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Abstract

Active vibration control of a free-edge rectangular sandwich plate is proposed
and tested. The experimental setup consists of @ honeycomb panel having
a carbon-fiber reinforced polymer (CFRP) outer skins and a polymer-paper
core, subjected to an orthogonal disturbance, due to an electrodynamics ex-
citer and controlled by Macro Fibre Composite (MFC) actuators and sensors.
MFC parches consist of rectangular piezoceramic rods sandwiched between
layers of adhesive, electrodes and polyamide film. The MFC actuators and
sensors are controlled by a programmable digital ASPACE® controller board.
The control algorithm proposed in this paper is based on the Positive Position
Feedback (PPF) techniqueand is successfully applied with different combina-
tions of inputs/outputs(Single Input Single Output, MultiSISO, Multi Input
Multi Output) in order to-control the first four normal modes. The control
appears to be robust and efficient in reducing vibration in linear (small am-
plitude) and nemlinear (large amplitude) vibrations regimes, although the
structure under investigation exhibits a relativity high modal density, i.e.
four resonances in a range of about 100Hz. The control strategy allows to
effectively control each resonance both individually or simultaneously.
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1. Introduction

Experimental studies in nonlinear dynamics play a key role and have a
high relevance both to validate numerical and theoretical models and to high-
light and discover complex behaviours of mechanical systems and structures.
Nowadays, the increasing use of new materials (composite carbon fibre; ete.)
makes more important to refine the testing procedures due to the intrinsic
nonlinear properties and their innovative applications. In such work an ac-
curate study of a thin walled structure was carried out to better understand
the nonlincar dynamics of shells and plates; once the behaviour has been de-
fined experimentally a further step has been made to solve the problems due
to nonlinear vibrations, applying different kinds of active vibration control.
Indeed, today’s industry makes an extended use of thin walled composite
structures, especially in the field of aerospace. Composite laminated struc-
tures are characterised by an extremely high specific stiffness, together with a
good flexibility in achieving complex shapes. As a typical example, the body-
work and elements of the frame of racing cars and bikes can be mentioned.
Typically loose fixings and fastenings further contribute to the development
of large amplitude vibrations, which can result in noise disturbance for pas-
sengers, functional problems or even sources of danger.

In general, the simplest way to reduce vibrations is to design the system with
additional damping, by using special materials or adding physical damping
devices. This approach.is called passive vibration control (or redesign) and
is a very well developed subject area for linear vibration problems, see Soong
et alt. [1] and Lam et alt. [2|. Passive techniques, such as the classical tuned
mass damper (see Den Hartog [3] for a description relating to linear vibra-
tion) have been extended to nonlinear systems with good results [4]. Passive
solutions are often preferred in practice as they can be built into the system
and there is no control element, which eliminates any issues with stability
or robustness. However, for a growing class of structures for which reduced
weight and flexibility are important features, passive redesign is not an ef-
fective design solution. Active control systems are becoming desirable, since
they do not require the increase of mass due to dampeners, stiffeners and
absorbers; moreover they can adapt to disturbances deterministically un-
known, varying with time or even to large amplitude phenomena. Examples



of practical active vibration control systems include active engine supports
in vehicles and active vibration isolation systems for propeller aircraft. De-
pending on the problem, increasing stiffness and damping or isolating the
structure are the most common solutions to obtain a vibration reduction.
Stiffening the structure consists of shifting the resonance frequency beyond
or over the frequency band of excitation. Increasing damping consists of
reducing the resonance peaks by dissipating the vibration energy. Isolation
consists of preventing the propagation of disturbances to sensitive parts of
the systems.Several techniques are well known to increase the damping of a
structure (passive vibration control) with fluid dampers, eddy currents, elas-
tomers or hysteretic elements, or by transferring kinetic energy to dynamic
vibration absorbers [3].
Another common method is the usc of transducers as encrgy converters that
transform vibration energy into electrical energy that is dissipated in elec-
trical networks, or stored (energy harvesting). Formerly, semi-active de-
vices,also called semi-passive, (passive devices with controllable properties)
have been used. The magneto-rheological fluid damper and piezoelectric
transducers with switched clectrical networks arc examples.
Such techniques have very high rate of effectiveness, but when high perfor-
mance is needed active control is the best choice. Active vibration control
involves a set of sensors, a set of actuators and a control algorithm ; the
design of the system implies many issues such as the sensors and actuators
configuration and how to assure stability and robustness. The power re-
quirement is crucial to define the size of the actuators and the cost of the
setup.

Compared to other control problems, structural control has a number of
specific features:

1. the systems under investigation generally have a large number of de-
grees of freedom (DOFSs) and a large number of modes;

2. in general attention must be paid to the fact that the high-frequency
modes outside the frequency band of interest influence the position of
the open-loop zeros of the system;

3. many structures involved in structural control are lightly damped ({ ~
0.001 to 0.05).

The latter point means that the stability margin of the uncontrolled
modes is small, sometimes very small, and that they are subject to spillover,



which means that the control system always tends to destabilise the flexible
modes just outside the control bandwidth: the only margin against spillover
instability is provided by damping of the residual modes. The combination of
a large number of modes with a small stability margin calls for specific con-
trol strategies emphasising robustness, with respect to the residual dynamics
(high-frequency modes) and also with respect to the changes in the system
parameters. Control systems with collocated (dual) actuator/sensor pairs
exhibit special properties which are especially attractive in this respect. The
recent results regarding the forced nonlinear vibrations of composite sand-
wich plates, the newest and up-to-date technologies developed in the field
of active control systems and the new smart materials structures allow to
perform an innovative research. In Ref. [5, 6] it’s described the vibration
charactcrisation of a carbon-cpoxy / honcycomb pancl with frec edges, in
linear and nonlinear field. In such articles a complete modal analysis, ob-
tained by advanced techniques, can be found together with a nonlinear study
of damping. The damping values of composite structures undergoing large
amplitude vibrations are not easily predictable, therefore they could result a
problem for the cffectiveness and stability of a eontrol technique.
Free boundary condition is used in this work because is an interesting ap-
plication for/to active control algorithims, since it reduces the influence of
temperature, assembly and non-ideal boundary conditions, but at the same
time includes rigid modes of vibration.
Piezoelectric technology is today dominant in the realisation of sensors and
actuators for the control of mechanical vibrations, especially in the case of
thin-walled shells and plates; it features lightweight elements and good fre-
quency characteristics, the drawback is a limited actuation force. The ad-
vances in real-time embedded controllers, versatile and with extremely high
performances make affordable the application of a modal Positive Position
Feedback by means of piezoelectric actuators affordable. This has in fact
proven effective and promising in the case of continuous aerospace struc-
tures, with respect to traditional negative position feedback and feedforward
(be it adaptive or not), see Kumar [7], Carra et alt. [§8], Zilletti et alt. [9].
The technique of Positive Position Feedback was extensively studied by
Kwak [10] and Friswell [11]. The PPF is particularly effective if focused on
chosen frequencies and modes, although, in Ref. [12] it is shown how the
operation of one actuator can be extended to the control of more than one
mode, and has good characteristics against spillover if it is correctly applied.
Moreover, the PPF is easy to design if damping ratios are well known and
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it can be extended to the nonlinear field. The effect of PPF active control is
to add a "wvirtual damping” to the system at the desired targeted frequency.
It is therefore goal of this study to obtain both a broadband vibration reduc-
tion, an example is the MPPF proposed by Mahmoodi et alt. [13], and the
suppression of single or multi vibration modes, see Omidi [14]. The applica-
tion to carbon-epoxy / honeycomb panels with free edges seems interesting
from an industrial point of view. This is especially true if the applied sen-
sors and actuators are inexpensive, lightweight and easily bondable. The
optimal positioning of the piezoelectric patches can moreover be determined
by a common finite element analysis; strains of the composite structure can
actually suggest where to put the transducers used for the modal control.
Fanson and Caughy [15] proposed the PPF control method based on the
modal displacecment signal, where the controller is very cffective in suppress-
ing specific vibration modes, thus, maximising damping in target frequency
band without destabilising other modes.

2. Positive Position Feedback

In the single DOF case, to the one degree of freedom vibrating system
a compensator is added, sharing a second order equation - in modal coordi-
nates. The two equations of system and compensator are:

€ + 200E + W = g™y (1a)
il + 2w 1) + wpPn = wp?E (1b)

&, (,w are modal displacement; modal damping ratio and natural frequency
of the structure respectively 7, (s, w; are the degree of freedom (e.g. force),
damping ratio and natural frequency of the compensator, while ¢ is the gain
of the compensator. The global system is made of two coupled second order
systems and it is absolutely stable for values of gains g < 1 [10, 16]. The
compensator implies active damping if n is -90° out of phase with respect
to &, at w. For lower frequencies it adds active flexibility and for higher
frequencies active stiffness. Therefore the compensator is usually tuned at
Wy = w, in order to have the desired mitigation of vibration amplitude.

H (s)

At frequencies above wy the slope of the transfer function amplitude is nega-
tive and very steep (—40dB /octave), so it reduces the problem of spillover for

2
Wy

52+2wafs—|—wf2
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vibrations at higher frequencies. On the contrary, at frequencies below wy the
bode diagram of H(s) has an amplitude of 0 dB, which can cause spillover,
that implies to the undesired effect of control on modes outside the frequency
band of interest. More precisely, spillover happens if control actuators ex-
cite unwanted modes and spillover if control transducers measure unwanted
modes. Robustness against instability was also studied in Ref. [17], partic-
ularly, if the sensor and the actuator are collocated nearby in Ref.[18, 19].
The resulting damping ratio of the controlled system is:

g .

C=C+7 7 (3)
The choice of g and (y is constrained by delicate considerations because it
influences the final Bode diagram of the controlled system.. Compared to
negative position feedback, the PPF has a similar behavior, with the main
advantage of a better performance towards spillover at higher frequencies.
The roll-off rate of the PPF is actually é, while it is % for the negative feed-
back. Although it is advised for lightly damped systems and well separated
modes, in such paper, control spillover regarding higher frequencies than the
observed ones is reduced.

The cxtension of a modally optimised control to nonlincar vibrations must
contemplate the frequency shift of softening/hardening systems and the ap-
pearance of companion, subharmonie, superharmonic resonances. A common
strategy is a linearizing module followed by a common linear algorithm. A
PPF system could instead deal directly with weakly nonlinear vibrations.

In the practical implecmentation of positive position feedback control on
a multiple degrees of freedom structure takes the form:

Mi+Ci+ Kz = Cyu, (4)

vs = Csx (5)

where M, C and K are the mass, damping and stiffness matrices, x the dis-
placement vector, v, and v, the actuator and the sensor voltage vectors,
Cgand Cthe actuator and sensor participation matrices. Through the re-
duced order modal coordinates

r="Ugq (6)



where q is the generalized displacement vector and U the eigenvector matrix,
the equation takes the reduced order modal form

q + ZZQq + A(] = Eava (7)
vs = Coq (8)

3. Setup and system description

Passive vibration control methods are very effective at high frequencies,
where more energy is into play, or in a narrow frequency range, where the
target frequencies are well defined; however, they have often the disadvantage
of added weight, adding mechanical complexity to the whole system and poor
low-frequency performance. Active vibration controls have demonstrated the
potential to circumvent many of these problems. Although the potential of
active vibration control has been well known for many yvears, only recent
advances in real-time digital signal acquisition and processing hardware and
software have made these systems feasible. The purpese of active vibration
control is to modify the system response in a.desired manner, by means of a
secondary vibration input applied to the structure. It’s possible to identify
four main components of an active vibration control system: the plant, the
actuators, the sensors, and a controller. The plant represents the physical
system to be controlled; it is important to notc that the propertics of the
plant are modified by the presence of the actuators and the sensors, usually
integrated by bonding or bolting. Error sensors plays a key role as they mea-
sure the system response while control actuators provide the necessary inputs
to the plant in order tomodify its response. The controller is the biting heart
of the control, where a specific control algorithm is implemented in order to
ensure that the controlled (or closed-loop) system behaves as required. The
closed-loop system consists of the open-loop (uncontrolled) system dynamics
combined with the dynamics of the controller. The arrangement of an active
control system is usually based upon the physics of the system to be con-
trolled and thus it is often application-dependent, see Beranek [20], therefore
a special effort must be paid to built up an ad hoc setup: Figure 1 shows all
the components of the present tests.

In the next subsections the relevant parts will be discussed.

Honeycomb carbon fibre sandwich panels
Honeycomb carbon fibre sandwich panels are important composite struc-
tures in aerospace applications as well as in high performance automobiles,
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Figure 1: Overall setup

boats and wind turbines. Typically, @ sandwich panel is characterised by a
low stiffness, low density inner core enclosed by two stiff outer skins, as shown
in Figure 2; the whole assembly is held together by a structural adhesive, e.g.
epoxy glue. Outer skins are typically made of stiff carbon fibre or aerospace
grade aluminium.

Figure 2: Honeycomb carbon fibre sandwich panel

A sandwich plate of 460 mm wide and 900 mm high was tested. The skins of
the sandwich plate, shown in Figure 1, are made of Carbon/Epoxy compos-
ite with 0/90° lay-up (the zero angle refers to the external layer, with fibres
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parallel to the longer dimension). The thickness of each Carbon/Epoxy layer
is 0.17 mm and its properties have been identified with a combination of
static and dynamic tests, it was manufactured at the Structures and Com-
posite Materials laboratory of McGill University using vacuum bag process-
ing equipment, suitable for manufacturing sandwich plates with thin sections
and large in-plane dimensions. In particular, the plate has a PLASCORE®
PN2 aramid fiber paper core made of DuPont® Nomex paper with hexag:
onal cell dimensions | = H = 4.5mm, t = 0.0762mm, 6= 30° and average
core thickness of 2.92mm. Nomex is an aramid polymer similar to Nylon,
which is flame-resistant and can be manufactured in paper sheet form, it is
a good choice for the interior of aircraft cabins due to its high safety in the
event of fire. An experimental characterisation of the mechanical vibrations
of the sandwich rectangular plates was performed by means of no-contact
laser Doppler vibrometers (Polytec PSV-400®) to reconstruct the normal
modes by measuring a considerable number of points of the structure.

Figure 3: Panel backside and shaker



The punctual excitation of the structure is provided by means of a tradi-
tional electrodynamic shaker, Bruel and Kjaer Modal Exciter Type 4824®,
see Figure 3. The excitation point is located 75 mm far from the geomet-
ric center of the panel, and has been used both for the modes identification
and as the external disturbance vibration (broadband, impulsive and sine)
which the active control aims to reduce. The force applied by the shaker
is measured by means of the force transducer Bruel and Kjaer Type 8203®
(sensitivity 3.3pC'/N), between the shaker and the force transduce a stinger,
made of harmonic steel, is interjected to reduce the effect of misalignments.
The modal analysis, see section 4, has been performed in the relevant band-
width where the active control will be involved to between 0-100-Hz, it shows
a sequence of four vibration peaks in the frequency domain. A complete ex-
perimental modal identification was performed in order to obtain normal
modes, see Table 1, natural frequencies and damping ratios. The resulting
four flexural normal modes perfectly match with numerical results. The val-
ues of the damping ratios satisfy the condition of light damping.

The plate shows a weakly nonlinear hardening behaviour starting from exci-
tation amplitudes around 8.5 N and visible nonlinear jumps from vibration
amplitude 1.5 times the thickness.

Boundary conditions

The aim of the active control experiments is the reduction of vibration
of a 3.6mm laminated sandwich plate with free boundary conditions. It
resulted more practical to.glue the active control elements (both actuators
and sensors) on the smoother side of the panels. On the same side a reference
vibration can be measured by no-contact laser vibrometer; the excitation
instead is applied-on the opposite surface. Free boundary conditions were
easily realised with a suspension on elastic cords and nylon wires, subjected
to a modest tension, just enough to support the weight of the panel itself
without introduce any relevant external tensile forces. Particular attention
was paid to create a symmetric wiring links to reduce the effects of the rigid
body motions of the plate. An aluminium frame has been designed to hang
the panel in vertical position, which has been chosen so that the weight of
the piezoelectric elements and the relevant cabling does not burden while
the plate vibrates. Tests have been performed to verify that the wires tensile
forces do not affect the plate dynamics.
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MFC patches

Macro Fiber Composites (MFC) made of PZT (lead zirconate titanate)
fiber in stack configuration have been used as actuators and sensors in this
rescarch. Scveral kind of actuators can be adopted depending of system re-
quirements as amount of control force, moment, strain, or displacement, and
depending also on physical constraints such as size, mounting requirements,
etc. . Actuators are generally classified into two main categories: fully active
actuators, used in this work, applying a secondary vibrational response to
the structure (i.e., can add energy to the structure) and semi-active actua-
tors, passive elements that can be used to adaptively adjust the mechanical
properties of the system (i.e., do not feed energy into the structure).

As discussed in [21], piezoelectric transducers consist of material that ex-
pands or contracts when an electric field is applied. By applying an oscillating
voltage to the piezoelectric element, it oscillates at the same frequency of the
input. Three major types of piezoelectric material are readily available:

e a ceramic form such as PZT (Lead Zirconate Titanate),which has rel-
atively high control strain but is brittle;

e a polyvinyl form such as a PVDF (Polyvinylidene Difluoride), which is
flexible but has less control strain for the same configuration

e a piezoelectric rubber, which is useful for underwater applications

Piezoelectric material is‘configured in the two main forms of stack and
wafer. Piezoelectric stacks are configured so that when a voltage is applied
across the electrodes, the'stack usefully expands in its length (common con-
sidered 3 — 3 axis): Stack arrangements are thus suitable for actuators in
vibration isolation in the two configurations of parallel and series; for a given
applied voltage V the net static displacement 0 of the piezoelectric ceramic
actuator in the parallel configuration can be calculated from:

- d33‘/ -+ F/I{,,, (9)
1+ K/K,

where dss is the strain constant of the piczoclectric material (d33 cffect: clon-
gation) in the 3 —3 axis, K is the external spring stiffness, K, is the actuator
stiffness (K, = E,A./L,, where L, ,A,, and FE, are the actuator length,
cross-sectional area, and Young’s modulus, respectively); F' is the external
load force. Note that equation 9 can be used as the basis of an approximate
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dynamic analysis, as discussed in [22] by Fuller.

The significant advantage of the piezoelectric stack is that it can provide
high force; however, its displacement is limited (when compared with elec-
trodynamic actuators), which implies that its use is primarily in series-active
isolation implementations. The other common form of piezoelectric actuator
is the wafer, in this form the transducer usefully strains in its thin transverse
axis (3—1 or 3-2) when a voltage is applied across the electrodes. Piezoelectrie
elements are arranged to create pure bending, indeed, the surface-mounted
collocated actuator with a perfect bending layer (which is a good approxima-
tion if the glue layer is thin) effectively applies a line moment to the structure
at the boundaries of the actuator.

The Macro Fiber Composite (MFC) are chosen as actuators and sensors,
they consists of rectangular piczoceramic rods sandwiched between layers of
adhesive, electrodes and polyimide film. The electrodes are attached to the
film in an interdigitated pattern which transfers the applied voltage directly
to and from the ribbon shaped rods. This assembly enables in-plane poling,
actuation and sensing. MFC P1 type (d33 effect) elongates utilising the in-
planc cffect, will clongate up to 1800ppm if opcrated at the maximum voltage
rate of -500V to +1500V.

MFC thin rectangular patches, produced by Smart Materials Corp.®[23],
were bonded by epoxy glue (LOCTITE® E-120HP) whereas the electric con-
nection has been made with a silver conductive epoxy glue by MG Chemicals
with 0.017 € - em electrical resistivity . These elements can act as actuators
as well as strain sensors, oreven act as energy harvesters; in this application,
two different models were used separately as actuators (M8557-P1 see Figure
4a) and sensors (M8507-P1 see Figure 4b). To place the piezoelectric sen-
sors and actuators in the ideal position, in order to interact optimally with
the target modes, a finite element model has been developed using Patran-
Nastran® tofind the maximum and minimum strain in the plate.

The sandwich plate has been modelled as a laminated layered structure:
the external layers and the internal core were defined as transversely equiva-
lent isotropic material with no variation along the thickness. The frequencies
and the mode shapes obtained by this analysis were very close to the experi-
mcntal ones and perfectly match the theoretical model of the plate, sce Table
1. The placement of each pair of sensor-actuator was chosen by a modal cri-
terion. Each pair of sensor and actuator physically was physically placed
side by side along the longer dimension, according to the concept of quasi-
perfect nearby collocation and its intrinsic stability characteristics. The final
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(b)
Figure 4: (a) actuator (M8557-P1); (b) sensor (M8507-P1)

configuration for MIMO control econsists of two sensors and four actuators,
see Figure 5: one collocated pair of sensor—actuator (element 2) is placed in
the geometrical center of the plate and its direction is parallel to the longer
side of the plate. Two actuators (element 1 and 3) are parallel to this couple
and are collocated on the symmetry line of the rectangular plate parallel to
the shorter side. Another collocated pair (element 4) is glued in the bottom
half of the plate; 200 mm from both the bottom and the right side of the
panel. These two patches are roughly 30 degrees tilted from the direction of
the shorter side of the panel.

Due to the location and the direction, the relationship between piezoelec-
tric elements and normal modes of vibration is:

1. Element 2: it measures and acts on the mode II and, to a lesser extent,
mode I.

2. Element 1 and 3: they excite mainly the II and III mode and to a lesser
extent also the IV mode.
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Figure 5: PPF MIMO Control, patches configuration

3. Element 4: it measures and excites the I and IlI mode and, to a lesser
extent, the IV.

The resulting configuration is shown in Figure 14.

dSPACE® real-time controlling system

The real-time data acquisition system by dSPACE® has been installed
configuring software and hardware connections and was used to design sev-
erals kinds of control algorithms. dSPACE® hardware consists of a compact
controller board (DS1103 PPC) with a programmable rcal-time processor.
The interface board has a wide variety of inputs and outputs channels and
is connected to a Windows® PC workstation by means of a ethernet cable
for commands communication and with an optical cable for the transfer of
the acquired data. The Real-Time Interface (RTI) dSPACE® is linked to
the VHDL code generated from the algorithm implemented in a Simulink®
environment and is embedded into the control board after the compiling,
placing and routing on the FPGA processor of the control board. 36 analog-
to-digital (A/D) channels are present as well as 8 digital-to-analog (D/A)
one: "A/D and D/A channels are synchronisable. The Matlab/Simulink®
environment allows to develop a simulated model of the system and the sub-
sequent application to the real plant. RTT manages both continuous-time and
discrete-time signals; therefore, the Simulink model has to take into account
the problems due to digitalisation. Figure 6 shows the hardware equipment.
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Figure 6: Power amplifiers, digital filter and dSPACE® control board

Additional conditioning hardware

The dSPACE® Control Board works with signal ranges up to 10 V.
This range is adequate for the piezoelectric patches used as sensors, while it is
completely inadequate to drive the actuators, since their maximum operating
voltage is required to control the composite panel (-500V, +1500V). TREK
High Voltage Power Amplifiers, Model PA05039, by Smart Materials® was
used to amplify the signal by a factor of 200. The input and output range
of the amplifier units are designed to perfectly match the requirements of
the piezoelectric actuators and to generate a voltage of -500/+1500 V. As
common for piegoelectric application, the operational limits are not sym-
mcetric; therefore, the signal gencrated by the dASPACE® controller and the
Simulink® code must not exceed -2.5/+7.5 V, to prevent excessive output a
saturation block has been embedded in the output blocks and an hardware
limits has been settled for the tests. In order to exploit all the available volt-
age amplitude an offset of +2.5V was considered in the Simulink® algorithms.
The effect of static preload due to the constant piezoelectric patch contrac-
tion has been considered and and it was verified that it did not cause any
significant modification on the vibrational behavior of the plate. Moreover,
an analog low-pass filter (KEMO® CardMaster 21.255G [24]) is interjected
between the dSPACE® output and the input of the amplifiers, in order to
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cut unwanted high harmonics,due also to digitalisation and noise.

4. Experimental modal analysis

In linear systems, each vibration mode has an associated resonance (or
natural) frequency which occurs at a clearly defined resonance peak. At, or
near, the point of resonance, the motion of the linear system will be doms
inated by the vibration mode which correlates to that particular resonance
peak —if only the specific mode is present this is called a pure modal response.
In multi-degree-of-freedom linear systems this means that the steady-state
response reduces to a series of single-degree-of-freedom harmonie oscillators
for each mode. These oscillators are defined by the modal displacement of
the resonant mode. In nonlinear systems, the shapes of the resonance peaks
are often amplitude-dependent or distorted due to nonlinear effects such as
those associated with hardening or softening behavior.

Here, an experimental modal analysis has been performed, a grid of 45
points was defined and by means of the laser vibrometer the response has
been measured for all the points of the grid. The experimental data have
been used to reconstruct the modal shapes with a dedicated Matlab script,
scc Table 1, while in Figurc 7 it is shown the average FRF broadband signal
that has been obtained; the modes of the plates can be easily associated to
the resonance frequencies of the average FRF.

Average FRF Broadband [0 dB = 00029418 m/s/N]
T T T

Velocity/Force [dB]
| \ \

Figure 7: Average FRF - Broadband signal
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Table 1: Expcrimental modal shapes

(b) Mode 2-36H =

0.08

0.06

0.04

0.02

-0.02

-0.04

-0.06

-0.08

-0.1

(c) Mode 3 - 54.5H 2 (d) Mode 4 - 95.25H =

5. Experimental PPF Active Control

The PPF has been designed on the basis of linear FRF, in this section of
the application in linear field will be shown. The PPF algorithm is intrinsi-
cally modal. Tn a collocated control system, the actuator and the sensor are
attached to the same DOF. Moreover, they must be dual, a force actuator
must be associated with a displacement (or velocity or acceleration) sensor,
and a torque actuator with an angular (or angular velocity) sensor, in such a
way that the product of the actuator signal and the sensor signal represents
the energy (power) exchange between the structure and the control system.
Such systems have very interesting properties and have been studied in many
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papers. Positive position feedback (PPF) was proposed to solve this problem
by Fanson et alt. in [15] and by Goh et alt.in [25].
The second-order PPF controller consists of a second-order filter

-9

Hs) 8242 wpstw? (10)

where the damping (s is usually rather high (0.5-0.7), and the filter fre-
quency wy is chosen to target a specific mode. The negative sign in H(s),
which produces a positive feedback, is the origin of the name of this con-
troller. Considering the typical root loci, when the PPF poles are targeted
to a single mode with respect to wy, it can be seen that the whole locus is
contained in the left half-plane, except for one branch on the positive real
axis; this part of the locus is reached only for large values of g, which are not
used in practice. Therefore, PPF can be regarded as unconditionally stable.

5.1. PPF SISO Control

In the SISO configuration, see Table 2, one collocated pair of actuator-
sensor is used and tested for case 1 and case 2 arrangement. Each sensor
drives the collocated nearby actuator by means of a PPF block algorithm
tuned on a single natural frequency. The central pair (element 2) was used
to control the second mode exclusively, while the bottom pair was targeted
on the first, third and fourth mode.

Table 2: PPF SISO control: (a) configuration Case 1; (b) Case 2

configuration Case 1 configuration Case

2

Continued on next page
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configuration Case
2

(a) (b)

configuration Case 1

5.1.1. PPF SISO Case 1

The piezoelectric pair of patches (element 2) has been specifically targeted
on the sccond mode, in Figure 8 the open-loop Simulink® block diagram is
shown. A reduction of 21dB in correspondence of the second resonance mode
is measured in all the grid points, in Table 3 are shown the top and bottom
right corner points, it is important to note that the other modes are not
effected at all by the action of the the control.

--------------- s S —
! ‘ 50455 i )

! BadLink .>_.>_. _.>_.,_,>_. Bad Link
H e i » » den(s) b o b H acHn

'
e 1] !
"DS1103ADC Ci7 Gain1 gainsensoreattuatore  Transfer Farinsensoreatiuatore Gaing DS1103DAC_C5

offset attuatore

Figure 8: PPE SISO Case 1 Simulink® block diagram
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Table 3: PPF SISO control Casc 1

FRF of Point n. 1 SISO Case 1 [0 dB = 0.52005 m/s/N] FRF of Point n. 44 SISO Case 1 [0 dB = 0.5945 m/s/N]
: . . 0 : .

Velocity/Force [dB]

— No Control
PPF Control Active

Velocity/Force [dB]
8

_50 ]
| —60) :
i i i i _70 i i i i
20 40 60 80 100 120 0 20 40 60 80 100 120
Frequency [Hz] Frequency [Hz]

(a) (b)
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5.1.2. PPF SISO Case 2

In this configuration, shown in Figure 9, the lower actuator is is positioned
so as to work on the first, third and fourth modes. The results shown in Table
4 highlight a reduction for the third and fourth mode of approximately 5dB
and 6dB; the first two modes are practically not affected, but while the second
mode was not considered in the control, the first unchanged response of the
first modc can be ascribed to its highly damped response.

numis) [~
oen(s)
Transfer Fenl gansensoreatuatored
Bad Link ; 10 o o ! 158005 o Bad Link
i i Sonth) E1I0ADAL Ci
D81103ADC C17  Gan2 QainseNSCreataloneg Transler Fong  GANSENSOrEANUAIONd bs g
3561005 S
den(s)
Transier Fond  gansensoreatiualones
Figure 9: PPF SISO Case 2 Simulink® block diagram
Table 4: PPE SISO control Case 2
FRF of Point n. 1 SISO Case 2 [0 dB = 0.52005 m/s/N] Average FRF SISO Case 2 [0 dB = 0.44946 m/s/N]
5 T T T T T 5 T T T T T
o — No Control 1 — No Control
—— PPF Control Active o —— PPF Control Active | |
_ 5 ~ : : ] _ o , : ]
8 10 : 3
S S0l
S —15+ S
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G —20r S
8 2 -20r
> 250 >
o5k
30k
_ag —30r
35
_40 35
45 ; ; ; 10 : : :
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Frequency [Hz] Frequency [Hz]

() (b)
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5.1.3. PPF SISO CASE 2 on 3rd mode

The PPF control have its main key point in the intrinsically modal atti-
tude, in general the PPF algorithm works in a defined and limited frequency
range close to the resonance frequency at which it is targeted; in our case the
high modal density can induce modal interactions. In order to verify this hy-
pothesis, a series of tests have been developed in order to check the possibility
of modal intcraction. In particular, for the clement 4 (casc 2 configuration)
the third and fourth modes were controlled individually.

In Figure 10 the effect of SISO control for case 2 on the third mode is
shown; with respect to a reduction of about 5dB on the third mode, it can

be noted that also the first mode is lightly affected, so the extent of about
1dB.

Average FRF SISO Case 2 on 3rd Mode [0 dB = 0.0048366 m/s/N]
5 T T T T

— No Control
i | ——PPF Control Active | |

Velocity/Force [dB]

o5t

20 40 60 80 100 120
Frequency [Hz]

Figure 10: PPF SISO control Case 2, active only on third mode

5.1.4. PPF SISO CASE 2 on 4th mode

Repeating the same kind of test of the previous section on the fourth
mode, sce Figurce 11, we found a reduction of 8dB, a rcally low disturbance
decreasing, less than 1dB, is obtained on the 1st and 3rd modes.

5.2. PPF MultiSISO Control

The MultiSISO configuration (Figurc 12) consists of the parallel usc of the
two SISO active controls. Figure 13 shows the patches configuration used for
this test. In Table 5, the FRFs obtained applying the control are compared
with the uncontrolled ones; while the 1st mode is substantially unchanged,
the 2nd, 3rd and 4th modes decrease. The reduction of the second resonance
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Average FRF SISO Case 2 on 4th Mode [0 dB = 0.35715 m/s/N]

5 T

Velocity/Force [dB]

— No Control
—— PPF Control Active | |

0 20 40

60 80 100
Frequency [Hz]

120

Figure 11: PPF SISO control Case 2, active only on fourth mode

peak is dominant with more than 20dB in the average FRF', see Table 5
(b), while the behaviour of other relevant points depends on the geometric
position. The reduction of the third mode is 5dB; while it is for the fourth
mode 8dB. In Table 5 (a) is shown the FRF of the bottom right corner of
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Figure 12: PPF MultiSISO Simulink® block diagram
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Figure 13: PPF MultiSISO Control, patches configuration

Table 5: PPF MultiSISO Control

Velocity/Force [dB]

Transfer Function H2 of Point n. 44 Multi SISO [0 dB = 0.5945 m/s/N] Average FRF MultiSISO [0 dB = 0.28507 (m/s)/N]
0 T T T T T T T T

0 T T
— No Control
—10F -5t —— PPF Control Active |-
20r o X
B 100
8
-30t 5
€ —15-
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Frequency [Hz] Frequency [Hz]

(a) (b)

120
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In Table 6, for the MultiSISO configuration a comparison of the FRFs
with and without control for different points are shown. In order to prove the
effective modal character of the PPF control the modal shapes, see Table 6,
have been reconstructed from the experimental data and compared, consid-
ering the same external disturbance, in the presence or absence of MultiSISO
control active. Moreover, the computation of the Modal Assurance Criterion,
shown in Table 7, further proves the modal character of the PPF control.

Table 6: Comparison of reconstructed modal shapes with and without PPF
MultiSISO Control

05 o4 O 008

(e) Mode 3 - with PPF control active

05 04 Y

(f) Mode 3 - without control

Continued on next page
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(g) Mode 4 - with PPF control active (h) Mode 4 - without control

Table 7: MAC feedforward SIMO Control

Mode 1 Mode 2 Mode 3 ~Mode 4
Controlled Mode 1 0.9936  0.1712  0.0020  0.0003
Controlled Mode 2 0.1580  0.9677 < 0.0214  0.0003
Controlled Mode 3 0.0201  0.0245 0.9620 0.0046
Controlled Mode 4  0.0000  0.0159  0.0000  0.8724

5.3. PPF MIMO Control

In the Multiple Inputs Multiple Outputs (MIMO) configuration, see Table
5, all elements are used,in particular the two piezoelectric sensors of element
2 and 4 are used for<input signals and the four actuators are active. The
complexity of algorithm and the conscquent block diagram, shown in Figurc
14, increase, causing major effort to calibrate the gains. In the block diagram
only two actuators are represented because the signal directed to actuators
1 and 3 are identical or opposite to the signal to actuator 2. The sum of the
two signals coming from the sensors is directed to each of the four control
functions that the PPF feature for the first four modes. The actuators receive
the sum of the outputs of the control functions as a pilot signal; the sign of the
signal must be changed if, with regard to one specific mode used as reference,
the signal from the sensor and the force of the actuator are located close to
opposite antinodes. The two side actuators are mainly used to increase the
force needed to control the second mode, that have the highest response at
resonance; moreover, considering their location and the magnitude of the
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second mode, their effect and the relative transfer functions are similar to
each other and with respect to the central actuator. Because of this, just two
actuators are included in the MIMO and the number of combinations drops
to four instead of eight. The signals from the control blocks are then summed
and sent to the actuators. The sums of the signals of the sensors and of the
actuators are possible since the superposition principle is valid in the linear
field. In Table 8 it is shown the effect of the MIMO active control on some
relevant points and the average FRF of all the scanned points. An impressive
disturbance reduction has been reached not only for the modes with-higher
responses but also for the others. The second mode has an average reduction
of 20dB, the fourth of 15dB, while the third of 12.5dB and the first of 10dB.

T
(s 0.1 Bad Link
- > *
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Figuré 14: PPF MIMO Simulink® block diagram
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Table 8 PPF MIMO Control

FRF of Point n. 1 MIMO [0 dB = 0.81082 m/s/N] Average FRF MIMO [0 dB = 0.00078889 m/s/N]

—10F

Velocity/Force [dB]
Velocity/Force [dB]

-50r : | : 1
—— No Control —35+--|—— No Control L
—— MIMO Control Active — PPF Control Active

20 40 100 120 0 20 40 60 80 100
Frequency [Hz]

(a) (b)

60 80
Frequency [Hz]

120

5.4. PPF Active Control in large vibration amplitude regime

Considering the satisfactory results obtained with the MIMO configu-
ration, it was decided to evaluate the present active vibration control in
non-linear field.
First of all, a characterisation of the nonlinear behaviour of the plate has
been carried out, in particular the third mode has been taken into account.
A series of upwards and downwards sine sweeps at controlled forcing ampli-
tudes have been performed between 51 and 57 Hz. The amplitude of the
sweeps was varied by steps of 1 N. In Table 9 (a), an hardening behaviour
is clcarly highlighted with thc rcsonance pcak passing from 53Hz at 1N to
almost 55Hz at 9N. Moreover, at 9N a jump between high and low amplitude
state is present; Table 9 (b) shows tests at different force level carried out
to verify the effectiveness of the active control in nonlinear regime: at 9.5N
the active control was activated (green line) 0.2 Hz before the jump during
an upwards sweep; the vibration passes from 1m/s to less than 0.1m/s. As
also_confirmed by the time history, Table 9 (c), the control acts in less than
0.1 seconds. The same tests were carried out with a 6N forcing load with
satisfying results (black line); moreover the same test was repeated but acti-
vating the control from the outset at a forcing load of 6N (red line) and 1N
(blue line).
It is to note that, the control activation during a fully developed nonlinear
regime (Table 9b) cause a very strong reduction, leading the system to a

28



vibration state characterised by an amplitude notably smaller than that ob-
tained with the control active from the beginning. One can object that at
low amplitude, the system behaves linearly so there is no explanation of the
different states obtained activating the control since the beginning or during
the test (large amplitude). The explanation is in the time history, Table 9c,
where it is clear that the low amplitude state still preserve a nonlinear char-
acter, as the wave is not sinusoidal but triangular. This issue will deserve
a deep theoretical investigation in the next future by means of a suitable
theoretical /numerical model.

Table 9: Nonlinear jump effect, MIMO control and time history

Harmonic Spectrum

Harmonic Spectrum
T T

T 1 T T

© 1Nup
7N up

6N down 4 0.8F

© 6Nup
© 3Nup
© O9Nup

9N down

8.5N down

1IN control on

6N controlled at nonlin.
6N control on

9.5N controlled at nonlin.

Time history

Rxoms & ‘+ 9.5 N activation control at nonlineariM 7
Y:1003 F— F— :

X: 05875,
Y:0.1341

0.4 05 0.6 0.7

To control the system vibrations in nonlinear field, an additional block has
been added, see Figure 15, to prevent the immediate activation of the control.
The forces and vibrations involved originate a strong control response that,
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while not affecting control stability, can cause a shock impulsive response. In
Figure 16 the time history presented shows the effect of the control with a
forcing load of 9.5N, with and without the effect of the ramp; in particular,
the signal sent to the actuator; in the time history of Figure 16a, a voltage
peak is present, and the signal jumps up to 30V. The signal physically sent to
the actuators, due to the software and hardware delimiter, was limited to the
physical limit of the piezoelectric patches (+7.5/-2.5V before the amplifier,
+1500/-500V to the actuators).

3
X

iy

Figure 15: PPF MIMO nonlinear Simulink® block diagram

In order to prevent the unwanted impulsive peak, a linear ramp signal
(between 0 and 1) with a duration of 1 second has been simply multiplied
by the sensor signal to smooth the active control response activation. In
Figurc 16b the time history of the actuator of Figure 16a is shown, in Figurc
18 the time history of the sensor and it can be noted how the activation of
the control does not produce a shock response. Moreover, the robustness
and the modal character of the control is also demonstrated by Figure 17,
which shows the signal from the lower sensor. Without control, this presents

30



"Model Root"/"Sum"/"Outl" “Model Root"/"Sum1"/"Out1"
T T T T - T T T T T T

w
S

~
S
=

=
)

I
T

= =
P >
g o g 2
3 s
> 3

10t 0

-20¢ -2

30 - :

12 5 6 8 9 10 o 1 2 3 4 s 7 8 9 10
Time [s] Time [s]
(a) (b)

Figure 16: Actuator time history of Simulink® model (Figure 15) at forcing
load 9.5 N: (a) without ramp, (b) with ramp

a clipping distortion when the signal exceeds a threshold of 1V, nevertheless,
the control perfectly reduce the disturbance.

“Model Root"/"DS1103ADC_C19"/"ADC"

Voltage [V]
|

5
Time [s]

Figure 17: Time histories of Simulink® model at forcing load 9.5 N, Figure
15

In Figure 18 time histories of the Simulink® blocks are presented for the
5N forcing load sine test at 54.16Hz
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Figure 18: Time histories of Simulink® model at forcing load 5 N, Figure 15

6. Conclusion

In this paper an experimental setup has been developed to test the ac-
tive vibration control of a free-edge rectangular sandwich plate. A control
algorithm based on the Positive Position Feedback (PPF) technique has been
successfully applied, using a digital ASSPACE® controller board, with differ-
ent combination of inputs/outputs (Single Input Single Output, MultiSISO,
Multi Input Multi Output) to control the first four modes. The control is
robust and efficient in reducing vibration amplitude in linear (small ampli-
tude) and geometrically nonlinear (large amplitude vibrations), although the
structure under investigation exhibits a high modal density in the studied
range of 100Hz where four resonances are present. The proposed strategy
allows to effectively control each resonance both individually or simultane-
ously. More tests need to be performed to better understand the nonlinear
behaviour of the system and the clectro-mechanic interactions of the different
components:
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