) 
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eigenvalues loci of G(j(jo)11(jQ)) encircle the (-1,0) point, and thus the closed-loop system is 

stable for the set of gain implemented in the decentralised feedback. However, all the 

eigenvalues cross the negative real axis and therefore the system is not unconditionally 

stable, as one would expect. From the diagrams it is also possible to evaluate the gain margin 

(GM) of the system, which in this specific case is GM=5. However, it must be underlined 

that this gain margin can only indicate stability with respect to a simultaneous parameter 

change in all the control loops [108]. 

spcv AjBUlGBlUI 
o o 
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Figure 6.8; Loci of the eigenvalues of the measured sensor—controller—actuator transfer matrix 
G(ym)H(ym). 
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6.4 On-line implementation with an acoustic primary source in the cavity 

This section presents the results of the active control when the system is excited by the 

primary loudspeaker placed in the cavity. The vibration of the panel at the error sensor n. 7 is 

shown in Figures 6.9, 6.10 and 6.11 with reference to a frequency band 0 - 1 , 0 - 2 and 

0 - 5 kHz. The solid line shows the measured response of the plate without control while the 

faint line represents the response when all sixteen control units are working with a fixed 

feedback control gain chosen to guarantee stability and low spillover effects at higher 

frequencies. 
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Figure 6.9: Measured velocity at error sensor n. 7 per unit excitation of the loudspeaker in the cavity between 
0-1 kHz without control (solid line) and when the sixteen decentralised feedback control systems 
with compensator are implemented (faint line). 

Compared to the experiment with only a single control unit, larger reductions of the vibration 

level are achieved up to 2 kHz. In particular, as shown in Figure 6.9, the two uncontrolled 

resonance frequencies at 70 and 178 Hz are now much more heavily damped, since the 

sixteen control units have provided the larger control strength necessary to damp the low 

frequency natural modes that are well coupled with the volumetric response of the acoustic 

cavity underneath the panel. However, even the sixteen decentralised control units still find it 

difficult to control the other resonance frequency, at 391, 519, 675, 814, 843 and 871 Hz. 

These are resonances generated by the strong coupling between a natural mode of the panel 

and a natural mode of the acoustic cavity that in order to be damped require even larger 

control authority than that provided by the sixteen units. However, except for these modes, 
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reductions from 5 to 20 dB are measured up to 1 kHz and reductions of about 6 dB are 

measured within a relatively larger number of narrow frequency bands at higher frequencies 

than in the case of a single active control unit. 
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Figure 6.10: Measured velocity at error sensor n. 7 per unit excitation of the loudspeaker in the cavity between 
0-2 kHz without control (solid line) and when the sixteen decentralised feedback control systems 
with compensator are implemented (faint line). 

EXPERIMENTAL 

16 ch, FEEDBACK 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 
Frequency (Hz) 

Figure 6.11: Measured velocity at error sensor n. 7 per unit excitation of the loudspeaker in the cavity between 
0-5 kHz without control (solid line) and when the sixteen decentralised feedback control systems 
with compensator are implemented (faint line). 
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The plot in Figure 6.11, for measurements up to 5 kHz, highlights that, for the chosen control 

gains, there is very little control spillover effects. There is, however, a little enhancement of 

the response at the low frequency anti-resonance frequencies, as can be noticed in 

Figure 6.10. 

An estimate of the panel sound transmission is shown in Figures 6.12, 6.13 and 6.14 for 

the frequency bands 0 - 1 , 0 - 2 and 0 - 5 kHz. The solid line represents the measured sound 

pressure at about 0.5 m above the centre of the panel without control, while the faint line 

represents the measured sound pressure when all sixteen control units are working with the 

same feedback control gain used in the measurements shown in Figures 6.9-6.11. 
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Figure 6.12: Measured signal of the microphone per unit excitation of the loudspeaker in the cavity between 
0-1 kHz without control (solid line) and when the sixteen decentralised feedback control systems 
with compensator are implemented (faint line). 

The plot in Figure 6.12 shows that the first three resonance frequencies are well controlled 

with reductions of the sound level that goes from a minimum of about 10 dB for the first 

mode, which is difficult to control because of the volumetric acoustic load of the cavity, to a 

maximum of about 15 dB for the other two modes. Between 400 and 1200 Hz there is little 

control effect. In particular, as anticipated with the theoretical study, the resonance frequency 

controlled by the first few cavity modes with natural frequencies at 387, 448, 595, 676 Hz 

can not be attenuated. However, again in agreement with the theoretical predictions, between 

1200 and 1400 Hz reductions of about 20 dB are seen in the measured sound level at the 

microphone. The plot in Figure 6.14 does not show further reductions of the radiated sound at 

higher frequencies. Also, no problems of control spillover are found up to 5 kHz except at 
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relatively low frequencies in correspondence of anti-resonances. It is important to underline 

that these conclusions must only be considered to be indicative, since they refers to an 

estimate of the sound radiated taken with a single monitor microphone 0.5 m away from the 

panel, measured in the laboratory. 
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Figure 6.13: Measured signal of the microphone per unit excitation of the loudspeaker in the cavity between 
0-2 kHz without control (solid line) and when the sixteen decentralised feedback control systems 
with compensator are implemented (faint line). 
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Figure 6.14: Measured signal of the microphone per unit excitation of the loudspeaker in the cavity between 
0-5 kHz without control (solid line) and when the sixteen decentralised feedback control systems 
with compensator are implemented (faint line). 
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6.5 On-line implementation with a structural primary source on the panel 

The active control tests when the system is excited by the primary shaker acting on the panel 

are now presented. The vibration of the panel at the error sensor n. 7 is shown in 

Figures 6.15, 6.16 and 6.17 with reference to a frequency band 0 - 1 , 0 - 2 and 0 - 5 kHz. The 

solid line represents the measured response of the plate without control while the faint line 

represents the response when all sixteen control units are working with a fixed feedback 

control gain chosen to guarantee stability and low spillover effects at higher frequencies. 

EXPERIMENTAL 

16 ch. FEEDBACK 

400 500 600 
Frequency (Hz) 

Figure 6.15: Measured velocity at error sensor n. 7 per unit excitation of the shaker between 0-1 kHz without 
control (solid line) and when the sixteen decentralised feedback control systems with compensator 
are implemented (faint line). 

Comparing the measured vibration level at the error sensor n. 7 when either the primary 

loudspeaker or primary shaker excite the system, solid lines in Figures 6.9 and 6.15 

respectively, it is clear that the shaker primary source excites many more low frequency 

modes of the panel. Indeed the frequency response function in Figure 6.15 is characterised by 

a relatively larger number of low frequency resonances than that in Figure 6.9. In this case 

the sixteen channel control system produces a larger damping effects than the single control 

unit, particularly for the resonances frequency at 70, 102, 183, 508 and 712 Hz where 

reductions from 10 to 20 dB are achieved. This is probably due to the fact that having sixteen 

decentralised control units distributed over the panel produces a relatively larger control 

strength for many low frequency modes. 
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Figure 6.16: Measured velocity at error sensor n. 7 per unit excitation of the shaker between 0-2 kHz without 
control (solid line) and when the sixteen decentralised feedback control systems with compensator 
are implemented (faint line). 

In general, reductions from 5 to 25 dB are measured between 0 and 1 kHz and reductions of 

about 8 dB are found for a wide frequency band between 1200 and 2000 Hz. Little control 

spillover effects are found at anti-resonance frequencies or at narrow frequency bands such as 

those around 680, 1010 and 1300 Hz. The plot in Figure 6.17 shows that the control system 

produces relatively good reductions of the vibration at the error sensor up to 3.8 kHz. Even at 

higher frequencies, for example around 4.8 kHz reductions of about 4 dB are still measured. 
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Figure 6.17: Measured velocity at error sensor n. 7 per unit excitation of the shaker between 0-5 kHz without 
control (solid line) and when the sixteen decentralised feedback control systems with compensator 
are implemented (faint line). 
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Figure 6.18: Measured signal of the microphone per unit excitation of the shaker between 0-1 kHz without 
control (solid line) and when the sixteen decentralised feedback control systems with compensator 
are implemented (faint line). 

Similarly to what has been done for the acoustic primary disturbance, an estimate of the panel 

sound radiation due to the shaker excitation is shown in Figures 6.18, 6.19 and 6.20 with 

reference to a frequency band 0 - 1 , 0 - 2 and 0 - 5 kHz. The solid line represents the 

measured sound pressure at about 0.5 m above the panel in correspondence to the centre of 

the panel itself without control while the faint line represents the measured sound pressure 

when all sixteen control units are working. 
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Figure 6.19: Measured signal of the microphone per unit excitation of the shaker between 0-2 kHz without 
control (solid line) and when the sixteen decentralised feedback control systems with compensator 
are implemented (faint line). 
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Figure 6.20: Measured signal of the microphone per unit excitation of the shaker between 0-5 kHz without 
control (solid line) and when the sixteen decentralised feedback control systems with compensator 
are implemented (faint line). 

The plot in Figure 6.18 shows that the first three resonance frequencies are well controlled 

with reductions of the sound level that, in this case, goes f rom a minimum of about 10 dB for 

the first mode to a maximum of about 18 dB for the other two modes. Poor control effects are 

found in the frequency band between 350 and 550 Hz where there are three resonance 

frequencies which are dominated in the overall dynamics by the coupled panel-cavity modes. 

Even if the primary excitation is acting directly on the panel, the passive effect of the cavity 

underneath the panel plays an important role and limits the control of the sound radiation of 

the panel. Between 550 and 1400 Hz the control system reduces the sound radiation fairly 

well at the resonance frequencies, with reductions from 7 dB up to 15 dB. Beyond 1.4 kHz 

the measured frequency responses in Figures 6.19 and 6.20 do not show clear resonance 

frequencies. This is due to various phenomena, among whom the principal two are the raised 

panel and cavity modal density and the higher frequencies sound radiation mechanisms of the 

panel [21]. However, the control system still produces control effects of about 3 to 5 dB up to 

3.5 kHz. Also, in these tests relatively little control spillover effects have been found. As 

commented for the previous case, however, the conclusions drawn in this section refers to an 

estimate of the sound radiated taken with a single monitor microphone 0.5 m away from the 

panel and further measurements are required to fully characterised the sound radiation, as 

reported in the next section. 
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7. EXPERIMENTAL ASSESSMENT OF THE DECENTRALISED CONTROL 

SYSTEM IN THE ANECHOIC CHAMBER 

This chapter is concerned with the experimental assessment of the decentralised control 

system in the anechoic chamber. The total radiated/transmitted sound power has been 

calculated by a space integration of the sound intensity over a hypothetical surface that 

surrounds the noise source (vibrating panel) when no control system was applied and in 

presence of the decentralised feedback controller. A rectangular array of microphone 

positions has been used to measure the space average of the mean-square sound pressure over 

the measurement surface. The analysis has been performed using two different primary 

disturbances in a frequency range up to 5 kHz: first an acoustic source in the cavity 

(loudspeaker) and second, a structural point force on the panel (shaker). 

In the first section, a description of the anechoic room and of the experimental measures has 

been reported. In the following two sections, the results of the experimental assessment of the 

decentralised control system have been reported respectively for the loudspeaker and point 

force primary excitation, for three frequency ranges: 0-1, 0-2 and 0-5 kHz. Moreover, a third 

octave analysis in a frequency range of 0-5 kHz of the sound radiated/transmitted from the 

plate is reported additionally to the narrow bands study. 

7.1 Description of the experimental measures 

An anechoic chamber is a room in which the walls, floor and ceiling are lined with sound 

absorbing material, usually foam or glass-fibre wedges. The lining prevents the reflection of 

sound from the room boundaries so that free-field conditions exist. A hemi-anechoic room 

has a reflective floor, but all other boundaries are highly absorbent. Both the anechoic and 

hemianechoic environments can be used to determine the sound power level of a source from 

sound pressure level measurements made in a free field or in a free field over a reflecting 

plane. In this specific application, the measure of the sound power level has been performed 

in the large anechoic chamber of the Institute of Sound and Vibration Research (ISVR), 

according to ISO 3744 for engineering-grade accuracy. Without wedges, the bare chamber is 

9.15 X 9.15 X 7.32 m, volume 611 cubic metres. There are over 8000 non-flammable glass-
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fibre cored wedges, extending 910 mm from the walls, floor and ceiling; the usable space 

between the wedges is 7.33 x 7.33 x 5.50 m, giving a usable volume of 295 cubic metres. A 

grid of removable floor panels can support a spread load of several tons with a minimum of 

interference with the anechoic nature of the chamber. An optional floor of varnished 

chipboard has been used for this measurement in order to obtain a hemianechoic environment 

(free field above a reflecting plane); free-field conditions exist in the chamber at frequencies 

above about 80 Hz. 

The determination of the sound power level radiated in the hemianechoic room is based on 

the assumption that the reverberant field is negligible at the measurement positions, so that 

the acoustic intensity can be deduced from the free field pressure, and that the total radiated 

sound power is obtained by a space integration of the sound intensity over an hypothetical 

surface that surrounds the noise source. The measurement surface must be in the far field of 

the source. The space average of the mean square sound pressure over the measurement 

surface is determined by choosing an array of microphone positions over the surface. The 

number of microphone positions that are required depends on the accuracy required and the 

directivity of the source. According to the standard procedure, a parallelepiped measurement 

surface of about 20 m^ of area has been selected in such a way to envelope the source (i.e. the 

vibrating panel clamped to the Perspex box) and the key microphone positions lie on that 

surface, as shown in Figure 7.1. All the geometric details of the microphone positions and of 

the geometric dimension of the surface are reported in Table 7.1. 
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Figure 7.1: Scheme of the microphone positions used in the anechoic chamber measurements of the sound 
pressure level according to ISO 3744. 
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Table 7.1: Co-ordinates of key measurement points and dimensions of the geometric parameters of the 
parallelepiped used in the anechoic chamber measurements. 

No. X y z 

1 a 0 h 

2 0 b h 

3 -a 0 h 

4 0 -b h 

5 a b c 

6 -a b c 

7 -a -b c 

8 a -b c 

9 0 0 c 

parameter length (m) 

li 0.475 

h 0375 

I3 &428 

a 1.2375 

b L1875 

c l/WS 

h a714 

d 1 

The sound power level radiated/transmitted by the plate has been measured using two 

different primary disturbances: the acoustic primary source in the cavity (loudspeaker) and 

the structural point force on the panel (shaker). In both the cases, a white noise signal has 

been used to drive the primary actuator for three frequency ranges: 0 - 1 kHz, 0 - 2 kHz and 

0 - 5 kHz. The sound pressure level at the nine positions of the parallelepiped surface has 

been measured employing a single condenser microphone, positioned, in succession, at each 

measurement point. This approach has benefit in terms of efficiency, since the measurement 

system becomes more compact and the calibration procedure can be executed only once. 

The experimental setup is represented in Figure 7.2. The test rig, consisting of the smart 

panel clamped on the Perspex box and equipped with the 16 sensor/actuator pairs and the two 

primary actuators (loudspeaker inside the cavity and shaker on the plate), has been placed in 

the middle of the anechoic chamber, on the reflecting floor. The microphone has been moved 

in each measurement position of the hypothetical surface using a boom. All the electronic 

devices (spectrum analyser, signal conditioner and filters, microphone amplifier and control 

system) have been arranged outside the test environment, in a control room adjacent to the 

anechoic chamber; a special wiring has been designed to connect the electronic system with 

the test rig through a small hole in the wall between the two rooms. In this way, the test 

environment is preserved from any additional noise sources that might affect the 

determination of the sound power level. 
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Figure 7.2: Testing set up in the anechoic chamber for the measurement of the sound pressure radiated by the 
smart panel when excited either by the loudspeaker in the Plexiglas box or by the shaker mounted 
on the panel. 

An average sound pressure level over the measurement surface, , can be calculated from 

the measured sound pressure levels resulting from the /th measurement, in decibels, by 

using the following equation: 

=10 log 10 
n !=i 

(7.1) 

where N is the total number of measurement (in this specific case N=9). 

In order to obtain the surface sound pressure level, the value of should be corrected by 

the environmental correction factor K, which however has been neglected considering the 

high quality of the anechoic room test environment. 

Therefore, the sound power level, , characterizing the noise emitted by the source can be 

calculated from this equation: 

Av — ^pm +101og;Q S , C7.2) 
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where 5=19.37 is the total area of parallelepiped measurement surface. 

The approach used in this experimental activity was to measure a set of frequency response 

functions between the microphone signal at each position and the primary disturbance 

(loudspeaker or shaker) without control and in presence of the decentralised feedback 

controller for the three different frequency ranges: 0 - 1 kHz, 0 - 2 kHz and 0 - 5 kHz. Thus, 

for both the case of acoustic excitation and force excitation of the system, it has been possible 

to calculate the overall sound pressure level and the sound power level radiated/transmitted 

by the panel using Equations 7.1 and 7.2 respectively, before and after the control action. 

In the next two sections, the main results obtained in the experimental testing of the control 

system in the anechoic chamber are discussed with respect to the two type of primary 

excitation. In addition to this narrow band frequency response study, a third octave analysis 

of the sound power radiation has been carried out for a frequency range of 0 - 5 kHz (2 

decades with centre band frequency from 63 Hz to 4000 Hz). 

7.2 On-line implementation with an acoustic primary source in the cavity 

In Figures 7.3 and 7.4 the results of the narrow band analysis in the frequency range of 

0-1 kHz are reported. The frequency response functions between each sound pressure 

measured by the nine microphones and the excitation of the primary loudspeaker source are 

plotted in Figure 7.3 for both the cases of no control system applied (solid line) and 

decentralised controller turned on (faint line). The sound power level calculated from the 

previous measurements is then reported in Figure 7.4, using the same notation for the solid 

and the faint lines. This plot also shows the sound power level due to the flanking sound 

radiation through the side walls of the Perspex box (dashed line). This result has been 

obtained by replacing the smart panel with a very rigid block of metal, about 4 cm thick, 

whose low frequency sound radiation is negligible, as explained in Secdon 3.7. 

From these figures it can be seen that the first three resonance frequencies are well controlled 

with reductions of the sound level that goes from a minimum of about 8 dB for the third 

mode, to a maximum of about 13 dB for the other two modes. The sixteen control units 

provides the control strength to damp the first three resonant modes of the panel which, as 

highlighted in the theoretical study, are strongly coupled to the volumetric excitation of the 

cavity underneath the panel. Between 350 and 1000 Hz there is little control effect except for 

the resonance at about 600 Hz. In particular, the resonance frequency controlled by the first 
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few cavity modes with natural frequencies at 448, 499, 595, 676 Hz can not be controlled, as 

anticipated in the theoretical study. Moreover, the flanking radiation of sound through the 

walls of the box affects the performance of the control system at three resonance frequencies. 
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Figure 7.3: Frequency response functions between each of the nine microphones and the excitation of the 
primary loudspeaker source (0-1 kHz). Sound pressure without (solid line) and with 
decentralised control (faint line). 
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Figure 7.4: Sound power level per unit excitation of the primary loudspeaker source (0—1 kHz.), without (solid 
line) and with decentralised control system (faint line). The sound power level due to the flanking 
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at 387, 470 and 499 Hz. Due to these unfavourable factors, and in particular the failure to 

control the dominant resonance at about 450 Hz, the overall reduction of the sound 

transmission through the panel in the frequency range of 0-1 kHz is only 1 dB. 
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Figure 7.5: Frequency response functions between each of the nine microphones and the excitation of the 
primary loudspeaker source (0-2 kHz). Sound pressure without (solid line) and with 
decentralised control (faint line). 
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Figure 7.6: Sound power level per unit excitation of the primary loudspeaker source (0—2 kHz), without (solid 
line) and with decentralised control system (faint line). The sound power level due to the flanking 
sound radiation through the side walls of the Perspex box is also shown (dashed line). 
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The results concerned with the frequency ranges of 0-2 and 0-5 kHz are reported in Figures 

7.5, 7.6, 7.7 and 7.8, according to the same scheme used for the previous analysis. As shown 

in the Figure 7.6, once more in agreement with the theoretical predictions, between 1200 and 
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Figure 7.7: Frequency response functions between each of the nine microphones and the excitation of the 
primary loudspeaker source (0-5 kHz). Sound pressure without (solid line) and with 
decentralised control (faint line). 
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Figure 7.8: Sound power level per unit excitation of the primary loudspeaker source (0-5 kHz), without (solid 
line) and with decentralised control system (faint line). The sound power level due to the flanking 
sound radiation through the side walls of the Perspex box is also shown (dashed line). 
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1400 Hz reductions of about 10 dB of the measured sound power level are registered. No 

further reductions of the radiated sound at higher frequencies are shown. Very little control 

spillover effects have been found and in most cases they correspond to anti-resonance 

frequencies as one would expect with active damping. 

A further analysis of the sound power level radiated by the plate in presence of the acoustic 

primary source in the cavity has been carried out in terms of third octave bands, for a 

frequency range of 0-5 kHz. The same approach used for the narrow band analysis has been 

adopted except for the primary disturbance signal that in this case was a pink noise filtered at 

5 kHz. Figure 7.9 shows the bar chart of the total radiated sound power in third octave bands 

between 0 and 5 kHz. The white and grey columns represent respectively the sound power 

radiated without and with control system turned on per unit loudspeaker excitation in the 

cavity. The black column represents the total radiated sound power through the side walls of 

the Perspex box per unit loudspeaker excitation in the cavity. Frequency averaged reductions 

of about 6 dB are found in correspondence to the third octave bands at 63, 80 and 1250 Hz. 

Smaller reductions are measured for the other third octave bands. The overall reduction of the 

sound transmission through the panel in the frequency range of 0-5 kHz is 2.5 dB. 

63 80 100 125 160 200 250 315 400 500 630 800 1000125O160O2000250031504Q00 
Frequency band (Hz) 

Figure 7.9: Total radiated sound power in third octave bands between 0 and 5 kHz for pink noise loudspeaker 
excitation without control (white columns) and with decentralised feedback control (grey 
columns). Total sound power radiated through the side walls of the Perspex box (black columns). 
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7.3 On-line implementation with a structural primary source on the panel 

Similarly to what has been done for the acoustic primary source in the cavity, an analysis of 

the sound radiated by the plate in presence of a structural point force disturbance has been 

carried out either in terms of narrow band frequency response functions between the sound 

pressure measured by the nine microphones and the excitation of the primary source (shaker) 

in the frequency ranges 0-1, 0 -2 and 0-5 kHz or in terms of the estimated sound power level 

plotted in third octave bands for a frequency range of 0 -5 kHz (2 decades with centre band 

frequency from 63 Hz to 4000 Hz). 

In Figure 7.10 and 7.11 the results of the narrow band analysis in the frequency range of 

0-1 kHz are reported. The frequency response functions between each sound pressure 

measured by the nine microphones and the excitation of the primary shaker source are plotted 

in Figure 7.10 for both the cases of no control system applied (solid line) and decentralised 

controller turned on (faint line). The sound power level calculated from these measurements 

is then reported in Figure 7.11, using the same notation for the solid and the faint lines. 

Comparing the plots in Figures 7.4 and 7.11 it can be noticed that the latter ones are 

characterised by a larger number of resonances at relatively low frequencies. This is because 

the shaker excites nearly all the structural modes of the panel while only the structural modes 

of the panel that are well coupled to the acoustic cavity underneath it are excited by the 

loudspeaker. As a result for example the sound radiation of the panel below 300 Hz is 

characterised either by three or five resonances depending whether the testing system is 

excited by the loudspeaker or by the shaker respectively. In contrast at higher frequencies 

above 1 kHz it is the plot in Figure 7.6 that is characterised by a relatively larger number of 

resonances with respect to that in Figure 7.13. This is because above 400 Hz the response of 

the cavity is characterised by cavity modes whose number grows rapidly with frequency. 

Thus, when the panel is excited by the acoustic field in the cavity a large number of modes 

are found in the sound radiation which are due to the cavity modes. In contrast, when the 

panel is exited directly by a point force very little effects of the cavity modes are seen in the 

radiated sound power. 

The plot in Figure 7.11 shows that the first five resonance frequencies are well controlled 

with reductions of the radiated sound power that, in this case, goes from a minimum of about 

12 dB for the first and fifth modes to a maximum of about 18 dB for the other three modes. 

The overall reduction of sound radiated in the frequency range of 0-1 kHz is 3.9 dB. 
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Figure 7.10: Frequency response functions between each of the nine microphones and the excitation of the 
primary shaker source (0-1 kHz)- Sound pressure without (solid line) and with decentralised 
control (faint line). 

f 90 

400 500 600 
Frequency (Hz) 

Figure 7.11: Sound power level per unit excitation of the primary shaker source (0-1 kHz), without (solid line) 
and with decentralised control system (faint line). 

Significant control effects are also found in the frequency bands between 350 and 1300 Hz 

and between 1600 and 1800 Hz with reductions of the sound power level of the order of 3 to 

8 dB (Figures 7.12 and 7.13). In this case the acoustic cavity underneath the panel produces 

only a passive loading effect which is not characterized by strong coupling effects between 
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the cavity and panel natural modes and thus smaller control strength is necessary to produce 

the wanted active damping on the panel. 

500 1000 1500 

Frequency (Hz) 
500 1000 1500 

Frequency (Hz) 

ST 100 

500 1000 1500 

Frequency (Hz) 
500 1000 1500 

Frequency (Hz 

500 1000 1500 

Frequency (Hz) 

2000 

500 1000 1500 
Frequency (Hz) 

2000 

500 1000 1500 

Frequency (Hz) 
500 1000 1500 

Frequency (Hz) 

500 1000 1500 

Frequency (Hz) 

2000 

Figure 7.12: Frequency response functions between each of the nine microphones and the excitation of the 
primary shaker source (0-2 kHz). Sound pressure without (solid line) and with decentralised 
control (faint line). 
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Figure 7.13: Sound power level per unit excitation of the primary shaker source (0—2 kHz), without (solid line) 
and with decentralised control system (faint line). 
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Also in these tests relatively little control spillover effects have been found (see Figure 7.15). 

In most cases they occur at antiresonance frequencies except in the frequency band between 

1300 and 1350 Hz where a relatively high enhancement of the sound power level, about 3 

dB, has been measured. 

1 2 5 0 2 5 0 0 3 7 5 0 

Frequency (Hz) 
1 2 5 0 2 5 0 0 3 7 5 0 

Frequency (Hz) 
1 2 5 0 2 5 0 0 3 7 5 0 

Frequency (Hz) 

1230 2500 3750 
Frequency (Hz) 

1 2 5 0 2 5 0 0 3 7 5 0 

Frequency (Hz) 
1 2 5 0 2 5 0 0 3 7 5 0 

Frequency (Hz) 

5 0 0 0 

5 0 0 0 

1250 2500 3750 
Frequency (Hz) 

1250 2500 3750 
Frequency (Hz) 

1250 2500 3750 
Frequency (Hz) 

5000 

Figure 7.14: Frequency response functions between each of the nine microphones and the excitation of the 
primary shaker source (0-5 kHz). Sound pressure without (solid line) and with decentralised 
control (faint line). 
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Figure 7.15: Sound power level per unit excitation of the primary shaker source (0—5 kHz), without (solid line) 
and with decentralised control system (faint line). 
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Figure 7.16 shows the bar chart of the total radiated sound power in third octave bands 

between 0 and 5 kHz. The white and grey columns represent the sound power radiated 

without and with control system turned on per unit loudspeaker excitation in the cavity. 

Comparing this plot with that in Figure 7.9 it is evident that much larger reductions of the 

radiated sound power are measured for all frequency bands. In this case reductions of the 

sound radiation are measured in correspondence of all third octave bands and there are at 

least seven bands, at 63, 80, 125, 160, 250, 315, 400, 1000 Hz, with reductions of about 5 to 

8 dB. The overall reduction of the sound transmission through the panel in the frequency 

range of 0-5 kHz is 4.4 dB. 
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Figure 7.16: Total radiated sound power in third octave bands between 0 and 5 kHz for pink noise shaker 
excitation without control (white columns) and with decentralised feedback control (grey 
columns). 
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8. EXPERIMENTAL ASSESSMENT OF THE DECENTRALISED CONTROL 

SYSTEM USING A LASER VIBROMETER 

This chapter is concerned with the experimental assessment of the decentralised control 

system using laser vibrometer. The panel surface of the rig under study has been scanned 

with a Laser Doppler Vibrometer (LDV) in order to measure the normal velocity of the plate 

due to the primary excitation (loudspeaker in the cavity or point force on the panel) before 

and after applying the decentralised control system. 

In the first section, a description of the laser Doppler principles and of the experimental 

measures has been reported. In the following two sections, the results of the experimental 

assessment of the decentralised control system have been reported respectively for the 

loudspeaker and point force primary excitation, in a frequency range of 0-1 kHz. 

8.1 Description of the experimental measures 

A Laser Doppler Vibrometer (LDV) is based on the principle of the detection of the Doppler 

shift of coherent laser light that is scattered from a small area of the test object. The object 

scatters or reflects light from the laser beam and the Doppler frequency shift is used to 

measure the component of velocity, which lies along the axis of the laser beam. More details 

of the LDV and its functioning are reported in Appendix C. 

A g 1 

Figure 8.1: View of the test rig {smart panel & Perspex box) from the laser camera. 

114 



Smart Panel with an array of Decentralised Control Systems for Active Structural Acoustic Control E. BianchI 

In this specific appUcation, the control system performance has been verified experimentally 

by scanning the panel in correspondence of a grid of points with the laser vibrometer, both 

before and after control, for two different primary disturbances: acoustic primary source in 

the cavity (loudspeaker) and structural primary force on the panel (shaker). Figure 8.1 

represents the view of the test rig (smart panel and Perspex box) from the laser camera: the 

panel surface has been vertically positioned in such a way to facilitate the scanning of the 

laser within the 40°x40° field of view. The distance between the laser and the panel surface 

was about 1.5 m. 

The system has been excited by the loudspeaker or by the shaker with a white noise primary 

signal, provided by the LDV processing system, in a frequency range of 0-1 kHz. A set of 

frequency response functions between the velocity at each grid point and the primary 

disturbance has been automatically measured by means of the Data Management System 

(DMS) of the vibrometer in absence or in presence of the decentralised controller. This set of 

data has been processed by the laser software system in order to obtain plots of the frequency 

response functions in specific points of the plate, plots of the overall vibration level of the 

plate, 2D images of the velocity distribution on the panel before and after control, as reported 

in the following two sections for the different types of excitations. 

8.2 On-line implementation with an acoustic primary source in the cavity 

In order to measure the vibration level of the plate excited by the acoustic primary source in 

the cavity (loudspeaker), a grid of 133 points to be scanned has been defined on the plate 

-m--m 

I —#—4 

^ mm -m m 

Figure 8.2: Illustration of the panel surface overlapped with the grid of desired measurement points (133) to 
be scanned with the laser vibrometer. The system is excited by the loudspeaker primary source in 
presence or not of the decentralised feedback controller. 
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surface, covering the whole vibration area of the structure (see Figure 8.2). As previously 

explained, a random signal in a frequency range of 0-1 kHz has been used to drive the 

loudspeaker and the frequency response functions between the velocity at each point of the 

grid per unit of excitation of the loudspeaker have been measured by means of the laser 

vibrometer in absence and in presence of the decentralised control system. 
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Figure 8.3: Frequency response functions measured by the vibrometer at sixteen points of the grid located in 
the vicinity of each control units: FRF of the velocity signal per unit excitation of the loudspeaker 
(0-1 kHz) with no control system (solid line) and with decentralised feedback control (faint line). 
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In Figure 8.3 the sixteen frequency response functions measured by the vibrometer at sixteen 

points of the grid which are located in the vicinity of each control units are reported. The 

solid line represents the measured response of the plate without control while the faint line 

represents the response when all sixteen control units are working with a fixed feedback 

control gain chosen to guarantee stability and low spillover effects at higher frequencies. The 

analysis of these results confirms the indications provided by the preliminary testing of the 

decentralised control system (see Section 6.4); with an acoustic primary source in the cavity, 

the control system is able to damp down the first five resonances with attenuation factor up to 

18 dB, but it founds very difficult to contrast higher resonance frequencies. 

The average spectrum of the vibration level of the plate in the frequency range 0-1 kHz is 

reported in Figure 8.4. The two curves in that plot have been calculated as the average of all 

the 133 frequency response functions measured by the laser vibrometer in correspondence of 

the points of the grid, considering again the response of the system before (solid line) and 

after (faint line) the control effort. It can be seen that the average attenuation factors of the 

first five resonances are respectively 16 dB (at 70 Hz), 4 dB (at 102 Hz), 18 dB (at 178 Hz), 

15 dB (at 280 Hz) and 10 dB (at 326 Hz). Moreover there are further attenuations of about 5 

dB in the narrow bands around 600 Hz and 950 Hz. The overall attenuation factor in the 

frequency range of 0-1 kHz is 3.6 dB. 

400 500 600 
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Figure 8.4: Average frequency response function of the panel velocity (0-1 kHz) per unit excitation of the 
loudspeaker calculated as the average of all the 133 frequency response functions measured at 
the grid points: no control system (solid line) and with decentralised feedback control (faint line). 
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A further representation of the results obtained with the laser vibrometer consists of a set of 

two dimensional (2D) images of the velocity distribution on the panel before control (left 

hand side image) and after control (right hand side image) in correspondence of specific 

resonances of the velocity average spectrum. The value of the frequency response function 

calculated along the plate surface is plotted in a colour coded image to facilitate the 

identification of the mode shape and the visualization of the control system efficiency. 

Figures 8.5 and 8.6 report the images related to the first (70 Hz) and the third (178 Hz) 

resonances of the plate associated to the (1,1) and (1,3) modes of the smart panel 

respectively. It can be seen that, as the sixteen control gains are turned up, the amplitude of 

the vibratory fields at the resonance frequencies of 70 and 178 Hz still are characterised by 

the (1,1) and (1,3) natural modes of the panel but their amplitudes are much lower 

(attenuation factor of 15 dB). In general the near field sound radiation of a panel is directly 

associated to the panel vibration itself since there are no cancelling effects as can be seen in 

the far field radiated sound [21]. Therefore it is expected that, at resonance, the sixteen 

control units produce both a reduction of the near field and far field sound radiation as was 

highlighted in Figure 7.4. 

Figure 8.7 and 8.8 report the images related to higher frequency resonances, respectively at 

279 Hz and 316 Hz. The same considerations reported above can be extended to these results 

except for the attenuation ratio that, in this case, is about 10 dB. 

Figure 8.9 shows the vibration of the panel in correspondence to the resonance frequency of 

448 Hz associated to the (1,4) mode of the smart panel. In this case as the control gain is 

turned up there is just a very little variation of the vibratory field with nearly no reduction of 

the vibration amplitude. As a consequence at this resonance frequency there is no reduction 

of the near field sound radiation and, as shown in Figure 7.4, also the far field sound radiation 

is not reduced. Figure 8.9 suggest that the sixteen control units are not producing any control 

effect primarily because they are lying along the nodal lines of the (1,4) natural mode of the 

smart panel. Therefore in order to control the vibration associated to this mode, the sixteen 

control units should be arranged with a different geometry over the panel surface. Probably a 

less regular arrangement of the sixteen control units would allow the control of a larger 

number of modes provided larger control gains could be generated by each control unit in 

order to make up for the lower number of effective control units for each mode of the panel. 
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Figure 8.5: Vibration level of the panel per unit excitation of the loudspeaker measured with the laser 
vibrometer at 70 Hz without control (left pictures) and with sixteen decentralised feedback 
control systems (rightpictures). 
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Figure 8.6: Vibration level of the panel per unit excitation of the loudspeaker measured with the laser 
vibrometer at 178 Hz without control (left pictures) and with sixteen decentralised feedback 
control systems (rightpictures). 
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Figure 8.7: Vibration level of the panel per unit excitation of the loudspeaker measured with the laser 
vibrometer at 279 Hz without control (left pictures) and with sixteen decentralised feedback 
control systems (rightpictures). 
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Figure 8.8: Vibration level of the panel per unit excitation of the loudspeaker measured with the laser 
vibrometer at 316 Hz without control (left pictures) and with sixteen decentralised feedback 
control systems (right pictures). 

OdB "1 1 m/s/V 

448 Hz (with control system) 448 Hz (without control system) 
N 49 40 40 -30 48 -80 "40 -

Figure 8.9: Vibration level of the panel per unit excitation of the loudspeaker measured with the laser 
vibrometer at 448 Hz without control (left pictures) and with sixteen decentralised feedback 
control systems (right pictures). 
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8.3 On-line implementation with a structural primary source on the panel 

Similarly to what has been done for the acoustic primary disturbance test, a grid of 133 points 

has been used for the scanning of the plate surface in presence of a structural point force 

disturbance (see Figure 8.10). In this case the excitation point of the shaker has been moved 

quite close to one comer of the panel and the shaker has been oriented at an angle with 

respect to the normal to the panel in order to enable the vibration measurement over the 

whole surface with the vibrometer. A random signal in a frequency range of 0-1 kHz has 

been used to drive the shaker and the frequency response functions between the velocity at 

each point of the grid per unit excitation of the loudspeaker have been measured in absence 

and in presence of the decentralised control system. 

y-m- $ # - u - * --1̂  

Figure 8.10: Illustration of the panel surface overlapped with the grid of desired measurement points (133) to 
be scanned with the laser vibrometer. The system is excited by the shaker primary source in 
presence or not of the decentralised feedback controller. 

In Figure 8.11 the sixteen frequency response functions measured by the vibrometer at 

sixteen points of the grid which are located in the vicinity of each control units are reported. 

The solid line represents the measured response of the plate without control while the faint 

line represents the response when all sixteen control units are working with a fixed feedback 

control gain chosen to guarantee stability and low spillover effects at higher frequencies. It 

can be noted that the decentralised control system is able to damp down all the resonances up 

to 750 Hz with attenuation factor of 5-20 dB and little control spillover effects appear at anti-

resonance frequencies or at narrow frequency bands such as those around 800 and 950 Hz. 
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Figure 8.11: Frequency response functions measured by the vibrometer at sixteen points of the grid located in 
the vicinity of each control units: FRF of the velocity signal per unit excitation of the shaker 
(0-1 kHz) with no control system (solid line) and with decentralised feedback control (faint line). 

The average spectrum of the vibration level of the plate excited by the shaker in the 

frequency range 0-1 kHz is reported in Figure 8.12 for both the case of uncontrolled (solid 

line) or controlled (faint line) system. It can be seen that the average attenuation factors of the 

first five resonances are respectively 6 dB (at 70 Hz), 13 dB (at 102 Hz), 10 dB (at 144 Hz), 

13 dB (at 185 Hz) and 12 dB (at 250 Hz). Moreover there are further attenuations of about 5-

10 dB in correspondence of the higher frequency resonances. The overall attenuation factor 

in the frequency range of 0-1 kHz is 3.3 dB. 
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Frequency (Hz) 

Figure 8.12: Average frequency response function of the panel velocity (0-1 kHz) per unit excitation of the 
shaker calculated as the average of all the 133 frequency response functions measured at the grid 
points: no control system (solid line) and with decentralised feedback control (faint line). 

Figure 8.13 shows the vibratory field of the panel without control (left hand side pictures) 

and with control (right hand side pictures) when it is excited directly by the shaker at the 

frequencies of 70 Hz. As for the loudspeaker primary excitation case, the pictures show the 

vibration of the panel in correspondence to the resonance frequency associated to the (1,1) 

mode of the smart panel. In this case, the shaker produces a point force at the right hand top 

comer of the panel and therefore the vibratory field is characterised by the superposition of 

the (1,1) mode and the local response to the point excitation. Considering Figure 8.5, it can 

be noticed that the acoustic excitation by the cavity underneath the panel does not produce 

any localized effect and therefore the response of the panel at 70 Hz is exactly characterized 

by the vibration field of the (1,1) mode of the panel. The left hand side picture in Figure 8.13 

shows that as the sixteen control gains are turned up the amplitude of the vibratory field is 

reduced over most of the smart panel surface except in correspondence to the excitation 

point. Probably a much larger control gain should be implemented on the top left control unit 

in order to damp the local response of the panel to the concentrated force excitation exerted 

by the shaker. The overall result is that the near field sound radiation is not reduced so much 

as in the previous case with the loudspeaker primary excitation. In contrast the far field sound 

radiation is still controlled by the overall vibration of the panel and thus, as shown in 

Figure 7.11 there is good reduction of sound radiation at the first resonance at 70 Hz. 

Similar behaviour is noticed for pictures in Figures 8.14-8.18 which shows the vibration of 

the panel in correspondence to the resonance frequencies respectively associated to the (1,2), 
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(2,1), (2,2), (2,3) and (3,2) modes of the smart panel. These modes are not visible when the 

panel is excited by the acoustic field in the cavity underneath it. Indeed, at such low 

frequency range, the cavity produce a volumetric excitation on the panel that can not excite 

the mode numbers of the panel without a net volumetric displacement, as for example the 

above mentioned modes. The point force can instead excite this type of modes and therefore 

the resonance frequencies at 102, 144, 184, 250 and 312 Hz are measured as shown in the 

Figures below. Also in this case the controller produces good reductions of the vibration over 

the panel surface except in the vicinity of the point excitation exerted by the shaker. 

The pictures in Figure 8.19 show the vibration of the panel in correspondence to the 

resonance frequency of 343 Hz where the response is characterised by the (2,4) mode. Also 

in this case, when the sixteen control gains are turned up, good reductions of the overall 

vibration are achieved. Moreover, after control, the vibratory field is more irregular since the 

response of the panel is characterised by a set of modes rather than the (2,4) mode only. 
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Figure 8.13: Vibration level of the panel per unit excitation of the shaker measured with the laser vibrometer 
at 70 Hz without control (left pictures) and with sixteen decentralised feedback control systems 
(right pictures). 
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Figure 8.14: Vibration level of the panel per unit excitation of the shaker measured with the laser vibrometer 
at 102 Hz without control (left pictures) and with sixteen decentralised feedback control systems 
(right pictures). 
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Figure 8.15: Vibration level of the panel per unit excitation of the shaker measured with the laser vibrometer 
at 144 Hz without control (left pictures) and with sixteen decentralised feedback control systems 
(right pictures). 
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Figure 8.16: Vibration level of the panel per unit excitation of the shaker measured with the laser vibrometer 
at 184 Hz without control (left pictures) and with sixteen decentralised feedback control systems 
(right pictures). 
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Figure 8.17; Vibration level of the panel per unit excitation of the shaker measured with the laser vibrometer 
at 250 Hz without control (left pictures) and with sixteen decentralised feedback control systems 
(right pictures). 
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Figure 8.18: Vibration level of the panel per unit excitation of the shaker measured with the laser vibrometer 
at 312 Hz without control (left pictures) and with sixteen decentralised feedback control systems 
(right pictures). 
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Figure 8.19: Vibration level of the panel per unit excitation of the shaker measured with the laser vibrometer 
at 343 Hz without control (left pictures) and with sixteen decentralised feedback control systems 
(right pictures). 
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9. CONCLUSION 

9.1 Conclusions from individual sections 

This dissertation describes a theoretical and experimental application of Active Structural 

Acoustic Control (ASAC) of a smart panel. The main objective was the design and the 

implementation of a decentralised velocity feedback control system for the reduction of the 

vibration and of the sound transmission of a smart panel. The system considered for this 

study was an aluminium panel, equipped with an embedded 4x4 array of small piezoceramic 

actuators and a closely located array of miniature accelerometers, which has been mounted 

on the top of a rectangular cavity with rigid walls. Two different types of primary 

disturbances have been considered either in the numerical or experimental study: a primary 

acoustic source (a loudspeaker) within the cavity and a primary structural source (a shaker) 

acting directly on the panel. 

A theoretical model has been formulated with which the total kinetic energy and sound 

radiation ratio can be derived as a function of the feedback gain implemented in the sixteen 

decentralised control units. The stiffness and mass effects of the piezoelectric actuators and 

the mass effects together with the local dynamics of the accelerometers sensors have been 

taken into account in the theoretical model. Simulations results have been produced for a 

range of feedback control gains. 

The numerical simulations have highlighted the following points. 

1. The low frequency response of the panel before control is characterised by a selected 

number of resonances that, in the case of the cavity primary source, correspond to 

either panel or cavity natural frequencies of well coupled panel-cavity modes and in 

the case of the force primary source, includes most, if not all, the modes of the panel. 

2. At low frequencies, only the modes whose modal integers are odd radiate sound 

significantly and also anti-resonances appear, due to destructive interference between 

the sound pressures radiated by adjacent odd modes. 

3. When the control system is turned on, it can be noticed that as the gains of the 

feedback loops are increased, as the resonances that are controlled mainly by the panel 

natural modes become more heavily damped. In contrast, the resonances controlled by 

the cavity natural modes are not damped. 
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4. Larger control gains are required to control the panel modes with natural frequencies 

below the first natural frequency of the cavity since the control unit have to contrast 

the volumetric loading of the acoustic cavity on the panel. 

5. When the system is excited by the monopole acoustic primary source in the cavity, it 

has been found that the kinetic energy or sound radiation integrated between 0 and 2 

kHz are reduced respectively by 7.4 dB and 3.7 dB in correspondence of the optimal 

gain of 100. For higher gains the control effectiveness degrades up to a point where the 

overall kinetic energy or sound radiation are enhanced by 2.8 dB and 1.2 dB 

respectively. 

6. Similar behaviour has been found when the system is excited by the primary force 

acting on the panel. For the optimal control gain of 100, the overall kinetic energy or 

sound radiation in the frequency range 0 to 2 kHz are reduced respectively by 8.1 dB 

and 5.5 dB while for higher gains there is an enhancement of 1.2 dB and 3.2 dB 

respectively. 

7. The degrading performance of the control systems when higher gains are used are due 

to the fact that, for very high control gains, each control unit pins the vibration at the 

control point so that the response of the panel is transformed to that of a lightly 

damped structure with a new set of natural modes having higher natural frequencies 

because of the new pinning boundary conditions in correspondence of the sixteen 

control systems. 

The work concerned with the design and the implementation of sixteen decentralised velocity 

feedback control systems embedded on smart panel has been structured into three stages: first 

the analysis of the sensor-actuator response function; second, the design of the single channel 

velocity feedback controller when only one control unit is working and third, the 

implementation of the designed controller on the sixteen control units of the smart panel. The 

analysis of the measured and simulated sensor-actuator response function has provided the 

following information. 

1. At very low frequencies, below about 283 Hz, the response function is characterised 

by well separated resonant frequencies due to the panel natural modes while at higher 

frequencies the dynamic effects of the sensor and actuator transducers become more 

and more important and tend to flatten down the response function because of their 

mass effect. 

2. At relatively higher frequencies the sensor-actuator frequency response function is 
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characterised by a relatively wide frequency band trough between 30 kHz and 40 kHz 

and a crest between 43 kHz and 46 kHz. This is due to the fact that the sixteen 

accelerometers are a sort of a single degree of freedom neutralizer that reduces the 

vibration level at the measurement point in correspondence to its natural frequency. 

Since their resonance frequencies are uniformly spread between 35 kHz and 42 kHz, 

then the wide-frequency through and crest are found. 

3. The sensor-actuator frequency response function is affected by a large phase shift 

above 10 kHz which is due to the fact that the accelerometer and the piezoceramic 

patch are not a truly collocated and dual sensor-actuator pair. It has been demonstrated 

that the cut off frequency for a non collocated behaviour can be raised by reducing the 

size of the actuator. 

The design of the single channel velocity feedback control system when only one control unit 

is active has shown the following features. 

1. When direct velocity feedback control is implemented the Nyquist plot has shown that 

the above mentioned through of the frequency response function occupies the negative 

real side and therefore, it allows relatively large gain margin to implement a stable 

controller with low spillover phenomena. 

2. The gain can be further increased by fifteen times when a phase lag compensator is 

used. 

Finally the implementation of the sixteen decentralised control units has produced the 

following results. 

1. Good low frequency control can be achieved that can reach reductions of the measured 

velocity at the error sensor up to 15 or 20 dB at relatively low frequencies and still are 

of the order of 3 to 6 dB at higher frequencies up to 2 kHz. 

2. However, the control system find difficult to damp down some resonance frequencies 

for three possible factors: first, the loading effect on the panel generated by the low 

frequency volumetric acoustic response of the cavity; second, the low spatial control 

authority of the actuator transducers for some of the resonant structural modes and 

third, the low control strength of the actuator transducers for well coupled panel and 

cavity modes. 

The final experimental tests earned out to assess the control effectiveness of the prototype 

smart panel with sixteen decentralised control units consist of two types of measurements: 

first, the total sound power radiation measured in an anechoic chamber without and with the 
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sixteen control units turned on and second, the vibratory field over the panel surface 

measured with a laser vibrometer. Both types of measurements have been taken with 

reference to the acoustic excitation produced by the loudspeaker placed in the cavity 

underneath the panel and the point force generated by a shaker mounted on the panel. The 

first types of tests have highlighted the following conclusions. 

1. When the smart panel is excited by the acoustic field generated by the loudspeaker 

placed in the cavity underneath it, the control system is able to damp down the sound 

radiation in correspondence to the first three resonance frequencies by about 8 to 13 

dB. Between 350 and 1200 Hz there is little control effect; in particular, the resonance 

frequency controlled by the first few cavity modes can not be controlled. However, 

between 1200 and 1400 Hz reductions of about 10 dB of the measured sound level are 

registered. The measurements in third octave bands between 0 and 5 kHz have shown 

frequency averaged reductions of about 6 dB in correspondence to the third octave 

bands at 63, 80 and 1250 Hz. Smaller reductions are measured for the other third 

octave bands. 

2. When the panel is excited by the point force generated by a shaker, the control system 

is able to damp down the sound radiation in correspondence to the first five resonance 

frequencies by about 12 to 18 dB. Between 350 and 1300 Hz and between 1600 and 

1800 Hz there are significant control effects that go from a minimum of 3 to a 

maximum of 8 dB. Reductions of the sound radiation are measured in correspondence 

of all third octave bands between 0 and 5 kHz and there are at least seven bands with 

reductions of about 5 to 8 dB. 

3. Very little control spillover effects have been found in these tests and in most cases 

they correspond to antiresonance frequencies as one would expect with active 

damping. 

4. When the panel is excited by the point force generated by a shaker the low frequency 

sound power radiation is characterised by a larger number of resonance frequencies 

while at higher frequencies there are less resonance frequencies than in the case of the 

acoustic primary excitation. Considering the loudspeaker primary excitation, then the 

smart panel is excited by the volumetric acoustic field in the cavity which is well 

coupled only with the panel modes with a net volumetric displacement, i.e. with either 

one or both odd modal order. However, at higher frequencies the sound radiation is 

characterised not only by the resonance frequencies associated to the natural modes of 

the panel but also those associated to the natural modes of the acoustic cavity. 
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The measurements of the vibratory field over the panel surface with the laser vibrometer have 

highlighted the following features of the control system with sixteen decentralised feedback 

units. 

1. When the smart panel is excited by the acoustic field generated by the loudspeaker 

placed in the cavity underneath it, it has been found that the sixteen decentralised 

control units uniformly damp down the overall vibration associated to the low 

frequency (1,1) and (1,3) modes of the panel. In contrast the sixteen control units can 

not produce any control effect on the (1,4) mode of the panel because they are exactly 

arranged along the nodal lines of this mode. 

2. Finally, it has been highlighted that the point force excitation produced by the shaker 

can excite even mode number as well as odd mode number. Also, this excitation is 

characterised by a local vibratory field that could not be contrasted by the decentralised 

control unit close to it. 

It is important to emphasize that the testing configuration with the panel mounted on the top 

of the Perspex box has not given a complete picture of the effective control performance of 

the smart panel since the sixteen control units are not able to reduce the vibration of the panel 

in correspondence of well coupled cavity and panel resonating modes. Also, at some 

frequencies, the sound radiated by the panel is equivalent to the flanking sound radiation 

through the side walls of the Perspex box and therefore it was not possible to assess the true 

control effects. The control effectiveness of the smart panel is therefore expected to be 

relatively higher when tested on a proper sound transmission suite where the panel can be 

excited by a diffuse acoustic field without any low frequency volumetric effect or higher 

frequency modal pattern of the incident acoustic disturbance. 
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9.2 Overall conclusions 

The overall conclusions of this dissertation are summarised below. 

1. The analysis of the response of the smart panel with embedded piezoelectric actuators 

and acceleration sensors, has shown that the low frequency response of the panel 

before control is characterised by a selected number of resonances that, in the case of 

the cavity primary source, correspond to either panel or cavity natural frequencies of 

well coupled panel-cavity modes and in the case of the force primary source, includes 

most, if not all, the modes of the panel. When the control system is turned on, it can 

be noticed that as the gains of the feedback loops are increased, as the resonances that 

are controlled mainly by the panel natural modes become more heavily damped. In 

contrast, the resonances controlled by the cavity natural modes are not damped. For 

higher gains the control effectiveness degrades up to a point where the overall kinetic 

energy or sound radiation are enhanced (pinning effect). It has been found that, in 

correspondence of the optimal gain of 100, the kinetic energy or sound radiation 

integrated between 0 and 2 kHz are reduced respectively by 7.4 dB and 3.7 dB for the 

monopole acoustic excitation and respectively by 8.1 dB and 5.5 dB for the structural 

excitation. 

3. The sensor-actuator frequency response function is affected by a large phase shift 

above 10 kHz which is due to the fact that the accelerometer and the piezoceramic 

patch are not a truly collocated and dual sensor-actuator pair. It has been demonstrated 

that the cut off frequency for a non collocated behaviour can be raised by reducing the 

size of the actuator. When direct velocity feedback control is implemented, the Nyquist 

plot has shown that the above mentioned through of the frequency response function 

occupies the negative real side and therefore, it allows relatively large gain margin to 

implement a stable controller with low spillover phenomena. The gain can be further 

increased by fifteen times when a phase lag compensator is used. 

4. The implementation of the sixteen decentralised control units has achieved reductions 

of the measured velocity at the error sensor f rom 15 to 20 dB at relatively low 

frequencies and reductions of the order of 3 to 6 dB at higher frequencies up to 2 kHz. 

The control system, however, finds difficult to damp down some resonance 

frequencies for three possible factors: first, the loading effect on the panel generated by 

the low frequency volumetric acoustic response of the cavity; second, the low spatial 
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control authority of the actuator transducers for some of the resonant structural modes 

and third, the low control strength of the actuator transducers for well coupled panel 

and cavity modes. 

5. The stability of the multi-channel decentralised velocity feedback has been analysed 

according to the Generalised Nyquist criterion: the eigenvalues of the measured matrix 

G(jco)U(j(jo) have been calculated and represented as series of polar plots. The system 

is stable for the set of gain implemented in the decentralised feedback, since none of 

the eigenvalues loci of G(ja})il(ja)) encircle the (-1,0) point. However, all the 

eigenvalues cross the negative real axis and therefore the system is not unconditionally 

stable. 

6. A third octave analysis of the sound power radiation from the smart panel with and 

without the decentralised feedback control has been carried out for a frequency range 

of 0 - 5 kHz. The sound power level has been measured in the anechoic chamber for 

both types of excitations (loudspeaker in the cavity and shaker on the panel), achieving 

overall reduction of the sound power respectively of 2.5 dB and 4.4 dB. 

9.3 Suggestions for future work 

1. The testing configuration considered in this thesis could be used to assess the 

feasibility of a "smart enclosure" for the control of sound radiation by machines. The 

results presented in this thesis have highlighted that the smart panel can not reduce the 

sound radiation at frequencies close to the cavity resonances. Therefore it would be 

interesting to analyse the feasibility of an enclosure with a smart wall of the type 

studied in this thesis and a set of decentralised acoustic control units placed within the 

cavity. Similarly to the structural case, the acoustic control units could consist of a 

microphone sensor closely located to a loudspeaker actuator connected by a feedback 

controller. 

2. The testing configuration considered in this thesis could also be used to assess the 

control effectiveness to reduce the sound transmission through the smart panel inside 

the cavity in presence of an external acoustic source positioned above the panel. 

3. The performance of the decentralised feedback control should be evaluated for 

different configurations of the sensor-actuator arrays, e.g. using only the four central 

control units or arranging the sixteen control units with a different geometry over the 
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panel surface. Probably a less regular arrangement of the sixteen control units would 

allow the control of a larger number of modes provided larger control gains could be 

generated by each control unit in order to make up for the lower number of effective 

control units for each mode of the panel. 

4. The miniaturization of the control unit (velocity sensor - feedback controller - piezo 

actuator) should be investigated in such a way as to integrate micro-electro-mechanical 

systems (MEMS) transducers (sensors and actuators) and MEMS controllers. 
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APPENDIX A 

Table A. l : Technical specifications of the accelerometer PCB 352C67 

Parameter Value 

Product Type Ceramic shear ICP Accelerometer 

Model PCB Piezotronics 352C67 

Mass 2 gm 

Sensitivity 10.2 mV/(m/s^) 

Frequency Range (±5%) 0.5 to 10000 Hz 

Resonant Frequency >35 kHz 

Table A.2: Technical specifications of the force transducer B&K Type 8200 

Parameter Value 

Product Type B&K Force Transducer 

Model Type 8200 

Mass 21 gm 

Sensitivity 3.82 pC/N 

Polarity Positive for compression 

Capacitance 25 pF 

Table A.3: Technical specifications of the microphone B&K Type 4165 

Parameter Value 

Product Type B&K Condenser Microphone Cartridge 

Model Type 4165 

Sensitivity 48.4 mV/Pa 

Cartridge Capacitance 20.2 pF 

Frequency Response Characteristic 20 kHz 

Dynamic Range 146 dB 
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APPENDIX B 
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Figure B.l: The sixteen measured frequency response functions between the sixteen control outputs and the 
piezo actuator n. 1, exciting the plate in a frequency range of 50 kHz 
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Figure B.2: The sixteen measured frequency response functions between the sixteen control outputs and the 
piezo actuator n. 2, exciting the plate in a frequency range of 50 kHz 
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Figure B.4: The sixteen measured frequency response functions between the sixteen control outputs and the 
p/ezo acfwafor n. ecciYmg f/zg m a ra/zgg q/" JO 
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Figure B.6: The sixteen measured frequency response functions between the sixteen control outputs and the 
piezo actuator n. 6, exciting the plate in a frequency range of 50 kHz 
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Figure B.IO: The sixteen measured frequency response functions between the sixteen control outputs and the 
piezo actuator n. 10, exciting the plate in a frequency range of 50 kHz 
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Figure B.12: The sixteen measured frequency response functions between the sixteen control outputs and the 
piezo actuator n. 12, exciting the plate in a frequency range of 50 kHz 
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Figure B.13: The sixteen measured frequency response functions between the sixteen control outputs and the 
piezo actuator n. 13, exciting the plate in a frequency range of 50 kHz 
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Figure B.14: The sixteen measured frequency response functions between the sixteen control outputs and the 
piezo actuator n. 14, exciting the plate in a frequency range of 50 kHz 
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Figure B.16: The sixteen measured frequency response functions between the sixteen control outputs and the 
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APPENDIX C 

A Laser Doppler Vibrometer (LDV) is based on the principle of the detection of the Doppler 

shift of coherent laser light that is scattered from a small area of the test object. The object 

scatters or reflects light from the laser beam and the Doppler frequency shift is used to 

measure the component of velocity, which lies along the axis of the laser beam. 

For this particular application a Polytec PSV-300 Laser Vibrometer has been used. This 

device consists of two main components: the scan head and the processing system. The scan 

head contains XY deflection mirrors, live colour video camera and LDV sensors. The 

deflection mirrors automatically steer the laser beam to the desired position on the target 

within a 40°x40° field of view. The mirrors move very fast (typical settling time is <10ms), 

so an area can be measured very quickly. The live video camera displays the laser beam on 

the target and allows the user to draw a grid of desired measurement points right over a video 

image. With live video, the scan head can be operated remotely, from a control room. After 

every measurement, the area data are conveniently overlaid directly upon the video image. 

The OFV-303 LDV sensor comes already mounted into the OFV-056 scan unit. 

Figure C.l: Scan Head of the Laser Vibrometer PSV-300 

The control/processing system consists of the LDV controller, the junction box and the Data 

Management System (DMS). The LDV controller produces an analogue voltage output 
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proportional to surface vibration, while the junction box is a central interface between the 

scan head, LDV controller and DMS. Finally, the Data Management System (DMS) is the 

"central brain" of the device, and controls every aspect of set-up, data acquisition, analysis, 

storage and transfer. 

Junction Box 

LDV.Controler 

Optlonaf System Cart 

Figure C.2: Control/processing system of the Laser Vibrometer PSV-300 
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