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ABSTRACT

This Technical Report discusses the design and the construction of a smart panel with five
decentralised direct velocity feedback control units in order to reduce the vibration of the panel
dominated by well separated low frequency resonances. Each control unit consists of an
accelerometer sensor and a piezoelectric patch strain actuator. The integrated accelerometer
signal is fed back to the actuator via a fixed negative control gain. In this way the actuator
generates a control excitation proportional and opposite to the measured transverse velocity of the
panel so that it produces active damping on the panel. First the open loop frequency response
function between the sensor and the actuator of a single channel has been studied and an analogue
controller has been designed and tested in order to improve the stability of this control system.
Following the stability of all five control units has been assessed using the generalised Nyquist
criterion. Finally the performances of the smart panel have been tested with reference to the
reduction of the vibrations at the error positions and with reference to the reduction of the radiated
sound. Finally in appendix to this Report, a parametric study is presented on the properties of
sensor-actuator FRFs measured with different types of piezoelectric patch actuators. The results of
this parametric study have been used in order to choose the actuators to be used for the
construction of the smart panel.
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1. INTRODUCTION

This Technical Report is concerned with the design and development of a “smart panel” with five
independent feedback control units for the implementation of active vibration control (AVC) in
order to reduce the response and the sound radiation of the panel [1, 2].

At low frequencies the response of a lightly damped structure is characterised by well separated
resonance peaks. Thus the reduction of these peaks allows the reduction of the frequency averaged
response of the structure. Resonances are controlled by damping, thus by generating active damping
on the structure it is possible to decrease the amplitude of the resonance peaks. A simple and very
effective approach for implementing active damping is direct velocity feedback control (DVFB) [3].
In a DVFB control system, the velocity of the structure measured at the control position is fed back
to a control actuator via a fixed negative control gain. In this way the actuator generates on the
structure a force proportional and opposite to the measured velocity. If the actuator is collocated
with the sensor and the control actuation is dual to the velocity sensing (e. g. force-linear velocity or
moment-angular velocity) [4], then a sky hook damper is synthesised by the control unit [3]. Active
damping can then be efficiently injected in the structure in order to reduce its response and thus
sound radiation at the low frequency resonances. The smart panel considered in this Report has five
DVFB control units. Each unit is made of a classic accelerometer sensor with an analogue integrator,
a voltage amplifier with a compensator circuit and a piezoelectric patch strain actuator.

A critical problem of this control system is the stability both of each feedback loop and the
whole set of five control units. A feedback control unit is unconditionally stable if the open loop
frequency response function (FRF) between the sensor and the actuator is positive real, i. e. the
phase is bound between +90° [3]. It has been demonstrated that this condition is satisfied if the
sensor and the actuator are dual and collocated [4]. The practical DVFB control units considered in
this study are neither collocated nor dual. In fact the piezoelectric patch strain actuator generates
moments along its edges while the accelerometer sensor with an analogue integrator, measures the
transverse velocity of the plate at the centre of the actuator patch. As result the sensor-actuator FRF
is characterised by a constant phase lag that brings the FRF to real negative values so that the
feedback loop could becomes unstable for high control gains. In fact, according to the Nyquist
stability criterion [5, 6], if the locus of the sensor-actuator open loop FRF encircles the Nyquist
stability point (-1+j0), then the system is unstable. Even if the locus of the sensor-actuator open
loop FRF does not encircles the Nyquist stability point, when the FRF has real negative values,
such that it occupies both real negative quadrants of the locus plot, the feedback loop is bound to be

only conditionally stable, i. e. only a limited range of feedback control gains can be implemented



before the instability point (-1+j0) is encircled. With the piezo actuator and accelerometer sensor
transducers this instability behaviour is magnified by a constant amplitude rise of the sensor-
actuator FRF which is due to the piezoelectric actuator bending excitation [7] and by the resonance
peak and the correspondent brusque phase change of -180° produced by the accelerometer sensor
response [8].

The stability of the control system can be improved firstly by a suitable choice of the
accelerometer sensor and piezoelectric patch actuator and secondly by the design of a compensator
which corrects the causes of instability. The piezoelectric patch actuator has been chosen in such a
way as that, if an ideal massless velocity sensor were to be used, the sensor-actuator open loop FRF
is positive real up to about 40 kHz. Also the accelerometer sensor has been chosen with a constant
response function up to about 40 kHz where the characteristic resonance of the accelerometer
occurs. In this way the accelerometer sensor and piezoelectric patch actuator FRF is bound to be
real positive up to about 40 kHz. At higher frequencies the brusque -180° phase shift due to the
accelerometer resonance tends to bring the phase beyond -270° so that the frequency band where
the open loop sensor-actuator FRF generates instability is diminished. In order to reduce this
intrinsic instability it is necessary to design a compensator that rolls off the sensor-actuator FRF
above about 35 kHz where the FRF goes real negative. In order to achieve this objective a suitable
compensator has been designed and built. The compensator is made of two low pass filters [9] with
cut off frequency at 2 kHz and 15 kHz respectively. The first filter reduces the rising effect of the
amplitude of the sensor-actuator open loop FRF. The second filter is chosen to further reduce the
amplitude of the sensor-actuator response above 35 kHz where instability is generated.

The aim of this Report is to present the design and test study of a smart panel with five
independent direct velocity feedback control units which operate all together in order to reduce the
vibration and sound radiation of the panel. The study is divided in two steps: firstly the design of a
single control unit and improvement of its stability by designing an appropriate compensator and
secondly the study of the whole system with five independent control units.

The Report is subdivided in four Sections. Section two describes the structure of the smart
panel and in particular its main elements: the aluminium panel, the accelerometer sensors, the
piezoelectric actuators and finally the electronic components of the feedback loops. The stability of
one control unit is analysed in Section three. The selection of the piezoelectric actuator is based on a
parametric experimental study carried out with three sets of actuators with circular, square and
rectangular shapes and various dimensions, which is summarised in Appendix 1. This study
continues by presenting the design and the construction of an analogue compensator in order to

improve the stability of the control unit. The Section ends with the stability analysis of the five



control units when used at the same time. Finally Section four describes the control performances of
the smart panel in terms of the measured transverse velocity at the error positions and the measured

sound pressure level generated by the panel at a point 0.5 m above the centre of the panel.



2. DESCRIPTION OF THE SYSTEM

The object of this Section is to describe the components of the smart panel. Firstly the mechanical
structure of the panel will be described. Secondly the physical and dynamics properties of the
seismic accelerometer sensors and of the piezoelectric patch strain actuators will be discussed.
Finally, in order to complete the description of the control chain, the electronic components, that is

the analogue integrator and the high voltage amplifier, will be described.
2.1 Smart panel

The prototype smart panel is made by aluminium plate of thickness 4, = 1 mm which has been fixed
on a rigid frame so that the vibrating area is /x/, = 414x314 mm?. The physical and geometric

properties of the panel are summarised in the table below.

Table 1 Dimensions and physical properties of the thin aluminium plate.

Parameter Value

Length =474 mm
Width [,=374 mm
Thickness h,=1 mm
Density p=2700 kg/m’
Poisson’s ratio 7n=0.05
Young’s modulus E=7x10"" N/m’

Five accelerometer sensors are fixed on the top side of the panel while on the bottom side, in
correspondence of the sensors, are bonded five piezoelectric patch strain actuators. These sensor-
actuator pairs are arranged in a “cross geometry” as shown in Figures 1 and 2. Their positions have
been chosen in such a way as to avoid the nodal lines of the low order modes of the plate where the
transverse velocity of the structure is zero or very small so that the feedback signals, and then the
control authorities of the systems, would be very low at resonances controlled by these low order

modes.
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Fig. 1 Panel with five sensor-actuator pairs. The sensors are placed on the top of the panel and the actuators, are
bonded on the bottom of the panel in correspondence of the sensors. The positions of the control units and the
dimensions of the plate are expressed in mm.

Fig. 2 Prototype of smart panel formed by a thin aluminium plate and five decentralized feedback control units.

2.2 Piezoelectric patch strain actuator

As discussed in Reference 10, the choice of the sensor and actuator transducers is very important
because these elements affect the stability of the control loops. The actuator chosen for this study is
a piezoelectric patch strain actuator. Piezoelectric actuators are devices that produce small strain
deformation with an high stress capability for a given driving voltage. In order to generate bending
vibration on the panel, thin patches are bonded on the surface of the panel, as shown in Figures 1
and 2. The strain deformation of the patch generates in plane strain on the surface of the panel
which therefore produces bending deformation of the whole panel. Piezoelectric patch actuators
have many properties for their use in vibration control systems: wide frequency linear response,
high control forces without the necessity to interact with other structures apart from the panel, low
weight, low cost. In order to obtain an unconditionally stable feedback control loop, as discussed in
Section 1, the sensor-actuator pair must be dual and collocated. As discussed in Reference 10, a

sensor-actuator pair made of an accelerometer and a piezoelectric patch strain actuator is neither
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dual nor collocated so that the control unit is not unconditionally stable. In order to reduce the
intrinsic instability of this control system, the physical and geometric properties of the piezoelectric
actuator should be selected in such a way as the open loop sensor-actuator FRF is positive real in
the whole frequency band where the control is desired and it rolls off above this frequency band so
that the real negative part of the FRF has much smaller amplitude than the real positive part.

For this purpose an experimental parametric study (see Appendix 1) has been carried out using
a large number of piezoelectric actuators, which are made of a typical piezoelectric material whose

characteristics are summarised in Table 2 below.

Table 2: Physical properties of the piezoelectric patch strain actuators.

Parameter Value

Density p=7800 kg/m’
Strain constant d;=183x10"> m/V
Poisson ratio v,=0.35

The experimental parametric study has been carried out by measuring the frequency response
function between the transverse velocity of a plate at the control position and the input voltage to
the piezoelectric patch strain actuators bonded to the plate. As shown in Figure 3, the transverse
velocity has been measured by a laser vibrometer in order to leave out the dynamic effects of a
practical sensor, such as a seismic accelerometer. Also the piezoelectric patch actuator has been
driven by a high voltage amplifier.

Vv

Laser
Vibrometer

T~

Aluminium
plate

| /A

/.\/ \ Piezoelectric

patch actuator

Signal High Voltage
Generator Amplifier

Fig. 3 Aluminium plate excited in bending by a piezoelectric patch strain actuator bonded on the bottom side. The
actuator is driven by the output signal, u,, of an high voltage amplifier and the transverse velocity, v,, of the plate is
measured by a laser vibrometer.

The actuators considered in the parametric study have been divided in two groups. The first group

contains samples of different shapes (squared, rectangular and circular), with fixed thickness (1



mm) and different dimensions and masses. The second group contains samples of different shapes
(squared, rectangular and circular), with fixed mass (5 g) and different dimensions and thicknesses.
In total the open loop FRF measured with 21 actuators have been studied. In this way it has been
possible to estimate the influence of shape, dimensions and mass of the piezoelectric actuator on the
open loop FRF with a massless velocity sensor. Only the main results and conclusions are presented
in this Subsection. The whole set of measurements is presented in Appendix 1 in terms of Bode and
Nyquist plots of the measured open loop FRFs. The study has shown that the increase of the
dimensions of the piezoelectric patch determines an increase of the amplitude of the FRF, although
at the same time it also determines an increase of the phase lag effect. Thus with an ideal velocity
sensor such as the laser vibrometer, actuators with small dimensions strongly contribute to the
stability of the control system. This result is probably due to the fact that smaller is the size of the
actuator the greater is the collocation between sensor and bending actuation around the perimeter of
the patch. However, actuators characterised by small size are not able to generate high strain before
saturation occurs and the actuation strength becomes non linear. Thus they cannot produce high
control strengths. Finally the study has shown that the shape influences in a limited way the open
loop sensor-actuator FRF although circular actuators have shown slightly better stability properties
than the quadrilateral ones.

Taking into account the results obtained from the parametric study, it has been chosen to use an
actuator with intermediate size which offers the best trade off between the actuation strength and

the phase lag effect. The geometric properties of the chosen actuator are summarised in Table 3.

Table 3: Geometric properties of the piezoelectric actuator chosen in order
to build the smart panel.

Parameter Value
Shape Circular
Diameter d=21.00 mm
Thickness h=1.98

The pictures in Figure 4 show the size and bonding of the piezoelectric actuator to the plate. The
chosen piezoelectric actuator is rather small and light so that it does not affect significantly the

dynamic behaviour of the panel.



Fig. 4 The piezoelectric patch strain actuator bonded to the panel at the control position number 2.

Figures 4 show the Bode and the Nyquist plots of the open loop FRF of the piezoelectric patch
strain actuator attached on the panel at the control position number 2. The open loop frequency

response function G is given by the ratio between the output signal of the laser vibrometer, v, , and
the input voltage to the piezoelectric patch actuator, u,, i. e the output signal of the amplifier which

drives the piezoelectric patch actuator.
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Fig. 5: Bode plot (left hand side) and Nyquist plot (right hand side) of the open loop frequency response function

between the output signal v, of the laser vibrometer and the input signal u to the piezoelectric patch strain actuator

bonded at the control position number 2 of the panel.

The Bode plot highlights the two characteristic features of piezoelectric actuation: first, the response
amplitude increases monotonically with frequency and second, the phase rolls off monotonically
with frequency. In particular the phase exceeds -90° at about 40 kHz. Thus even if a nearly ideal
velocity sensor, as the laser vibrometer, is used, a feedback loop with this actuator is only
conditionally stable. This is confirmed by the Nyquist plot in Figure 5 which shows that the locus of
the FRF enters the left hand side quadrants so that, when high feedback control gains are

implemented, the locus can encircle the Nyquist instability point (-1+j0). Of particular interest is the



wide band smooth peak of the sensor-actuator FRF between 35 kHz and 45 kHz. Its origin is not
entirely clear. The parametric study has highlighted that it depends on the size of the actuator and
for the largest size considered in the study two of these wide band peaks appear in the frequency

band up to 80 kHz.
2.3 Accelerometer sensor

The sensor chosen for this study is a classic seismic accelerometer which is the best solution for the
practical construction of a DVFB with the piezo patch actuator. This type of sensor is characterised
by a wide frequency linear response, high sensitivity and low weight as shown in Figure 6. An

accelerometer sensor can be modelled [11] by a seismic mass m_, connected to the vibrating case

via a spring of stiffness &, and a dashpot of damping coefficient c, .

Ma lwcz
Va =CO‘(WCZ'WCI) *
iy L

lwcl
|

Fig. 6. Schematic representation of an accelerometer transducer made of a seismic mass m,, which is suspended on the
vibrating base via a spring, of stiffness k,, and a damper with damping coefficient c,.

In a commercial accelerometer the spring is a piezoelectric transducer which is the active element
of the sensor. When the accelerometer is subjected to vibrations, a force, which acts on the
piezoelectric element, is generated. According to Newton’s law this force is equal to the product of
the acceleration and the seismic mass. The piezoelectric effect produces a charge output
proportional to the force applied to it. Thus, since the seismic mass is constant, the charge output
signal, generated by the piezoelectric material, is proportional to the acceleration of the mass. From

literature, the frequency response function of an accelerometer sensor is [11]:

H(Q)= (1—92):]‘2{;“9’ 2.3.1)




a

where @, =

is the natural frequency of the accelerometer, (Q =— is the normalised
m, @

a

frequency and &, = S s the damping ratio of the accelerometer. Figure 7 shows the Bode
2k, m,

plot of the frequency response function between the output signal of an accelerometer sensor, v,

and the acceleration of the base, — w’w,, , calculated using Equation 2.3.1.
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Fig. 7:  Amplitude (top plot) and phase (bottom plot) of the simulated frequency response function of an accelerometer
sensor.

Equation 2.3.1 and Figure 7 show two important properties of an accelerometer: firstly it can be
regarded as a mechanical low pass filter with a resonance peak and a correspondent abrupt phase

change of -180° at @ = @, ; secondly below this resonance frequency, the sensitivity of the sensor, i.

e. output signal per unit base acceleration, is inversely proportional to the squared resonance
frequency. In order to achieve a wider operating frequency band the resonance frequency should be
rather high but this choice decreases the sensitivity of the sensor.

This dynamic behaviour suggests that, in order to build a DVFB control unit with good stability
and performance properties it is necessary to choose an accelerometer sensor whose resonance
frequency corresponds to the desired upper frequency limit. In this way the amplitude roll off above
this resonance frequency should contribute to lessen the instability effect produced by the phase lag
effect due to the non collocation with the piezoelectric patch actuator. This type of conclusion has
to be mediated with a possible problem which could be originated by the 180° phase lag introduced
by the resonance of the accelerometer. Also the abrupt increase of response at the accelerometer
resonance frequency should be carefully taken into account since it could be a principal cause of

instability if the non collocation between the piezoelectric actuator and the accelerometer sensor has

10



produced a phase lag of about -90° at the resonance frequency of the accelerometer. As discussed in
Subsection 2.2, the phase of the open loop ideal velocity sensor and chosen piezoelectric patch
actuator FRF exceeds -90° at about 40 kHz. The accelerometer sensor should therefore be chosen in
such a way as its resonance is well above 40 kHz so that the resonance peak occurs at a frequency
where the phase lag of the sensor-actuator FRF exceeds 360° and thus does not affect stability.

The characteristics of the commercial accelerometer sensor (Metra Mess model KS94.100 with
ICP® compatible output) chosen to build the single DVFB control units are summarised in the Table

below and the accelerometer is represented in Figure 8.

Table 4: Physical properties of the accelerometer sensor.

Parameter Value
Mass of the accelerometer case 35¢g
Sensitivity 14 mV/g
Measuring range +60 g
Resonance frequency fy=45 kHz

Fig. 8 The accelerometer sensor attached on the panel at the control position number 2.

2.4 Analogue control system

As discussed in Section 1, the control strategy to be implemented is a DVFB loop. Using this
architecture and the sensor-actuator pair previously described, the main elements of an analogue
control system for such a control unit is made of an integrator circuit, a high voltage amplifier and a
compensator. The compensator circuit will be described in next Section where the control system
stability is analysed.

In order to implement a direct velocity feedback control loop it is necessary to measure the
transverse velocity of the plate. For this purpose an analogue integrator has been put in series to the
accelerometer sensor. Figure 9 shows the electrical scheme of the active integrator circuit used in

this study.
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Fig. 9 Electrical scheme of an active integrator circuit.

A classic integrator circuit has a very low amplitude output signal V, because the integrator operates

as a low pass filter. In order to magnify the output signal from the integrator an operational
amplifier can be used. An operational amplifier, normally referred to as an “op-amp” for brevity, is
a DC-coupled high-gain electronic voltage amplifier with differential inputs and, usually, a single
output. In its ordinary operation, the output of the op-amp is controlled by negative feedback which,
because of the high gain of the amplifier, determines the level of the output voltage for any given
input. The frequency response function of this electrical circuit, that is the ratio between the output

signal, ¥, and the input signal, V,, is given by

_R
Y =i, (2.4.1)
V. 1+ jor
where
r=R,C 24.2)

is called the time constant of the integrator and R;, R,, C are the resistances and the capacitance of
the elements in the integrator circuit in Figure 9. The time constant 7 sets the cut off frequency of

the integrator, that is the lower frequency at which the circuit starts to integrate the input signal:

. 1 1

=—t=—= . 243
S 2r 27t 27R,C (243)
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As Equation 2.4.1 shows, the frequency response function of the circuit is similar to the response
function of a classic passive integrator but it is multiplied by a factor — R, / R,. The negative sign

takes into account that the integrator, shown in Figure 9, produces a phase change of 180° in order
to make the measured velocity suitable for a negative feedback control loop. Table 5 summarises

the properties of the electrical elements of the integrator circuit considered in this study.

Table 5: Values of the electrical elements of the integrator circuit.

Parameter Value
Operational amplifier OPA131
R, 1 kQ

R, 150 kQ
C 1.35 uF
f. 0.786 Hz

The plots in Figure 10 below show a comparison between the simulated FRF and the measured FRF

of the integrator. An ideal integrator circuit should produce a E constant amplitude roll off and a -
@

90° phase at frequencies above the cut-off frequency f

., which in this case 1s 0.786 Hz. The circuit
built for this study obtains this result at about 20 Hz and progressively it stops to operate for
frequencies higher than 4 kHz, because of the non perfect behaviour at these frequencies of the

electrical components of the analogue circuit.
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Fig. 10: Amplitude (top plots) and phase (bottom plots) of the integrator frequency response function: a) measured
FRF, b) simulated FRF.

The other principal electric component of the feedback loop is the high voltage amplifier which
drives the piezoelectric actuator. As shown in Figure 11, a five channels high voltage amplifier has
been used in this study. Each channel has a fixed gain (x20), featuring 200 V (400 V peak to peak)

output. Each channel accepts a maximum input voltage of £10 V.

13



Fig. 11: High voltage amplifier with five independent channels and fixed gain.

This equipment is output protected from short circuits and has an automatic offset compensator. It is
especially suited to drive piezoelectric transducers. The high voltage amplifier is equipped with an
external preamplifier stage (shown in Figure 12) with five independent channels and programmable
gains. The preamplifier allows four level of preamplification for different maximum input voltage:

1)£10 V (x1), 2) £1 V (x10), 3) £100 mV (x100) and 4) 10 mV (x100).

Fig. 12: External preamplifier with five independent channels and programmable gains.

Figure 13 shows the measured frequency response function of the channel number 2 of the high
voltage amplifier when the gain in the preamplifier is set to x10 with an input signal amplitude of

+1 V.

14
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Figure 13: Amplitude (top plot) and phase (bottom plot) of the measured frequency response function of the high
voltage amplifier.

Above about 15 kHz, the amplitude and phase of the FRF decrease monotonically. The phase lag
could influence the stability of the control unit but this undesired effect is balanced by the amplitude
roll off. The electronic chain of the control system is completed by a five channels ICP® converter

which feeds the ICP® accelerometer sensors.
2.5 Testing facility

In order to carry out the measurements on the smart panel and to test its performances, the panel has
been fixed on an aluminium frame which is mounted on a rectangular cavity made of plexiglass.
The panel has been excited by a point force generated by a shaker which, as shown in Figure 2, is

mounted inside the box. A scheme of this testing facility is shown in Figure 14.

474

36
30 > = 374

%‘ 10 L 1

414 = = 25

Fig. 14: Schematic of the rectangular cavity (box) made of plexiglass (left hand side) and rigid aluminium frame used
in order to clamp the smart panel to the box (right hand side). The dimensions of the cavity and of the frame are
expressed in mm.
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The thickness of the walls of the box is 30 mm. In this way it is possible to reduce the sound
irradiated outside of the cavity through the walls and then it is possible to measure the sound

generated by the top face of the panel with and without the control.
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3. STABILITY ANALYSIS AND DESIGN OF FIVE DVFB CONTROL UNITS

This Section presents the stability study: firstly of one DVFB control unit and secondly of the
whole set of five decentralised control units. Subsection 3.1 describes the type of compensator used
in order to improve the stability of the DVFB control loop, while Subsection 3.2 analyses the
stability of five control units using the Nyquist criterion for Multiple Input Multiple Output
(MIMO) feedback control systems.

3.1 Stability analysis and design of a single control unit

Figure 15 below shows the block diagram of the direct velocity feedback control loop implemented

in the smart panel considered in this Report.

d(jw)l

D(jw)

u(jo) t l y(jo)
(P W

+

H(jw)
Fig. 15: Block diagram of a single direct velocity feedback (DVFB) control loop.

A

The output signal from the control sensor y(jw) is the superposition of the signals generated by the
vibrations of the panel due to the external primary disturbance d(jw) and the excitation generated by
the piezoelectric actuator, which is proportional and opposite to the accelerometer output signal.

Thus the ratio between the error signal y(jw) and the primary disturbance is given by:

d(jo) [1+G(jo)H(jo)]

where G(jw) is the open loop frequency response function between the control sensor and the
control actuator, D(jw) is the frequency response function between the control sensor and the
primary disturbance and H(jw) is the control function which, in the ideal case, is given by the
integrator response function multiplied by a constant gain. As described in the previous Sections,

the control system under study is not unconditionally stable. The Bode and Nyquist plots in Figure

17



5 show that, even if the response of the accelerometer sensor (see Figure 7), of the analogue
integrator (see Figure 10) and of the high voltage amplifier (see Figure 13) are not taken into
account, the open loop frequency response function of the control system is only conditionally
stable. Moreover the size of the positive real part of the plot is comparable to that of the real
negative part. Thus relatively low control effects can be produced even when the maximum
feedback gain is implemented. Figure 16 below shows the measurement setup when all the
components of the control chain are taken into account. Figure 17 shows the Bode and Nyquist
plots of the open loop FRF between the output signal v, of the analogue integrator and the input
signal u; to the high voltage amplifier. Thus these Bode and Nyquist plots represent the open loop

frequency response function G(jw) H(jw) of the complete feedback control system.
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X ®
1 & GE A
—_ Uj \
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Signal High Voltage
Generator Amplifier

Fig. 16 Aluminium plate excited in bending by a piezoelectric patch strain actuator bonded to the plate. The actuator
is driven by the output signal, u,, of an high voltage amplifier and the transverse velocity, v;, of the plate is measured by
an accelerometer sensor with an analogue integrator circuit in cascade.
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Fig. 17: Bode plot (left hand side) and Nyquist plot (right hand side) of the open loop frequency response function
between the output signal of the analogue integrator in series with the accelerometer sensor and the input signal to the
high voltage amplifier which drives the piezoelectric patch strain actuator bonded at the control point 2 of the panel.

Comparing these Bode and Nyquist plots with those ones in Figure 5 it is possible to highlights four
important characteristics of the system: first at about 50 kHz, there is a new resonance peak and a
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phase change of -180° due to the sensor resonance; second the open loop FRF exceeds -90° at 30
kHz; third the locus makes a full circle and returns in the real-positive half plane; fourth the
maximum amplitudes of the positive real part and that of the negative real part are still about the
same. In conclusion the control system is conditionally stable and very low control performances
are predicted [8].

In order to improve the performance of the feedback loop it is necessary to reduce the
amplitude of the real negative part of the open loop FRF. This can be obtained by filtering the
analogue integrator output signal with a low pass filter [9]. Figure 18 shows the scheme of a second

order Sallen-Key low pass filter that has been considered in this work.
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Fig. 18: Electrical scheme of a second order Sallen-Key low pass filter circuit.

A Sallen-Key filter is particularly valued for its simplicity. The circuit in the low pass configuration,
produces a second order (2-pole) response which is characterised by a constant amplitude reduction
of 12 dB/octave. The operational amplifier is used as a buffer. In this way higher order filters can be

obtained by cascading two or more stages. The frequency response function of this filter is given
by:

14 o,
o = s 3.1.2
% (3.1.2)

2, 1 1 2
-0+ jo| ——+—— |+ o,
RZCI RICI

where @, is the circular cut off frequency given by

@, = _ (3.1.3)
RIRZCICZ

The best frequency profile of the filter response function has been derived with a trial and error

iterative simulation process where the capacitors and resistors have been varied within the practical
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limits of commercial components. Two second order Sallen-Key low pass filters with different cut

off frequencies, 5.305 kHz and 15.915 kHz respectively, have been put in cascade. Tables 6 and 7

summarise the electrical components of the two low pass filters built for this study.

Table 6: Values of the electrical elements for the first low pass filter circuit.

Parameter Value
Operational amplifier OPA131

R, 3 kQ

R, 3kQ

C 10 nF

C, 10 nF

f. 5.305 kHz

Table 7: Values of the electrical elements for the second low pass filter circuit.

Parameter Value
Operational amplifier OPA131

R, 1 kQ

R, 1 kQ

Ci 10 nF

C2 10 nF
/- 15.915 kHz

The comparison between the measured and simulated frequency response function of the two low

pass filters in cascade is shown in Figure 19 below. The two plots show that the analogue circuit

response is very close to the predicted one. In particular the Bode plot highlights that, as expected,

the amplitude reduction is about 24 dB/octave and that the phase lag is about -360° at high

frequency.
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Fig. 19: Amplitude (top plots) and phase (bottom plots) of the frequency response function of the cascade of two low
pass filters: measured frequency response function (left hand side) and simulated frequency response function (right

hand side).



In order to avoid noise effects at low frequencies, two Sallen-Key high pass filters [9] of the second
order with cut off frequencies at about 10 Hz have been placed in cascade to the low pass filters. A

scheme of a Sallen-Key second order high pass filter is shown in Figure below.

R

G, Op. Amp. ———

R

T T

Fig. 20: Electrical scheme of a second order Sallen-Key high pass filter circuit.

The frequency response function of this filter is given by:

V -0’}
2= . 3.14
V. ( )

’ —a)2+ja)(

+ j + o]
R2 Cl R2 CZ

The cut off frequency is again given by Equation 3.1.3. Tables 8 and 9 summarise the electric

components of the two filters respectively.

Table 8: Values of the electrical elements for the first high pass filter circuit.

Parameter Value
Operational amplifier OPA131
R, 5.23kQ
R, 10.5 kQ
&) 1.0 pF
f. 9.906 Hz

Table 9: Values of the electrical elements for the second high pass filter circuit.

Parameter Value
Operational amplifier OPA131
R 2.15kQ
R, 25.5kQ
G 1.0 uF
fe 9.915 Hz
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Figure 21 shows the comparison between the simulated and the measured frequency response
functions of the cascade of the two high pass filters. In this case the low-frequency amplitude

reduction of the response is about 24 dB/octave but the analogue circuit leads the phase of +360°.
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Fig. 21: Amplitude (top plots) and phase (bottom plots) of the frequency response function of the two high pass filter:
measured frequency response function (left hand side) and simulated frequency response function (right hand side).

In conclusion, the compensator, built in order to improve the stability of the control unit, is made of
a cascade of two second order low pass filters with cut off frequencies at 5.305 kHz and 15.915 kHz
respectively and two high pass filters with cut off frequencies at about 10 Hz. The measured and the
simulated frequency response functions of the complete control chain (filters-amplifier-integrator)

are shown in Figure 22.
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Fig. 22:  Amplitude (top plots) and phase (bottom plots) of the frequency response function of the compensator:
measured frequency response function (left hand side) and simulated frequency response function (right hand side).

The Bode plots highlight that the mathematical models used in order to design the electric

commponents of the controller are in good agreement with the real behaviour of the analogue
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circuits. For frequencies higher than 60 kHz the response becomes very low and therefore it s

heavily affected by floor noise.

The scheme in Figure 23 shows the complete measurement chain with the sensor-actuator
transducers, compensator, integrator and amplifier components. Figure 24 shows the Bode and the
Nyquist plots of the open loop FRF between the output signal v of the analogue integrator with the

analogue compensator in cascade and the input signal u, to the high voltage amplifier which drives

the piezoelectric patch actuator bonded at the control position number 2 on the panel.
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Fig. 23 Aluminium plate excited in bending by a piezoelectric patch strain actuator bonded to the plate. The actuator
is driven by the output signal u, of an high voltage amplifier and the transverse velocity v of the plate is measured by an
accelerometer sensor with an analogue integrator circuit and a compensator in cascade.
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Fig. 24: Bode plot (left hand side) and Nyquist plot (right hand side) of the open loop frequency response function

between the output signal of an accelerometer sensor with the analogue integrator and the analogue compensator in

cascade and the input signal to the high voltage amplifier which drives the piezoelectric patch strain actuator attached at

the control position number 2 on the panel.

In comparison to the open loop FRF without the analogue controller (see Figure 17) the phase
exceeds -90° at about 6 kHz because of the phase lag due to the first of the two low pass filters. At
the same time, for frequencies higher than 6 kHz, the amplitude response is diminished by 35-40 dB.

In this way, as shown by the Nyquist plot, the real negative part of the sensor-actuator open loop
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FRF which is responsible for the conditional stability and loss of control performance of the
feedback loop, has been reduced. The control unit is still only conditionally stable, but now the real
positive part of the FRF locus is much bigger than the negative real part. Thus it is possible to
implement larger feedback control gains which produce greater vibration reductions at the error

positions. Moreover the maximum control gain itself is increased greatly.

3.2 Stability analysis and design of five decentralised control units

In order to assess the stability of the decentralised multi channel control system, it is necessary to

study the stability of the five control units simultaneously. The block diagram of the five channels

control system is shown in Figure 25.

d(jw)l
D(jw)
ugow) + y(jw)
G(jw) > )
+
H(jow) k<———|

Fig. 25: Block diagram of a multi channel direct velocity feedback (DVFB) control system.

In this case, the vector with the error sensor signals y(jw) is given by:

y(jo) =[1 + G(jo)H(jo)] ' D(jw)d(jo), (3.2.1)

where D(jw) is a column vector with the FRFs between the sensors and the primary source d(jw),
G(jw) is a 5x5 square matrix whose elements are the open loop FRFs between the sensors and the
actuators. For example the first column of G(jw) is given by the FRFs between the five
accelerometers output signals and the input signal to the piezoelectric actuator in the control
position number 1. H(jw) 1s a 5x5 diagonal square matrix whose elements on the diagonal are given
by the FRFs of the analogue controllers (integrators, compensators, amplifier).

In order to analyse the stability of the MIMO control system, the locus of the five eigenvalues
of the matrix G(jw)H(jw) has been studied [12]. The system is stable if the locus does not encircle

the Nyquist point (-1+j0) when the circular frequency w goes from —co to +oo. In order to build the
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matrix G(jw)H(jw), twenty five FRFs have been measured in a frequency range between 20 Hz and
80 kHz.

Figures 26 and 27 show respectively the amplitudes and the phases of the twenty five open loop
frequency response functions. For example rows number 1 in the two plots show the open loop
amplitudes and phases at the five accelerometer sensors when the piezoelectric actuator in the
position number 1 excites the structure. Comparing the diagonal plots with the off diagonal plots in
Figure 27, the phase lag induced by the distance between the excitation source position and the

measurement positions can be noticed.

20log, |GH] (dB)

20log, |GH] (dB)

20log, |GH] (dB)

20log, |GH] (dB)

Hl

20log_ |GH] (dB)

-100

5000 1000 1000060000 5000 1000 1000060000 5000 1000 1000060000 5000 1000 1000060000 100 1000 10000 60000
Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

Fig. 26: Amplitudes of the 5x5 matrix of sensor-actuator open loop FRFs.
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Fig. 27: Phases of the 5x5 matrix of sensor-actuator open loop FRFs.
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Fig. 28: Nyquist plots in the 20 Hz-80 kHz frequency range of the locus of the five eigenvalues of the system.

Figure 28 shows the loci of the five eigenvalues of the matrix G(jw)H(jw). All eigenvalues loci
encircles the Nyquist point. Thus the five channels system is conditional stable. Also the maximum
control gains that enable stable feedback control loops are lower than those found for the five single

channel feedback control loops acting in isolation.
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4. IMPLEMENTATION OF FIVE DECENTRALISED DVFB CONTROL UNITS

In this Section, the performances of the smart panel with five decentralised control units designed
and built for this study are analyzed. At first the vibrations reduction at error position number 2,
when only the corresponding control loop is closed, will be introduced. Subsequently the vibration
reductions at all error positions when all control loops are implemented with suitable gains will be

described. Finally the sound reduction achieved by the five control loops is presented.
4.1 Vibrations at the error positions

In the last Section the stability of a single feedback control loop and of the multi channel
decentralised feedback control system has been assessed. In order to study the performances of the
control system, the smart panel has been mounted on the test facility described in Subsection 2.5.
As shown in Figure 29, five feedback control loops have been implemented. The panel has been
excited by a point force generated by a shaker.

Figure 30 shows the amplitude of the frequency response function between the output signal of

the accelerometer at the error position number 2, v,,, with an ideal integrator and the primary

excitation, F,, generated by the shaker.

Integrator  Low pass High pass

\i Iter filter
Accelerometer \ \‘
}A
A () A
Fo /

Primary Piezoelectric U, Amp‘
disturbance patch actuator
High Voltage
Amplifier

Fig. 29 Scheme of the five feedback control loops implemented in the final control performance tests.
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Fig. 30: Amplitude of the frequency response function between the output signal of the accelerometer sensor number
2 with the ideal integrator and the force transmitted by a shaker to the panel in the 20 Hz-1 kHz frequency range (left
hand side) and in the 20 Hz-2kHz frequency range (right hand side). Solid line without control, faint line with control.

The solid line represents the response function when the feedback control channel number 2 is
turned off while the faint line shows the response function when the feedback control is
implemented with the maximum stable gain. The plots in Figure 30 highlight that the control
system is able to generate reductions of the vibration at the error sensors from a minimum of about
8 dB for the second, third and sixth resonances, to a maximum of about 12 dB for the fourth and
ninth resonances. Furthermore the vibrations are constantly reduced by 10 dB for frequencies higher
than 1200 Hz. The use of all five decentralised control channels of the system, implemented with
suitable gains, produces larger damping effects than the single control unit. Thus, as shown by the
dotted line in Figure 31, at the control position 2 reductions of about 20 dB for almost all the
resonances in the frequency range between 100 Hz-800 Hz are produced. Also the first and the fifth
resonances, which couldn’t be efficiently controlled by the feedback loop number 2, are reduced of

10 dB by the system.
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Fig. 31: Amplitude of the frequency response function between the output signal of the accelerometer sensor number
2 with the and the force transmitted by a shaker to the panel in the 20 Hz-1 kHz frequency range (left hand side) and in
the 20 Hz-2kHz frequency range (right hand side). Solid line without, faint line with control.

The plots in Figure 32 below show the same analysis described for the error position 2 but extended
to all five error positions of the smart panel. The analysis is performed in three frequency ranges: 20
Hz-1 kHz. 20 Hz-2 kHz and 20 Hz-5 kHz. The plots highlight that the behaviour of the other four

channel is very similar to the behaviour of the control channel number 2.
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Fig. 32: Amplitude of the frequency response function between the output signal of the five accelerometer sensors
with ideal integrators and the force transmitted by a shaker to the panel in the 20 Hz-1 kHz frequency range (left hand
side), in the 20 Hz-2 kHz (centre) and in the 20 Hz-5kHz frequency range (right hand side). Solid line without control,
faint line with the single control unit and dashed line with all five control units.
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4.2 Sound pressure level

The vibration of the panel generates sound radiation. Figure 33 shows the amplitude of the

frequency response function between the output signal of a microphone, P .., placed at about 0.5 m
over the centre of the panel and the force transmitted by a shaker to the panel itself, F,. The solid

line shows the sound pressure without the control system and the faint line when all five

decentralised feedback control systems are implemented with maximum stable gains.
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Fig. 33: Amplitude of the frequency response function between the output signal of a microphone placed at about 0.5
m over the centre of the panel and the force transmitted by a shaker to the panel in the 20 Hz-1 kHz frequency range
(left hand side) and in the 20 Hz-2kHz frequency range (right hand side). The solid line represents the sound pressure
when the control system is off and the faint line when all the five control loops are implemented with maximum stable
gains.

The control system cuts almost all the resonances at frequencies below 700 Hz. The mean reduction
is of about 8 dB, although at about 159 Hz, 231 Hz, 300 Hz and 328 Hz the reduction is about 12
dB. The plots in Figure 30 also highlight three important behaviours: the control system does not
produce reduction of the resonances for frequencies higher than 700 Hz because only five control
loops are implemented; at certain frequency ranges, for example between 720 Hz and 770 Hz, the
control system increases the sound pressure radiated by the panel because of sound radiation
spillover generated by the control system; the control system does not produce effects at a number
of resonances, for example at 190 Hz, where the response of the panel is efficiently coupled with

that of the cavity.
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CONCLUSIONS

This Technical Report has presented the design and the construction of a smart panel with five
decentralised direct velocity feedback control loops for the reduction of vibrations and of sound
radiation. First the open loop frequency response function between the chosen sensor, a seismic
accelerometer with in cascade an analogue integrator, and the chosen actuator, a circular
piezoelectric patch strain actuator, has been studied. The analysis has highlighted that the system is
only conditionally stable and that the locus of the sensor-actuator open loop FRF has comparatively
equal sizes of the real positive and real negative parts. As results little control performance can be
obtained. In order to improve the stability of the feedback control system a compensator, made of
two low pass filters with cut off frequency at about 2 kHz and 15 kHz respectively and a high pass
filter with cut off frequency at 10 Hz, has been designed and built. A new analysis of the open loop
response with the controller in cascade has shown that the control system is still conditionally stable,
but now the real positive part of the locus of the open loop sensor-actuator FRF is much bigger than
the negative real part. In this way it has been possible to implement high control gain values in such

a way as to obtain greater control effects of the panel vibrations. Before closing all the five control

loops the overall stability of all the five decentralised feedback control channels has been assessed

using the generalised Nyquist criterion for MIMO systems based on the measured FRF between all

sensors and actuators. Finally the control performances of the smart panel has been tested using a

shaker as primary disturbance and measuring the vibrations of the panel at the error positions and

the sound pressure at about 0.5 m over the centre of the panel. The implementation of the five
control channels has produced the following results.

» The transverse velocity of the plate in correspondence to the five error sensors is reduced by
about 20 dB in the frequency range between 100 Hz and 800 Hz. The control performance is
good also for frequencies higher than 800 Hz and the vibration reduction is of about 8-10 dB.

» At certain frequencies, for example 190 Hz, the control system is not able to reduce the
vibrations of the panel. Probably at these frequencies the response of the cavity is well coupled
to that of the panel.

» The control system is able to achieve good reductions of the sound radiated by the panel. In
particular the control system cuts almost all the resonances at frequencies below 700 Hz. The
mean reduction is of about 8 dB but at certain frequencies, for example 231 Hz and 300 Hz, the
reduction is between 12dB and 15 dB.

» The control system is not able to control the sound radiation for frequencies higher than 700 Hz.

This fact is probably due to the low number of decentralised control channel on the panel.
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APPENDIX 1

Parametric study of piezoelectric patch actuator

As discussed in Subsection 2.2, the piezoelectric patch actuators, used in the five feedback control
loops, have been chosen on the base of the results of a parametric study. The study has been carried
out using a large number of piezoelectric patch actuators bonded to an aluminium plate (see Figure

34 below) similar to the one used to build the smart panel considered in this Report.
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127

374

Fig. 34 Aluminium panel with a piezoelectric patch actuator. The actuator, represented by the grey circle, is attached
on the bottom of the plate. The positions of the actuator and the dimensions of the plate are expressed in mm.

Figure 35 shows the experimental setup used to measure the frequency response function between

the transverse velocity, v, of the plate and the input voltage, u,, to the piezoelectric patch actuator

bonded to the plate. As shown in Figure 35, the transverse velocity of the plate is measured by a

laser vibrometer and the input voltage u, is the output signal of a high voltage amplifier. Thus the

dynamics of a practical sensor and of the high voltage amplifier are left out from the measurement

chain. A white noise signal in the 20-90 kHz frequency range, drives the high voltage amplifier.
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Fig. 35 Aluminium plate excited in bending by a piezoelectric patch strain actuator bonded to the plate. The actuator
is driven by the output signal, u,, of an high voltage amplifier and the transverse velocity, v,, of the plate is measured by
a laser vibrometer.

In order to investigate the influence of shape, dimensions and mass on the sensor-actuator FRF, the
piezoelectric patch actuator samples have been divided in two groups. In the first group
piezoelectric patch actuators of different shape (squared, circular and rectangular), different
dimensions, same thickness and different masses have been considered. The characteristics of the
samples belonging to this group are summarised in Table 10 below and the physical properties of

the piezoelectric material are summarised in Table 2.

Table 10: Properties of the piezoelectric patch actuator samples belonging to the first group.
Type Length/Diameter Width Thichness Mass

[mm] [mm]  [mm] [a]
Stl 10.00 10.00 1.00 0.765
St2 20.00 20.00 1.00 3.060
St3 30.00 30.00 1.00 6.885
St4 40.00 40.00 1.00 12.240
Ctl 9.00 1.00 0.480
Ct2 13.00 1.00 1.015
Ct3 17.00 1.00 1.736
Ct4 25.00 1.00 3.755
Rtl 12.00 8.00 1.00 0.734
Rt2 24.00 16.00 1.00 2.937
Rt3 37.00 24.00 1.00 6.793
Rt4 44.00 32.00 1.00 10.771

The capital letters “S”, “C”, and “R” in the acronym of the samples indicate the type of shape
(squared, circular and rectangular respectively) while the letter “t” indicates that the samples have
constant thickness. Figures 36, 37 and 38 show the Bode and the Nyquist plots of the sensor-
actuator FRF for the samples with squared shape, circular shape and rectangular shape respectively,

all of them with constant thickness.
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Fig. 36: Bode plots (left hand side) and Nyquist plots (right hand side) of the frequency response function between the
output signal of a laser vibrometer, v,, and the output signal of an high voltage amplifier, u,, which drives the
piezoelectric patch actuators with squared shape and constant thickness St1, St2, St3 and St4.
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Fig. 37: Bodes plot (left hand side) and Nyquist plots (right hand side) of the frequency response function between the
output signal of a laser vibrometer, v,, and the output signal of an high voltage amplifier, u,, which drives the
piezoelectric patch actuators of circular shape and constant thickness Ctl, Ct2, Ct3 and Ct4.

39



10°
Frequency (Hz)

10°
Frequency (Hz)

10°
Frequency (Hz)

10°
Frequency (Hz)

10°

10°
Frequency (Hz)

10"

10°
Frequency (Hz)

40
30
20
50 I I I 10
10° 10° 10* :
Frequency (Hz) o 0
£
180 - -10
S 90
§ 0 -20
~ -90 -30
o
O -180 —a0
N 270
_ I I I -50
360 10% 10° 10" -40 -20 0 20 40 60
Re(G_ )

Fig. 38: Bode plots (left hand side) and Nyquist plots (right hand side) of the frequency response function between the
output signal of a laser vibrometer, v,, and the output signal of an high voltage amplifier, u,, which drives the
piezoelectric patch actuators with rectangular shape and constant thickness Rtl, Rt2, Rt3 and Rt4.
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The Bode plots show that the piezoelectric patch actuators excite the panel more efficiently at high
frequencies but at the same time the phase rolls off monotonically with the frequency. Moreover the
Bode plots highlight other two important features: first, the amplitude of the frequency response
function increases when the dimensions of the samples increase, this is because the bending
moments generated by the piezoelectric actuator along its edges are proportional to the dimensions
of the actuator; second, the phase roll off increases when the dimensions of the actuators increase.
This feature is due to the fact that bigger is the size of the actuator, smaller is the collocation
between sensor and actuator.

The Nyquist plots highlight that the vibrometer sensor-piezoelectric patch actuator system is
characterised by an intrinsic instability. This instability is partially reduced by using the circular
actuator.

In the second group piezoelectric patch actuators of different shapes (squared, circular and
rectangular), different dimensions, different thicknesses and same mass have been considered. The
characteristics of the samples belonging to this group are summarised in Table 11 below and the

physical properties of the piezoelectric material are summarised in Table 2.

Table 11: Properties of the piezoelectric patch actuator samples belonging to the second group.
Type Length/Diameter Width Thichness Mass

[mm] [mm]  [mm] [q]
Sml 15.00 15.00 2.90 5.00
Sm2 20.00 20.00 1.63 5.00
Sm3 25.00 25.00 1.05 5.00
Cml 9.00 2.71 5.00
Cm2 10.25 2.86 5.00
Cm3 12.72 1.29 5.00
Rml 18.00 12.00 3.03 5.00
Rm?2 24.00 16.00 1.70 5.00
Rm3 30.00 20.00 1.09 5.00

Again, the capital letters “S”, “C”, and “R” in the acronim of the sample indicate the type of shape
(squared, circular and rectangular respectively) while the letter “m” indicates that the samples have
constant mass. Figures 39, 40 and 41 show the Bode and the Nyquist plots of the FRF between the

transverse velocity of the plate and the input voltage to the actuators.
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Fig. 39: Bode plots (left hand side) and Nyquist plots (right hand side) of the frequency response function between the
output signal of a laser vibrometer, v,, and the output signal of an high voltage amplifier, u,, which drives the
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piezoelectric patch actuators of squared shape and constant mass Sm1, Sm2, Sm3.
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Fig. 40: Bode plots (left hand side) and Nyquist plots (right hand side) of the frequency response function between the
output signal of a laser vibrometer, v,, and the output signal of an high voltage amplifier, u,, which drives the
piezoelectric patch actuators of circular shape and constant mass Cm1, Cm2, Cm3.
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Fig. 41: Bode plots (left hand side) and Nyquist plots (right hand side) of the frequency response function between the

output signal of a laser vibrometer, v,, and the output signal of an high voltage amplifier, u,, which drives the

piezoelectric patch actuators of rectangular shape and constant mass Rm1, Rm2, Rm3.

The results obtained with these samples are similar to the results obtained with the actuator with
constant thickness. Finally the parametric study has highlighted that the sensor-actuator FRF of
many piezoelectric patch actuators are characterised by a wide band smooth peak. This behaviour is

probably due to the dimensions of the samples but its origin is not clear.
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