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Summary

In the past decades research on Active Vibration Control (AVC) has found increasing interest in
control of flexible thin-walled structures, mainly made of new advanced materials such as composite
carbon fibre. These types of composite structures combine high stiffness with good flexibility in
achieving complex shapes, and are mostly used in automotive and aerospace applications where
they are often subjected to undesirable vibrations. In the field of AVC, a new type of sensor and
actuator have become popular by using so-called smart materials, such as piezoelectric materials.
Given their distributed nature, they can be easily mounted on different types of structures, thus
making them smart structures. State-of-the-art controllers, such as Positive Position Feedback
(PPF), are very sensitive to spillover effect due to uncontrolled vibration modes, and therefore
they are found to be difficult to tune in the case of multi-mode control. Another important
aspect regarding the controller is that, apart from being able to reduce structural vibrations, it
should ensure robustness and closed-loop stability for the controlled system. In this sense, careful
positioning of sensors and actuators can have a great influence.

With the motivation of improving on the limitations of state-of-the-art controllers, in this thesis
a novel AVC strategy based on fractional-order calculus is proposed, developed, and successfully
applied in practice.

First, a fractional-order Positive Position Feedback (PPF) compensator is proposed to overcome
the limitations of the commonly used integer-order PPF such as: frequency spillover, amplitude
amplification in quasi-static region of the closed-loop response, and difficult tuning in multi-mode
control. Tuning parameters of the controller are obtained by optimizing both magnitude and phase
response of the controlled plant. Results are shown by comparing performances of the standard
integer-order PPF and the optimized fractional-order PPF, both on a simple 1-DOF plant and
on measured frequency response data from a rectangular carbon fibre/epoxy composite plate with
free edges.

Secondly, a second version of the fractional-order PPF is proposed, and compared to the other
controllers for the AVC of a rectangular carbon fibre/epoxy composite plate with free edges. The
plate is excited orthogonally by a modal vibration exciter and controlled by Macro Fibre Composite
(MFC) transducers. Vibration measurements are taken with a Laser Doppler Vibrometer (LDV)
system. MFC actuator and sensor are positioned on the plate based on maximal modal strain
criterion, in order to control the second natural mode of the plate. Both integer and fractional-
order PPFs allow for the second mode to be effectively controlled, although the newly proposed
fractional-order controllers are found to be more efficient in achieving the same performance with
less actuation voltage, and more promising in reducing the spillover effect due to uncontrolled
modes.
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Preface

Since I was only a child, I have manifested a strong curiosity for technology and science in gen-
eral. It is thanks to that curiosity that I decided I wanted to become an engineer, so I started
my university studies in Rome. During my bachelor’s degree I gained a lot of knowledge, but
I was missing the hands-on experience that I have always thought an engineer should have.
I wanted to make and work on something cool! So I moved abroad, to the Netherlands, to
pursue my master degree at TU Delft, one of the best technical universities in the world.

I chose to study in the faculty of Mechanical, Maritime and Materials Engineering (3mkE), in one of
the most multidisciplinary and challenging master tracks such as PME. Here I could finally bridge
the gap between theory and practice by choosing a very challenging and interesting graduation
topic. In almost one year, I have been able to work on a fairly new theoretical subject such as
fractional-order control, develop a control strategy never used before, and apply it both in simula-
tions and experiments. And hopefully this will result in one, or maybe two, scientific publications.
Looking back at all this, I must definitely say that I have worked on something very cool!

Luca Marinangeli
Delft, November 2016
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Introduction

1.1 Background

Mechanical systems are often subject to undesired vibrations or dynamic loads which can alter
their performance and operating conditions.

Mechanical vibrations can have detrimental effects of various natures: they might cause structural
failure (e.g. mechanical parts undergoing fatigue, or building response due to earthquakes), or
affect the comfort level in vehicles (e.g. noise and vibrations due to car suspensions), or limit the
operating conditions of precision devices where even small sources of vibrations are to be restricted
(e.g. optical systems). Design changes are thus often required to limit the effect of vibrations while
maintaining an acceptable system performance.

As clearly explained by A. Preumont [1], Vibration Suppression can be achieved in different ways,
depending on the specific type of application, and the most common are: stiffening, damping
and isolation. Stiffening (or more in general structural re-design) consists of shifting a particular
resonance frequency outside the range of interest by the application of structural modifications and
optimization techniques. Damping consists of reducing one or more resonance peaks by dissipating
the vibration energy, and it can either be achieved by using additional damping materials or
mechanisms (passive damping), or by using a set of actuators, sensors and a control algorithm
(active damping). Isolation instead consists of preventing the transmission of noise and vibrations
where they are undesirable for the correct operation of the system.

Active Vibration Control of Smart Structures

Among different classes of mechanical structures, in this work a particular focus is given to thin-
walled structures. Thin-walled structures are extensively used in today’s industry mainly in the
automotive and aerospace sector, where a lightweight design is often an important requirement,
especially when aspects like energy consumption, ease of handling and high-speed operation are
concerned. Large space structures like antennas, robots, or satellites, as well as aircraft rudders
or automobile panels are examples of such applications.

However, these types of structures are very flexible and thus prone to undesirable vibrations.

To mitigate these effects, a damping solution is generally preferred. Passive damping would not
be effective when reduced weight is of main concern, since the use of an additional damping
mechanism, or material, would considerably increase the total mass of the structure.

Active damping is instead preferred in this scenario, where the integration of a set of sensors,
actuators and a proper control scheme would not only solve a specific vibration issue, but it would
make the full system adaptable to possible unknown disturbances and conditions.

Master of Science Thesis L. Marinangeli



2 Introduction

The choice of sensors and actuators becomes crucial when an active damping solution is selected.
In fact their size, performance and mode of operation are to be taken into account both for the
integration with the structure to be controlled, and for the control scheme to be designed. In the
past decades, in the field of Active Vibration Control (AVC) a new type of sensor and actuator have
become popular by using so called smart materials, such as piezoelectric materials, shape-memory
alloys, magnetorestrictive, electroactive polymers etc. These materials are called smart because
they are inherently capable of detecting or responding to changes in their environment, making
them very suitable both for sensing and actuation purposes. Given their distributed nature, they
can be easily mounted onto different types of structures, thus making them smart structures (see
Figure 1.1). Nowadays, distributed piezoelectric sensors and actuators are extensively used for
active vibration control of smart structures, because of their unique features such as: low cost,
low mass, ease of integration and wide frequency range of control.

A thoroughly designed control scheme is also required to make sure that the full integration with
the piezoelectric transducers and the flexible structure makes a robust, reliable and stable active
vibration control system.

|

| |

: |

: Sensors [€——| Structure [@—— Actuators| |

|

| |

e |
PZT SMA
PVDF Control PZT

Fiber optics > system Magnetostrictive

Figure 1.1: Smart Structure [1].

1.2 Problem definition

As mentioned before, from a control engineering perspective it is essential to have a controller which
is, first of all, robust and stable from the theoretical design point of view, and secondly, applicable
in practice while maintaining robustness and stability properties such that good performance in
different conditions is guaranteed.

Spillover

When it comes to flexible structures, vibration control is often used to suppress specific modes
of vibrations that are unwanted in a certain frequency range of operation; especially low to mid-
frequency modes can be problematic because they usually occur with high amplitudes and have
a rather simple shape, which is easy to trigger. Therefore, a lot of effort has been done to design
controllers which can be tuned to suppress a specific or multiple resonance frequencies, so to
directly target and solve the vibration issue as soon as it occurs without influencing other aspects
of the dynamics of the system in question. However, this is not always the case, since the dynamics
which are neglected can always have an influence on the performance of the controlled response
by either limiting it or even causing instability.

This issue, in more technical terms, is known as spillover effect due to uncontrolled modes, which
are those modes outside the bandwidth of the controller. Therefore, a main problem which is
addressed in detail in this work is to limit spillover by a proper design of the control system.

L. Marinangeli Master of Science Thesis



1.2 Problem definition 3

Transducers’ placement

However, spillover is not just a control-related issue, but it can also occur in practice when the
controller interacts with the real structure via the sensing and actuation system.

For example, a sensor can measure the response caused by a vibration mode which is not intended
to be controlled, or similarly the actuator can act on a mode which is not intended to be controlled.
This cross-coupling between sensor and actuator will eventually result in the channelling of the
control energy to the system dynamics which is neglected.

This problem is strictly related to the the size, shape and placement of the distributed transducers
equipping the smart structure. Therefore, another important issue which is covered in this thesis is
the optimal size and placement of the piezoelectric transducers for spillover reduction and optimal

control performance.

0 O

Figure 1.2: lllustrative example of a smart structure with different transducers configurations.
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4 Introduction

1.3 Thesis objective

The main goal of this thesis is a theoretical and experimental implementation of a novel active
vibration control strategy. The aim is to suppress single/multiple vibration modes of a thin-walled
flexible structure using optimal distributed actuation and sensing, paying particular attention to
reduce the spillover effect caused by the dynamics of uncontrolled vibration modes.

Active vibration control with piezoelectric transducers has become very popular and an extensive
literature is present. Most of the control techniques are now well established and they have been
used for different types of applications, showing their advantages as well as their limitations. The
fundamental motivation of this study is to tackle one of these limitations (spillover effect) under
a different perspective, which has not extensively been addressed in current literature, in order to
propose a novel approach and at the same time extend the know-how on a subject which still has
plenty of room for future research.

1.4 Research approach

With the thesis objective defined, the research approach that has been chosen consists of the
following tasks:

» Thorough literature study on active vibration control of flexible structure with piezoelectric
transducers.

» Propose a novel control strategy to suppress single/multiple vibration modes on flexible
structures.

» Analyse the proposed method theoretically and validate in simulations.
» Validate the proposed method experimentally by:

> Performing Experimental Modal Analysis (EMA) on a flexible structure to be selected
in order to identify its dynamic behaviour.
> Identifying optimal placement for piezoelectric transducers.

> Implementing the controller experimentally to suppress vibrations on the identified
structure.

L. Marinangeli Master of Science Thesis



1.5 Thesis Outline 5

1.5 Thesis Outline

This report aims to guide the reader in the work I carried out for the completion of my master
thesis. In particular, the entire work has been organized in different chapters.

Chapter 1 introduces the reader to the background and the most important aspects of active vi-
bration control of flexible structures with smart materials.

In Chapter 2, a thorough literature review about the topic is presented. Readers who are not
familiar with active vibration control principles and its applications are strongly advised to go
through the content presented in this chapter.

Chapters 3 and 4 represent the main contribution of this thesis. Chapter 3 presents a novel
fractional-order compensator for active vibration control, whereas in Chapter 4 its experimental
application is discussed. Both chapters are written in scientific paper format to be submitted to
the 20" World Congress of the International Federation of Automatic Control (IFAC) and to the
Journal of Vibration and Control (JVC), respectively.

In Chapters 5 and 6, final discussions and conclusions about the outcomes of this work are ex-
plained.

Being that the topic of this thesis is very multidisciplinary, this report is written with a broad
audience in mind. A reader with a general engineering background is intended to be able to
go trough the report entirely. Extensive appendices are included to leave future students the
possibility to replicate, continue and extend this work.

Master of Science Thesis L. Marinangeli



6 Introduction

L. Marinangeli Master of Science Thesis



Literature Review and Theory

In this chapter a brief literature review in the area of active vibration control of smart structures is
presented. First the main control strategies are reviewed and the basic theory is shortly explained.
Then smart materials for sensing and actuation are introduced, with particular focus on different
types of piezoelectric materials, and some literature about active control with piezoelectric trans-
ducers is referenced. Finally a review about optimal placement criteria for piezoelectric sensors
and actuators is presented.

2.1 Active vibration control of flexible structures

The basic idea of active vibration control of flexible structures is to suppress or reduce the dynamic
response due to a particular vibration mode. In the time domain this can be easily visualized as
if the vibrational oscillation amplitude decays faster when the control action is performed. But
since structural control in general is conceived and targeted specifically to vibration modes, the
effect of the active action of the controller is best seen in the frequency domain, rather than in
the time domain, where the response due to different modes is best represented, Figure 2.1.

MODE 1 MODE3 %i §

;Z MODE 2 : é MODE 4

Figure 2.1: Time and frequency domain visualization of vibration modes [2].

The main objective of the controller is to provide active damping to the structure to be controlled
(plant), which results in an attenuation of the resonance peak in the dynamic amplification and

Master of Science Thesis L. Marinangeli



8 Literature Review and Theory

an increase in the negative real part of plant poles. For a simple 1-DOF plant this concept is
represented in Figure 2.2.

(a) Alm(s) (b) ADynamic Amplification (dB)
X‘ii Open-loop Damping
y
A\
A\
\
\\ .
\ O] . .
\aSing =& 0 >

\ Re(s)

Figure 2.2: Role of active damping in (a) System poles and (b) Dynamic amplification (1/2¢) [1].

The dynamics of flexible structures have very interesting properties. For example, because of their
flexibility, they have a large number of elastic modes resulting in very high order transfer functions
which are rather difficult to control. As already mentioned, controllers are designed to target only
specific vibration modes in a restricted bandwidth of interest, and the fact that transfer functions
are of high order means that there are out-of-bandwidth modes which are neglected but whose
effect might influence the controlled response, or the so-called closed-loop system (see Figure 2.3).
The effect of the uncontrolled, or out-of-bandwidth modes, is known in the literature as spillover
and it is discussed in subsection 2.1.1.

Controlled Modes

Mode 1

0 N
+ = Controller

Mode N

Mode N

Figure 2.3: Feedback control of flexible structure consisting of a large number of elastic modes [3].

Another important aspect regarding the controller is that, apart from being able to reduce struc-
tural vibrations, it should ensure robustness and closed-loop stability for the controlled system.
In this sense, careful positioning of sensors and actuators can have a great influence. For example,
when actuators and sensors are positioned on the same degree of freedom (DOF) on the struc-
ture, the corresponding transfer function for that DOF is a collocated transfer function which has
very interesting properties with respect to closed-loop stability. Collocated control is discussed in
subsection 2.1.2.

L. Marinangeli Master of Science Thesis



2.1 Active vibration control of flexible structures 9

2.1.1 Spillover effect

In general terms, spillover can be explained as the effect that modes which are outside the band-
width of the controller have on the closed-loop system, Figure 2.4.

Excitation bandwidth
<«

Wh w
|

Mode outside
_—" the bandwidth

Figure 2.4: In-bandwidth and out-of-bandwidth modes [1].

It has been extensively investigated by M.J. Balas [4, 5], where two types of effects are defined:
observation and control spillover.

o Observation spillover is when sensor outputs are contaminated by the measured response of
residual modes.

e Control spillover is when residual modes are excited by the feedback control.

In his work, Balas developed a feedback controller for a finite number of modes of a flexible
structure, and by deriving controllability and observability conditions of the full system (including
a mathematical model of the structure), the combined effect of control and observation spillover
could be studied with respect to closed-loop stability.

It is shown that, in absence of observation spillover, "excitation of the residual modes can degrade
the system response but it cannot destabilize the system". Instead, when both control and obser-
vation spillover are present, even a small change in the poles of the system can lead to instability.

So, in general, even though instability is not a necessary consequence of the combination of control
and observation spillover, "all modal controllers have the potential to generate instabilities unless
observation spillover can be eliminated", assuming stability for the controller itself. If the latter
case applies, a method to reduce the effect of control spillover must be devised in order to avoid
unwanted excitation of the out-of-bandwidth modes and losses in control performance.
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2.1.2 Collocated modal control

In structural dynamics, the equation of motion in modal coordinates of a generic 1-DOF system
is simply expressed by a second order differential equation of the type:

£+ 2wé + w2 = K2 f (2.1)

where £, w, ( are modal coordinate, natural frequency and modal damping of the system, respec-
tively. The input force is f and k is a modal constant.

A control system, when sensors and actuators are related to the same DOF of the structure in
question, is said to be collocated. If a force actuator and a displacement sensor are considered (as
they will mostly be during this thesis), the corresponding open-loop collocated transfer function
for that particular DOF takes the following form in the Laplace domain:

oo

G(s)=)_ P (2.2)

— §2 4 2¢pwns + w2

where n is indicating the mode number. A modal constant k, = w, is assumed for simplicity
throughout this thesis. Collocated systems have the property of having the phase always between
0° and —180°, meaning that poles and zeros interlace on the imaginary axis, where a zero cor-

responds to an anti-resonance in the frequency response. Equation (2.2) can thus be rewritten
as:

IL (82 + 2(z5 + zf)
0

Hj (32 + 2(w;s + w?)
where z; represents an anti-resonance. The pole-zero pattern and frequency response function
(FRF) of a generic collocated system are represented in Figure 2.5 and Figure 2.6.

G(s) =G (Wi < 2k < Wk41) (2.3)

(a) » Im(s) s Im(s) (b)
o
. X
JZi— q o
jw;" e X
9
Re(s) X Re(s)

Figure 2.5: Pole-zero pattern in a collocated system. (a) Undamped (b) Lightly damped ( [1]).

A generic feedback loop for vibration control with the assumption of a collocated piezoelectric
actuator /sensor pair is illustrated in Figure 2.7, where C/(s) is the transfer function of the controller
and G(s) is the transfer function of the plant; v is the voltage from the sensor and v, is the voltage
to the actuator.

Collocation is a very interesting property that can be exploited when designing a feedback control
scheme. In theory, collocated structures are always closed-loop stable with respect to out-of-
bandwidth modes. As indeed described in subsection 2.1.1, collocation implies the elimination
of observation spillover and thus guarantees stability, because the sensor can only measure the
response from the same DOF of the actuator and not from other DOFs. However, in practice per-
fect collocation is never achievable, and when dealing with piezoelectric transducers the concept
of nearly-collocated systems has to be introduced (see section 2.2). Stability is instead not guaran-
teed for non-collocated systems where observation spillover due to the non-collocation of sensors
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Figure 2.6: Collocated frequency response function [1].
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G(s) >
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Figure 2.7: Feedback control of vibration with a collocated piezoelectric actuator/sensor pair.

and actuators can be present. Attention must be paid when designing a control scheme for a non-
collocated system and different strategies can be used, but they will not be addressed in this thesis.

In the upcoming sections, the main control methods present in literature for AVC of flexible
structures are explained. They are all defined as modal controllers because a modal description
(rather than physical) of the dynamic structure is always considered for simplicity, where the
dynamic behaviour can be described just as the linear combination (superposition) of many vi-
bration modes. For each control method, modal displacement is considered to be measured by
the piezoelectric sensor, although what is actually measured is strain which is proportional to the
physical displacement. But since modal coordinates are proportional to the physical coordinates
by the modal transformation matrix, it is possible to simply use the measured displacement signal
in practical implementations.

2.1.3 Direct Velocity Feedback
A velocity feedback controller for vibration control, better known as Direct Velocity Feedback
(DVF), is defined for a 1-DOF system as follows:

System:
£+ 20wé + Wi =W f (2.4)

Control: .
f=-9¢ (2.5)
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where ¢, w, ( are modal coordinate, natural frequency and modal damping of the system, respec-
tively; f is the modal control force and g is the feedback gain. Equation (2.4) and (2.5) can be
combined and rewritten in the following form:

£+ (2w + gw?)E +w?E =0 (2.6)

where it is easy to notice that the velocity signal is directly fedback to the actuator with gain g
and active damping is achieved. The corresponding feedback loop is shown in Figure 2.8.

G(s)

disturbance e w? &
= 5?2 + 2¢{ws + w?

f

L9 r
Figure 2.8: DVF feedback loop.

Direct Velocity Feedback does not prevent spillover effect from occurring, but unconditional closed-
loop stability is guaranteed nevertheless for g > 0, as proven by Moheimani and Fleming [3].
Despite its stability properties, DVF shows important limitations that do not make it an appealing
control scheme in the context of active control with piezoelectric transducers.

First of all, piezoelectric sensors (as better explained in section 2.2), measure strain in the structure,
which can be considered as a displacement signal that would need to be differentiated first, before
being fedback to the velocity controller C(s). This means that the addition of a differentiator
is required, but generally not preferred. Secondly, in order to make sure that the compensator
rolls-off at high frequencies, some extra dynamics need to be added to it, although this could
potentially cause instability. Furthermore, DVF has high control effort at all frequencies, and in
this context of vibration control it is best to restrict the control effort in the frequency range of
interest, to also prevent actuator saturation.

» These problems have been addressed by Kim [6] where a Direct Velocity Feedback and an
Acceleration-Position Feedback (APF) have been used for the realization of an electrical
damper and an electrical dynamic absorber, respectively, to suppress vibrations. It was
demonstrated that an electrical dynamic absorber (APF) is more robust with respect to
undesirable dynamics outside the control bandwidth than an electrical damper (DVF), due
to its lower control effort both at low and high frequencies. Moreover, if both controllers are
compared on the same setup, APF does not require an integrator to transform acceleration
into velocity since an acceleration sensor can be directly used. More information on APF is
provided in subsection 2.1.4.

» Omidi and Mahmoodi [7] instead used Ho, Modified Positive Velocity Feedback (HMPVF)
to control multiple modes on a flexible collocated cantilever beam. A feed-through term was
added to the model of the plant to simulate out-of-bandwidth dynamics, and the controller
was designed with 2 parallel first and second-order compensators for each mode, of which
the second-order one focuses on reducing a specific resonance peak and the first-order one
reinforces the damping action.

2.1.4 Resonant Control

Resonant Control (RC) is a control technique which consists of the realization of an electrical
dynamic vibration absorber. It is a second order high-pass filter compensator with negative
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feedback, where the numerator dynamics convert the position feedback (from the piezoelectric
sensor) to acceleration feedback. In modal coordinates RC is defined as follows:

System:
€ + 20wé + Wi = Wi f (2.7)
Compensator: )
i+ 2Cpw i+ win = € (2.8)
where ¢ and 7 are the position coordinates of system and compensator; w & ¢ and wy & (y are
natural frequency and damping of structure and compensator; f = —gn is the modal control force

and g is the compensator gain. The corresponding feedback loop is shown in Figure 2.9.

G(s)
disturbance - o X w? 3 X
- 2 + 2{ws + w?
f
g C(s)

[ | s*

s2+ 2{rwss + wf [

Figure 2.9: RC feedback loop.

The frequency wy is normally tuned to the same natural frequency of the structure of interest, and
together with a proper choice for the parameters g and (y vibration reduction can be achieved.
Closed-loop stability is guaranteed for g > 0.

The bode plot of the filter C(s) is shown in Figure 2.10, where a tuning frequency of 20 Hz is
chosen.

N
o

o
T

Magnitude [dB]
; N

o

T

L

10° 10t 10? 10°

Frequency [Hz]

Figure 2.10: Bode plot of RC controller tuned at 20 Hz.

From the bode plot of C(s) it is possible to understand the high-pass filtering characteristics of
the controller. The +2 slope before the resonance frequency and the constant magnitude after
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the resonance indicate that the action of the controller is seen mainly for frequencies around the
resonance and higher, whereas any dynamics occurring below the resonance should be neglected.
This can indeed be seen when the RC controller is applied to a generic plant G(s). In Figure 2.11
and Figure 2.12 a simple collocated plant G(s) with two modes, at 20 Hz and 100 Hz, is controlled
with RC targeting 1°¢ mode and 2”4 mode, respectively.
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Figure 2.11: Bode plot of G(s) with 1 mode controlled by RC.
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Figure 2.12: Bode plot of G(s) with 2" mode controlled by RC.

As clearly explained by Liileci [8] with a similar example, from the bode plot of the closed-loop
response some conclusions about the performance of the RC can be drawn:
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o The high-pass filter characteristics cause the RC to affect the response on the 2" mode
when targeted to suppress the 15 mode. The 2°¢ peak is indeed shifted in frequency and
changed in magnitude. This effect can be regarded as spillover effect due to the presence of
uncontrolled dynamics.

« Conversely, the response on the 15 mode is not affected when the filter is tuned to sup-
press the 24 mode. Spillover effect is not present in this case because of the high-pass
characteristics of the RC.

¢ When multiple modes need to be controlled at the same time, particular attention must be
paid to tuning the different RC compensators in order to limit the spillover effect. In fact,
a compensator targeting a low frequency mode should be tuned prior to the one targeting a
mode at higher frequency.

e RC is not appealing for a practical implementation: actuators and sensors have generally
high frequency dynamics which are not neglected by the high-pass filter of the RC and can
therefore destabilize the closed-loop system.

This control method has been used in several studies. In particular S.H. Kim studied RC in
different contexts:

» In [6], as already explained in the previous section, an equivalent version of RC, called
Acceleration-Position Feedback (APF) because acceleration is measured instead of displace-
ment, was compared to Direct Velocity Feedback (DVF) showing more robustness with
respect to spillover and lower control effort both at low and high frequency.

» In [9], RC, which is called instead Negative Position Feedback (NPF), was compared to the
classic Positive Position Feedback (PPF). NPF was proposed to demonstrate the implemen-
tation of an electrical dynamic absorber using a displacement sensor. More infomation on
PPF is provided in subsection 2.1.5.

2.1.5 Positive Position Feedback

The main drawback of the RC is that it does not roll-off at high frequency, where the presence
of higher order dynamics, either coming from the structure or from actuators and sensors, might
jeopardize the control performance. A control method which solves these issues and became
popular in the field of active vibration control is the Positive Position Feedback (PPF). This
technique has been first proposed in 1983 by Goh and Caughey [10] to overcome the instability
associated with finite actuator dynamics, and it was applied for the first time in 1987 by Fanson
[11] to experimentally suppress vibrations in large space structures.

In modal domain, the two equations for a 1-DOF system and PPF compensator are:

System:
£+ 2wé + w = Wi f (2.9)

Compensator:
i+ 2Cwpi) + win = wié (2.10)

where ¢ and 7 are the position coordinates of system and compensator; w & ¢ and wy & (y are
natural frequency and damping of system and compensator; f = gn is the modal control force and
g is the compensator gain.

The corresponding transfer functions of system (plant) G(s) and PPF compensator C(s) are shown
in Figure 2.13 where also the positive feedback is clearly indicated.
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G(s)
disturbance e | w? i
+ 52 4+ 2{ws + w?
f
. c(s)
n (Ufz

s2+ 2{pwps + w} |

Figure 2.13: PPF feedback loop.

For this particular formulation given in 2.9 and 2.10, and which is found in most of the literature,
the closed-loop stability condition [11] is simply given by:
Ky

g<l1 or equivalently "l <1 (2.11)

K
where g = —g, with gain Ky, is assumed to be positive since this method works with positive

feedback. For a proper performance, wy is tuned equal to w and (¢ is normally chosen to be bigger
than (.

The bode plot of the 2°¢ order low-pass filter C(s) is shown in Figure 2.14, where a tuning
frequency of 20 Hz is chosen.
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Figure 2.14: Bode plot of PPF controller tuned at 20 Hz.

In Figure 2.11 and Figure 2.12 a simple collocated plant G(s) with two modes, at 20 Hz and 100 Hz,
is controlled with PPF targeting 1% mode and 2°! mode respectively.

As clearly explained by Liileci in [8] with a similar example, from the bode plot of the closed-loop
response some conclusions about the performance of the PPF can be drawn:

e The low-pass filter characteristics cause the PPF to provide so-called active flexibility before
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Figure 2.15: Bode plot of G(s) with 1** mode controlled by PPF.
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Figure 2.16: Bode plot of G(s) with 2" mode controlled by PPF.

the tuning frequency wy, active damping around w; and active stiffness for higher frequencies
[12].

« PPF indeed does not affect the 2°d mode when targeted to the 15* mode, preventing high
frequency spillover.

« The response on the 15 mode is affected instead when the filter is tuned to suppress the 24
mode. Low frequency spillover is present and it can be seen both in the amplification of the
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response in the quasi-static region and in the shift in frequency of the 15% resonance.

When multiple modes need to be controlled at the same time, a compensator targeting a
low frequency mode should be tuned later than a compensator targeting a mode at higher
frequency in order to account for the frequency shift caused by the spillover effect.

Spillover, as also seen for the RC, is strictly related to the phase behaviour of the closed
loop: the more the phase of the closed-loop follows the phase of the plant, the less spillover
is observed. This relation between spillover and phase has not received much
attention in literature and it is intentionally highlighted by the author in this
work.

PPF does not necessarily require a model of the structure to be controlled, whereas other op-
timal control methods like LQR and LQG do require a model. When applied experimentally,
the knowledge of the natural frequencies of the structure is often sufficient to successively
apply PPF.

This control method has been very extensively studied and applied in many studies due to its
appealing properties. Some of the main contributions in the literature of PPF are briefly presented

here.

>

Poh and Baz first applied the PPF as a 15 order filter and they proposed a "time sharing"
strategy to control a large number of modes with a smaller number of actuators [13]; then
they combined the Independent Modal Space Control (IMSC) with PPF [14].

McEver and Leo [15] developed an autonomous vibration suppression algorithm based on
PPF where an on-line identification is used to find the optimal design parameters.

Song et al. [16] studied the robustness of the PPF with respect to possible unknown changes
in the structural natural frequency to be controlled. Results showed that PPF performs well
even when the natural frequency w is not exactly known.

Kwak et al. [17] studied for the first time very extensively the stability conditions, perfor-
mance and design methodology for the PPF, both in Single-Input Single-Output (SISO) case
and Multi-Input Multi-Output (MIMO) case.

Kim [9], as already mentioned in the previous section, compared PPF to the Negative Posi-
tion Feedback (NPF).

Yuan [18] used a modified PPF which uses measured acceleration feedback and which they
call Negative Acceleration Feedback (NAF). Unlike RC, and equivalent to APF, NAF also
rolls-off at high frequencies like PPF because acceleration is directly measured and thus the
s2 term at the filter numerator is not required.

El-Ganaini [19] studied PPF for suppression of non-linear system vibration at primary res-
onance and 1:1 internal resonance.

PPF variants

Besides the several fundamental studies, the Positive Position Feedback also presents different
variants in the literature, where adaptive strategies or integration with other controllers are inves-
tigated.

>

Smith [20] used a modified PPF in application to acoustic systems. Band-pass filters are
used to limit spillover and phase interaction of adjacent modes in case of multi-mode control.
An adaptive algorithm is used to tune the controller gain to proper levels for each mode.

L. Marinangeli Master of Science Thesis



2.1 Active vibration control of flexible structures 19

» Creasy implemented an adaptive modified PPF for noise absorption in acoustic cavities [21]

and payload fairings [22]. Butterworth low and high-pass filters are used in series with PPF
filters for spillover reduction both at low and higher frequency.

Mahmoodi [23] also made use of an adaptive modified PPF with both frequency and con-
troller adaptation for active vibration control of structures.

Orszulik and Shan [24] proposed a multi-mode adaptive PPF with an on-line parameter
estimator using recursive least squares method with forgetting factor.

Omidi and Mahmoodi [7] instead used Ho, Modified Positive Position Feedback (HMPPF),
which they compared to the previously mentioned HMPVF, to control multiple modes on
a flexible collocated cantilever beam. A feed-through term was added to the model of the
plant to simulate out-of-bandwidth dynamics, and the controller was designed with 2 parallel
first and second-order compensators for each mode, of which the second-order one focuses
on reducing a specific resonance peak and the first-order one reinforces the damping action.

2.1.6 Controllers comparison

In this section the three control methods explained previously are summarized for clarity in Ta-

ble 2.1.
Table 2.1: Controllers comparison.
Controller Block diagram Stability Properties
Direct addition of active
damping.
Maintouuee ) — G(s) Differentiator needed.
DVF etensenl No roll-off at high frequen-
f — (g>0) cies.
|i| High control effort at all
frequencies.
disturbance ) G(s) 2nd order HP filter.
f High frequency spillover.
RC C(s) Lmomd emal No roll-off at high frequen-
(g >0) cies.
n s? . N .
W Difficult tuning in multi-
s rers T oy mode control.
disturbance
~
NG G(s) 2nd order LP filter.
f Low frequency spillover.
PPF tE) 0<g<l1 Roll-off at high frequencies.
n wj% Difficult tuning in multi-

52+ 2{fwps + w}

System: € + 2Cwé + w2€ = w2f ; G(s) = w?2/(s% + 2Cws + w?).

mode control.
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2.1.7 Other control algorithms

Besides the main control strategies introduced in the previous sections, active damping can be
achieved also by means of other methods. Integral Resonant Control (IRC) is also often found
in literature. IRC is a modified version of the Integral Force Feedback (IFF) method, which is
developed for control systems where displacement actuators and force sensors are used [1]. This
implies that the transfer function of the collocated system to be controlled should represent the
dynamic stiffness, and not the receptance like in Equation (2.2). Hence, this collocated transfer
function also shows pole-zero interlacing property but starts with a zero. IFF is thus modified by
connecting a feed-through term to the collocated transfer function in order to convert a receptance
type FRF to a dynamic stiffness FRF by the addition of a zero. The application of this technique
however presents some limitations: it generally requires a model of the structure; modes cannot
be treated separately; since the control gain decreases at higher frequencies this method is less
effective for high frequency modes [8].

» Aphale [25] applied IRC on collocated smart structures. The addition of a feed-through term
to the transfer function to be controlled is required such that zeros are followed by poles
(and not vice versa) and integral feedback can be used. A bandpass filter is used as IRC.

» Russell [26] also used IRC for damping and tracking in nano-positioning systems. IRC is
optimized to obtain a closed-loop Butterworth filter pattern, since the same response is
optimal for positioning systems. Performance of IRC is compared with respect to other
control methods.

The control methods explained so far can all be defined as classical collocated control methods.
Traditional techniques such has LQG, Hy and H,, have been also applied in this field, however
they often require a more challenging implementation with respect to the classical methods [25].
These traditional techniques have not been addressed in this thesis, although they represent a
valuable option for the active control of smart structures.
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2.2 Smart materials and structures

Smart materials are inherently capable of detecting and responding to changes in their envi-
ronment. This means that their properties can be changed by an external condition, such as
temperature, light, pressure or electricity. This change is reversible and can be repeated many
times, making them very suitable for sensing and actuation purposes. There are a wide range of
different smart materials, and each offers different properties. The most common are: piezoelec-
tric, shape-memory alloy and polymer, magnetorestrictive, electroactive polymer, etc. Nowadays,
distributed piezoelectric sensors and actuators are extensively used for active vibration control be-
cause of their unique features such as: low cost, low mass, ease of integration and wide frequency
range of control.

In the next sections focus, is given to piezoelectric type of transducers. First, the piezoelectric
phenomenon is explained, then two main types of transducers, which are lead zirconate titanate
(PZT) and macro fiber composite (MFC), are introduced and finally some literature about active
control with piezoelectric transducers is referenced.

2.2.1 Piezoelectricity & transducers types

Piezoelectricity is a phenomenon which relates mechanical stress and electricity and was discovered
in 1880 by the French physicists Jacques and Pierre Curie. The so-called direct piezoelectric effect
consists of an accumulation of electric charge in certain solid materials when they are subjected to
mechanical stress, whereas the converse piezoelectric effect consists of a generation of mechanical
deformation when an electric filed is applied.

The general linear piezoelectric constitutive equations for transversely isotropic materials can be
given in matrix form as:

S s? d'l [T

25 A

The field variables are the stress T, strain S, electric field E and electric displacement D, whereas
the constants are the elastic compliance s, piezoelectric strain constant d and dielectric permittiv-
ity €. The superscripts F and T denote that the corresponding constants are evaluated at constant
electric field and constant stress, respectively, and the superscript ¢ stands for the transpose.

PZT

The lead zirconate titanate (PZT) is a piezoceramic material with very good actuation properties
but it is also very brittle and sometimes difficult to adapt to complex curved geometries. The
standard design for a PZT transducer consists of a piezoceramic layer between two electrodes
for electrical contact, together with a polymer structure for electrical insulation and mechanical
stability (Figure 2.17b). The results is a module which is extremely robust and capable of both
sensor and actuator functionality.

MFC

Differently from the monolithic design of PZT, piezocomposite transducers are made of an active
layer which is composed of a mixture between epoxy resin and piezoceramic fibers. Advantages
of piezocomposite traducers is the possibility of molding the anisotropic mechanical properties
in order to optimize certain actuating directions. In 1996, NASA invented a specific type of
transducer called macro fiber composite (MFC) which provides high performance, durability and
a very good flexibility which makes these transducers a preferred option in case they have to be
adapted to different structure geometries. Details of a MFC transducer built from Smart Material
[27] is given in Figure 2.18a and 2.18b.
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Figure 2.17: PZT transducer from Pl [28]: (a) Transducer detail (b) Cutaway.
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Figure 2.18: MFC transducer from Smart Material [27]: (a) Transducer detail (b) Cutaway.

Working principle

The working principle of the PZT used as an actuator resembles the one of a capacitor: the
piezoceramic acts as a dielectric between the electrodes, and an electric filed is created in the
ceramic when a voltage is applied inducing a lateral contraction of the material in a direction
perpendicular to the electric field, Figure 2.19a and 2.19b. This is known as d3; effect.

electrode

electrical flux
lines

-

”

ceramic

(a) (b)

Figure 2.19: PZT working principle [28]: (a) Lateral contraction (b) ds; effect.

The MFC transducer instead, depending on the building type, can work either as an elongator
with the dsz effect or as contractor with the d3; effect. The electric filed that is generated is

aligned with the direction of the fibers since they are perpendicular and interdigitated with the
electrodes (Figure 2.20).

When an oscillating voltage is applied, each piezoelectric transducer oscillates at the same fre-
quency of the input, making them suitable for vibration control purposes.
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e powerful actuator ® Low Impedance sensor
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Figure 2.20: MFC working principle [27]: both ds3 and ds:1 are available as operational modes.

2.2.2 Control of smart structures with piezoelectric sensors & actuators

As already mentioned, active vibration control is often applied in practice using piezoelectric
transducers as sensors and actuators. Some of the main contributions in the literature are briefly
presented here.

» Kwak and Heo [12] applied a MIMO PPF controller to control vibration of a smart grid
structure equipped with PZT tranducers. A new concept, the block-inverse technique, is
proposed to control a higher number of modes than the number of actuators and sensors.
Spillover effect due to application of MIMO PPF based on the block-inverse technique is
also studied.

» Shin [29] investigated the active vibration control of clamp-clamped beams using PPF con-
trollers with non-collocated sensor/moment pair actuator configuration to overcome the in-
stability of DVF controller due to the phase shift at high frequencies.

» Zippo et al. [30] applied PPF for active vibration control of a composite sandwich plate using
MFC transducers. Control was efficient in reducing vibration both in linear and non-linear
regime.

» Ferrari and Amabili [31], as a continuation of the work of Zippo [30], applied non-collocated
PPF both in SISO and MIMO.

Master of Science Thesis L. Marinangeli



24 Literature Review and Theory

2.3 Placement of piezoelectric sensors & actuators

Piezoelectric transducers can be easily mounted on different types of structures in the form of
patches, but their size, orientation and location play a significant role when active control has
to be performed. A badly positioned or misplaced sensor/actuator pairs can result in a poor
control performance or even cause instability. For instance an unwise placement of a collocated
sensor/actuator pair can make the control system unstable, whereas the wise placement of non-
collocated sensor/actuator pair can make it stable [32].

The concept of perfect collocation, which holds in theory, has to be reconsidered in practice since
both sensor and actuator can never be placed exactly on the same position or DOF, therefore it
is better to talk about a nearly-collocated or quasi-perfect collocated system. Zippo et al. [30], for
example, placed a piezoelectric sensor next to the actuator on the same face of a rectangular plate
as a nearly-collocated system. Furthermore controllability, observability and also spillover effect
are all factors that are related to the transducers’ placement.

The location alternatives can be many and they also depend on the structure properties and ge-
ometry, therefore in order to maximize the performance of the full active vibration control system,
an optimization criterion for the transducers’ placement needs to be devised, and a suitable opti-
mization technique has to be used to solve the optimality problem for a wide range of structures.

In literature, many different optimization algorithms have been proposed to solve different kinds
of transducers’ placement problems: univariate search method, genetic algorithm [33], simulated
annealing, etc. are examples of algorithms that have been used in this context. However, more
attention should be paid to the criterion rather than to the optimization itself.

Gupta et al. [32] have extensively reviewed in a unified way the various optimization criteria
used by researchers for optimal placement of piezoelectric sensors and actuators on a smart struc-
ture. According to his technical review, the main optimization criteria are: (i) maximizing modal
forces/moments applied by piezoelectric actuators, (ii) maximizing deflection of the host structure,
(iii) minimizing control effort/maximizing energy dissipated, (iv) maximizing degree of controlla-
bility, (v) maximizing degree of observability, and (vi) minimizing spillover effects. Gupta et al.
compared results from different studies where plates and beams with different boundary conditions
were used as host structures.

Among the many optimization criteria, the maximization of modal forces/moments applied by
piezoelectric actuators is found to be very interesting, since the final outcome of an optimization
based on this criterion has been used as a rule-of-thumb in many studies [8, 30, 31].

2.3.1 Maximal modal force rule

Maximal modal force criterion has been first proposed by Bin [34] as a rule for optimal placement
of piezoelectric actuators for plates. This rule is briefly explained as follows.

The transverse displacement w of a generic dynamic structure can be expressed in modal coordi-
nates using the superposition principle:

w(xayvt) = Z%‘(%Wﬁj(ﬂ (2'13)

where @;(z,y) is the normalized modal function and 7; the modal coordinate. The structure
equation of motion for mode j can thus be written as:
il + win; = —2"abL[®;]v;(t) (2.14)

where the term on the right hand side is the modal control force Q;(t) = —zabL[®;]v;(t).
By referring to Figure 2.21, it can be noticed that some of the terms of @) depend on the geometry

L. Marinangeli Master of Science Thesis
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h+ h,

of structure and actuator: a and b are length and width of the piezo patch, 2° = where

h and h,, are thickness of structure and piezo. L is a functional operator and v is the voltage to

the piezo.
0? 0?

the i th piezo-
electric actuator

Figure 2.21: Piezoelectric actuator bonded on the surface of a plate structure [34].

When the absolute value of L[®;] is maximum and voltage v;(¢) is constant, then the control force
Q;(t) will be maximum. Furthermore, when @;(¢) is maximum and the center of the piezo patch is
located where L[®;] is maximum, then the voltage v;(t) will be minimum. So it can be concluded
that the piezoelectric patch actuator should be placed in locations where L[®;] is maximum.

These locations are the regions of maximum modal strain in the host structure, so the piezoelec-
tric actuator should be placed where the strain is maximum for the specific vibration
mode to be controlled.

Mode shapes with modal strain energy distribution of a rectangular plate with all edge free bound-
ary conditions are shown in Figure 2.22.

10°

NEJE

Figure 2.22: Surface elastic strain energy density plots of the first four mode shapes of a rectangular
plate with all-edges-free boundary conditions: the red areas indicate maximum strain and can be
considered as optimal locations for actuator placement.

The other optimization criteria reviewed by Gupta et al. [32] also propose optimal locations for
actuator placement depending on the specific structure and boundary conditions, but as it has
been pointed out by Liileci in [8], these locations almost all coincide with regions of maximum
modal strain, indicating that the actuator placement will be optimal not only for maximal modal
force criterion but also for the other criteria. Therefore, it has been decided to use this approach
in this thesis as a rule-of-thumb for optimal actuator placement.

Master of Science Thesis L. Marinangeli
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A Fractional-order Positive Position
Feedback Compensator

This chapter has been written in format of a scientific paper. A novel fractional-order Positive
Position Feedback compensator for active vibration control is presented.

The aim of this paper is to show how the application of fractional control can improve on the
limitations of the current active vibration control strategies.

The paper has been submitted to the 20" World Congress of the International Federation of
Automatic Control (IFAC), taking place in July 2017 in Toulouse, France.

Master of Science Thesis L. Marinangeli



A Fractional-order Positive Position
Feedback Compensator for Active
Vibration Control

L. Marinangeli * F. Alijani* S.H. HosseinNia *

* Department of Precision and Microsystems Engineering,
Delft University of Technology, Mekelweg 2, 2628 CD Delft,
The Netherlands (l.marinangeli@student.tudelft.nl; f.alijani@tudelft.nl;
s.h.hosseinniakani@tudelft.nl)

Abstract: In this paper a novel Active Vibration Control (AVC) strategy based on fractional-
order calculus is developed. A fractional-order Positive Position Feedback (PPF) compensator is
proposed to overcome the limitations of the commonly used integer-order PPF such as: frequency
spillover, amplitude amplification in the quasi-static region of the closed-loop response, and
difficult tuning in multi-mode control. Tuning parameters of the controller are obtained by
optimizing both magnitude and phase response of the controlled plant. Results are shown by
comparing performances of the standard integer-order PPF and the optimized fractional-order
PPF, both on a simple 1-DOF plant and on measured frequency response data from a rectangular

carbon fibre composite plate.

Keywords: Active Vibration Control, Spillover, Positive Position Feedback, Fractional-order
control, Fractional-order filter, Experimental testing

1. INTRODUCTION

In the past decades research on Active Vibration Control
(AVC) has found increasing interest in control of flexible
thin-walled structures. These structures are often prone
to undesirable vibrations, making AVC necessary particu-
larly in industries where a lightweight design is of great
importance. Piezoelectric transducers are often selected
as sensors and actuators for the active control of flexible
structures because of their unique properties including:
low cost, low mass, ease of integration and wide frequency
range of control. These types of transducers, when used
as sensors, measure strain which is proportional to the
physical displacement. In fact, control schemes specifically
designed to use position as feedback signal have been
extensively studied and applied in this context.

The main objective of the controller is to provide active
damping to the structure (plant), which results in an
attenuation of the resonance peak in the dynamic amplifi-
cation. The dynamics of flexible structures have very inter-
esting properties: because of their flexibility, they have a
large number of elastic modes resulting in very high order
transfer functions that are rather difficult to control. Con-
trollers are designed to target specific vibration modes in a
restricted bandwidth of interest, and the fact that transfer
functions are of high order means that there are out-of-
bandwidth modes which are neglected, but whose effect
might influence the closed-loop response. The effect of the
uncontrolled, or out-of-bandwidth modes, is known in the
literature as spillover (Balas, 1978). Another important as-
pect regarding the controller is that, apart from being able
to reduce structural vibrations, it should ensure robustness
and closed-loop stability for the controlled system. In this

sense, careful positioning of sensors and actuators can
have a great influence. The majority of the controllers
studied in literature use a collocated configuration, where
sensors and actuators are related to the same Degree of
Freedom (DOF) of the structure. The phase of the open-
loop collocated transfer function is always between 0°
and —180°, meaning that poles and zeros interlace on
the imaginary axis, where zeros and poles correspond to
anti-resonances and resonances of the frequency response,
respectively. Collocated systems have the property of being
always closed-loop stable with respect to out-of-bandwidth
dynamics (Preumont, 2011) and that is why most of the
research involves collocation.

One of the most popular collocated modal control schemes
is Positive Position Feedback (PPF), which has been first
proposed in 1985 by Goh and Caughey (Goh and Caughey,
1985) to overcome the instability associated with finite
actuator dynamics. This controller was applied for the
first time in 1987 by Fanson (Fanson, 1987) to experimen-
tally suppress vibrations in large space structures. PPF
is a second order low-pass filter which rolls off quickly
at high frequencies, making it very appealing against
possible instability or performance losses due to out-of-
bandwidth dynamics. Direct Velocity Feedback (DVF),
Resonant Control (RC) (Moheimani, S.O.R. , and Flem-
ing, 2006) and Integral Resonant Control (IRC) (Aphale
et al., 2007) are also collocated control techniques which
are popular in literature, but they present some limitations
when used with piezoelectric transducers. In the field of
AVC in general, apart from the aforementioned methods,
many other different control strategies have been applied
for several types of applications. Fractional-order calculus
has been found to be a very effective tool in control (see
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e.g. HosseinNia et al. (2014, 2013); Monje et al. (2004,
2008); Podlubny (1999)), however it has never found much
room in the context of AVC and little research is present
(Butler and de Hoon, 2013). In this paper, a fractional-
order version of the PPF compensator is proposed to
further improve its already appealing properties and to
overcome some of its limitations such as low-frequency
spillover, quasi-static gain amplification and difficult tun-
ing in multi-mode control.

In the next section DVF, RC, PPF and IRC are elaborated
and compared to justify the choice of PPF. Moreover,
spillover effect has been introduced. In section 3 fractional-
order PPF is developed and its parameters have been
tuned using an optimization algorithm. An illustrative
example is given in section 4, whereas final conclusions
and remarks follow in section 5.

2. PROBLEM DEFINITION
2.1 Direct Velocity Feedback

Direct Velocity Feedback of a 1-DOF system is defined as
follows:

€+ 2wé + W =P f 1
where &, w, ¢ are modal coordinate, natural frequency and
modal damping of the structure, respectively; f = —g¢&

is the modal control force and g is the feedback gain.
Equation (1) can be rewritten in the following form:

£+ (2w + g+ w? =0 (2)
It can be noted that active damping in this case is achieved
through direct velocity feedback signal with gain g. DVF
does not prevent the occurrence of spillover effect, but
unconditional closed-loop stability is guaranteed neverthe-
less for g > 0 (Moheimani, S.O.R. , and Fleming, 2006).
Despite its stability properties, DVF shows important lim-
itations that do not make it an appealing control scheme
in the context of active control with piezoelectric trans-
ducers. First of all, piezoelectric sensors measure strain of
the structure, which can be considered as a displacement
signal that would need to be differentiated before being
fedback to the velocity controller. Therefore, in using DVF
a differentiator is required, but generally not preferred.
Secondly, in order to make sure that the compensator
rolls-of at high frequencies, extra dynamics needs to be
added to it although this could potentially cause insta-
bility(Moheimani, S.O.R. , and Fleming (2006); Goh and
Caughey (1985)). Furthermore DVF has high control effort
at all frequencies, and in this context of vibration control it
is best to restrict the control effort in the frequency range
of interest also to prevent actuator saturation.

2.2 Resonant Control

Resonant Control consists of the realization of an electrical
dynamic vibration absorber. It is a second order high-
pass filter compensator with negative feedback, where the
numerator dynamics convert the position feedback (from
the piezoelectric sensor) to acceleration feedback. In modal
coordinates RC is defined as follows:

System:
€+ 2wE + W =P f (3)

Compensator:

i+ 2Cwpi + win = € (4)
where 1, wy, (5 are modal coordinate, natural frequency
and modal damping of the compensator, respectively;
f = —gn is the modal control force representing the
negative position feedback. The frequency wy is normally
tuned to the structure’s frequency of interest, and together
with a proper choice for the parameters g and (; vibration
reduction can be achieved. Here, closed-loop stability is
guaranteed for g > 0. The high-pass filter characteristics
prevent spillover at frequencies lower than the tuning
frequency wy, but not at higher frequencies where spillover
causes changes both in magnitude and frequency of higher
vibration modes in the closed-loop response. Therefore,
when multiple modes shall be controlled at the same time,
multiple compensators can be applied in parallel, but
particular attention must be paid to tuning the different
RC filters in order to limit the spillover effect. In fact,
a compensator targeting a low frequency mode should
be tuned prior to the compensator targeting a mode at
a higher frequency. It is worth noting that RC is not
appealing for practical implementation since actuators and
sensors have generally high frequency dynamics which are
not neglected by the high-pass filter of the RC and can
therefore destabilize the closed-loop system.

2.8 Positive Position Feedback

Unlike RC, Positive Position Feedback is a second order
low-pass filter with position signal which is positively
fedback to the plant. In modal domain, the two equations
for a single DOF system and PPF compensator are:

System:
£+ 2w+’ =P f (5)
Compensator:
i+ 2Cpwpn + win = wiE (6)
where in this case f = g¢gn is the modal control force

representing the positive position feedback.
For this particular formulation, which is found in most of
the literature, the closed-loop stability condition (Fanson,
1987) is simply given by:

g<1 or equally % <1 (7)
Ky
w?’
since this method works with positive feedback. For a
proper performance, w¢ is tuned equal to w and (5 is
normally chosen to be bigger than (. The low-pass filter
characteristics cause the PPF to provide so-called active
flexibility before the tuning frequency wy, active damp-
ing around wy and active stiffness for higher frequencies
(Kwak and Heo, 2007). Therefore, it limits high-frequency
spillover but it does not prevent low-frequency spillover
which causes changes both in magnitude and frequency of
lower vibration modes in the closed-loop response. When
multiple modes need to be controlled at the same time, a
compensator targeting a low frequency mode should be
tuned after a compensator targeting a mode at higher
frequency in order to account for the frequency shift caused
by spillover effect.
DVF, RC and PPF are compared in Table 1.

where g = with gain Ky, is assumed to be positive
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Table 1: Controllers comparison.

Controller Block diagram Stability Properties
e Direct addition of active
disturbance f damping
&) G(s) - e o Differentiator needed
DVF f Zeonciuon: e No roll-off at high frequen-
(9>0) cies
9 e High control effort at all fre-
quencies
disturbance ) 6(s) ¢ o 27 order HP filter
3 e High frequency spillover
f ] e No roll-off at high frequen-
RC c(s) Unconditiona cies
o (g>0) e Difficult tuning in multi-
n
W mode control
disturbance —~ 3
(e G(s) e 27 order LP filter
f e Low frequency spillover
C(s e Roll-off at high frequencies
PPF Q) 0<g<l e Difficult tuning in multi-
n ‘U/% mode control

s+ 20pwps + wf

System: € + 2CwE + w2 = W2 f ; G(s) = w?/(s2 + 2Cws + w?).

2.4 Integral Resonant Control

Another method that is often found in literature is Inte-
gral Resonant Control (Aphale et al., 2007). This method
is a modified version of the Integral Force Feedback
(IFF) method, which is developed for control systems
where displacement actuators, and force sensors are used
(Preumont, 2011). This implies that the transfer function
of the collocated system to be controlled should represent
the dynamic stiffness, and not the receptance which is
used for the other controllers. Hence, a feed-through term
is added to the collocated transfer function in order to
convert its frequency response function from receptance
to dynamic stiffness, allowing the use of integral feedback.
This collocated transfer function also shows pole-zero in-
terlacing property, but starting with a zero. The appli-
cation of this technique however presents limitations: it
generally requires a model of the structure; modes cannot
be treated separately; the control gain decreases at higher
frequencies causing it to be less effective for high frequency
modes.

2.5 Spillover

In general terms, spillover can be explained as the ef-
fect that modes which are outside the bandwidth of the
controller have on the closed-loop system. Spillover is
classified as observation spillover when sensor outputs are
contaminated by the measured response of residual modes,
and control spillover when residual modes are excited by
the feedback control (Balas (1978)). Observation spillover
can be eliminated by the use of collocated configuration,

whereas the effect of control spillover strongly depends on
the feedback control scheme used. In this work, observation
spillover is assumed not to be present due to the use of
collocation, and only control spillover (here simply referred
as spillover) is treated.

The closed-loop system can become degraded or even
destabilized due to the presence of out-of-bandwidth
modes. The desired behaviour of the controller would be
to target a specific mode and leave the response for the
uncontrolled modes ideally unchanged, which in practice
never happens because of spillover. Uncontrolled modes
can indeed present a change in magnitude and a shift in the
resonance frequency making the tuning of the controller
more difficult when multiple modes are controlled at the
same time. The control action also causes a magnitude
amplification in the quasi-static region of the closed-loop
response.

Spillover effect is strictly related to the phase behaviour
of the closed-loop: the more the phase of the closed-loop
follows the phase of the plant, the less spillover is observed,
at the expense of a smaller reduction in magnitude of the
controlled resonance peak (see Figure 1). This relation
between spillover and phase has not received much atten-
tion in literature (Niezrecki and Cudney, 1997) and it is
intentionally highlighted by the authors. Therefore, in the
next section, a novel controller that improves both phase
and magnitude response of the close-loop is proposed using
fractional-order calculus.
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Fig. 1. Relation between spillover effect and phase of the
closed-loop is shown by two differently tuned PPF
compensators both used to suppress the 3¢ mode
of the plant: the more the phase of the closed-loop
follows the phase of the plant the less spillover is
observed, at the expense of a smaller reduction in
magnitude of the controlled resonance peak. Quasi-
static gain amplification is also caused by the control
action.

3. PROPOSED METHOD
3.1 Fractional-order systems

As stated by Monje et al. (Monje et al., 2010), 'Fractional
calculus can be defined as the generalization of classical
calculus to orders of integration and differentiation not
necessarily integer’. Fractional-order dynamic systems can
be expressed by fractional-order transfer functions whose
simplest form in Laplace domain is s* where o € R and s is
the Laplace transform variable. The benefit of fractional-
order transfer functions comes from the fact that they
have magnitude and phase response which are not rep-
resentative of any integer-order transfer functions thereby
providing in-between characteristics. In other words, frac-
tional calculus allows for a trade-off between the phase
lag of an integrator and the high frequency gain of a
differentiator. Control engineering applications have found
increasing interest in this concept, which has then been
applied to different control systems like the classical PID
(Podlubny, 1999; Monje et al., 2004; Tejado et al., 2012).

3.2 Fractional-order PPF

As seen in section 2, standard controllers for AVC present
several limitations such as: quasi-static gain amplification,
low and high frequency spillover, and difficult tuning in
multi-mode control. Based on the already appealing prop-
erties of the PPF, a fractional-order PPF compensator is
proposed to improve on these limitations. The integer-
order PPF transfer function C(s) shown in Table 1 is
rewritten in Equation (8) as
1

TG e ) )

where 1 < o < 2, a € R represents the fractional order.
For @ = 1 the standard integer-order PPF is recovered.

®)

In Figure 2 the bode plots of both integer and fractional-
order PPF filters are compared.
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Fig. 2. Bode plots of integer and fractional-order PPF
filters: fractional-order PPF with order 1 < o < 2
has a steeper roll-off after the tuning frequency wy.

The addition of another tunable parameter such as the
fractional-order «, allows for the improvement of the lim-
itations of the integer-order PPF, by providing a different
magnitude and phase response of the filter Cr(s), as seen
in Figure 2. For example, the steeper roll-off after the
tuning frequency wy indicates a greater filtering action
at higher frequencies, thus limiting even more the high
frequency spillover. Low frequency spillover is improved
by the different phase change around wy, which allows the
phase of the closed-loop response to be closer to the phase
of the plant, as already highlighted in Figure 1. The quasi-
static gain amplification S¢ in the closed-loop T'(s) instead
depends only on the controller gain g as shown in (9):
_ G(0) _ 1 )
1-gCr(0)G(0) 1-g
However, the fractional-order « allows the use of smaller
values of g for the tuning of the controller, resulting in a
lower closed-loop gain in the quasi-static region.
As a consequence, having less spillover and lower quasi-
static gain allows for an easier tuning of multiple filters
in case of multi-mode control, and an overall improved
control performance.

Se = T(0)

The addition of a as a design parameter makes a full
mathematical derivation of the effects of the fractional-
order PPF very challenging to conduct. That is why an
optimization approach is proposed to find the optimal
filter parameters to actually improve on the aforemen-
tioned limitations. In section 4 an example is presented
to show the expected performance of the new fractional-
order controller.

8.8 Stability Analysis

The stability analysis for fractional-order PPF controller
Cr(s) can be explained as follows.

The roots of the denominator of Cr(s) should all lie on
the complex left-half plane to have a stable controller. By
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mapping A = (=~ o )¢, the characteristic equation of (8) can

be rewritten as

M 42 A+1=0 (10)
with roots
A=—(pE4/3-1 (11)

Therefore, the condition to have a stable controller Cg(s)
is

R{s = wf)\é} <0 (12)
or equally
|arg(V)] < a3 (13)

where R indicates the real part of a complex number.

Controller stability for different values of o and ( is
depicted in Figure 3.
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Fig. 3. Stability and instability regions for fractional-order
PPF controller Cr(s) for different values of (.

A closed-loop stability analysis is instead more difficult to
conduct. Unlike the integer-order PPF, where the stability
condition is simply given by g < 1, for the fractional-
order PPF stability does not depend only on g, but
also on the the other parameters (y and «. Thus, a full
mathematical derivation of the stability condition is very
extensive to obtain. Therefore, an alternative approach
based on Nichols stability criterion is proposed.

The Nichols criterion states that closed-loop stability is
guaranteed if the Nichols plot of the stable open-loop
transfer function L(s) does not intersect the line where
ZL(s) = —180° and | L(s)| > 0 dB. Therefore, by imposing
this condition to the open-loop L(s) = —gCr(s)G(s),
stability and instability regions for the closed-loop transfer
function T'(s) can be depicted for different values of «, g
and (s (see Figure 4).

As represented in Figure 4, for a fixed value of (; the
stability region is defined by the relation between the
fractional-order v and the gain g, where the curve indicates
the stability limit. Values of ¢ = 0 indicate that the
controller Cr(s) becomes unstable, as seen in Figure 3.
For different values of (¢ the stability region changes: as (¢
increases, the stable region increases towards higher values
of a;; moreover for a = 1 the stability condition for the
integer-order PPF is recovered (g < 1).

:
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Fig. 4. Stability and instability regions for the closed-loop
T'(s) for different values of (y.

It is important to notice that the tuning frequency of
the filter wy does not affect the stability analysis, since
wy is assumed to be always tuned around the resonance
frequency of the plant w, whose value lies in the stable
region of the closed-loop.

3.4 Filter Optimization

The fractional-order PPF filter of (8) has an additional
design parameter with respect to the standard integer-
order PPF| that is the fractional order o which provides
more freedom for the choice of the other tuning parameters
wy, ¢y and g. Therefore, an optimality problem is defined
to find the mentioned parameters for a fractional-order
PPF filter which can limit spillover effect and quasi-static
gain amplification. This is done by improving both phase
and magnitude response of the closed-loop because of their
direct relation with spillover, as already seen in Figure 1.

The objective function h to be minimized is:

Sa) +ws Yy (LT(s)
-
+p (max (0,5 - ))
( (

h=w1 max — (S)) (14)

+p (max (0, CT))
where the magnitude of the closed-loop T(s), where
G
T(s) = — S
1 —gCr(s)G(s)
between the magnitude Pp,.x at the resonance w and static
gain Sg of the plant G(s), so to impose maximal peak
reduction; the phase is optimized instead by the minimiza-
tion of the difference between phase of the closed-loop T'(s)
and phase of the plant G(s); two weights w; and wy are

, is optimized by the difference
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used to give more importance either to the magnitude or
phase optimization.

The objective is also enhanced by the addition of penaliza-
tion functions, in order to make sure that the resonance
peak is always reduced without creating two additional
peaks around w due to the presence of extra zeros in the
closed-loop (Kwak, Moon K. and Han, Sang-Bo and Heo,
2004) (see Figure 5a). P, and P, are the so-called half-
power points at 3 dB down from the resonance peak and
are used to compute the closed-loop damping (r at reso-
nance with the Half-power Bandwidth method (see Figure
5b); p is the penalization factor. Closed-loop stability is
also added as equality constraint by setting the number of
unstable poles equal to 0.
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(a) Closed-loop zero causing two (b) Half-power points P; and P
extra peaks around resonance. at 3 dB down from the resonance
This effect is limited by the addi- peak. These points are used to
tion of proper penalization func- compute the closed-loop damping
tions. (T by the Half-power Bandwidth

method: {7 = w227 wl.
w

Fig. 5. Conditions for closed-loop damping (r.

A Global-Search algorithm using a constrained non-linear
optimization is chosen to solve the optimality problem
because the objective h is highly non-linear and presents
several local optima. The algorithm is implemented in
MATLAB by means of the 'GlobalSearch’ and 'fmincon’
functions. The plant G(s) is chosen to represent a simple
1-DOF system as in Equation (5), and the outcome of the
optimization gives the four tuning parameters for the filter
Cr(s). Optimization results depend mainly on the choice
of the two weights wy and we, from which a filter Cg(s)
that has either a stronger effect on the magnitude or on
the phase of the closed-loop can be obtained. In the next
section some examples showing the potential benefit of
using a fractional-order PPF rather than an integer-order
PPF are presented.

4. ILLUSTRATIVE EXAMPLE
4.1 Simulation Results

Performances of the standard integer-order PPF and the
optimized fractional-order PPF are compared first on a
simple plant representing a 1-DOF system and then on

a plant representing a multi-DOF system. Comparison is
made by tuning the integer-order PPF such that both
compensators provide the same magnitude reduction of
the resonance peak to be controlled. Tuning parameters
for both filters are listed in Table 2. It is important
to highlight that controllers are normally not tuned to
achieve 100% peak reduction, and that is mainly done to
avoid performance losses in multi-mode control.

Table 2: Tuning parameters for Integer and Fractional-
order PPF filters, both providing same magnitude reduc-
tion of the resonance peak at w.

Parameter | Integer PPF Fractional PPF
g 0.1 0.0365
wy w 1.0366w
Cr 0.45 0.4227
@ 1 1.1844

In Figure 6a, a simple plant with single resonance at
50 Hz is controlled by both integer-order and fractional-
order PPF compensators. The same magnitude reduction
is achieved for the two closed-loop responses, but the
phase response is closer to the phase response of the
plant when fractional-order PPF is used. In Figure 6b, the
corresponding step response is shown, where it is clearly
seen how the vibration is quickly damped out by both
controllers although the steady state gain is closer to 1
in case of fractional-order PPF. This corresponds to a
magnitude in the frequency response closer to the ideal
behaviour at 0 dB.

The real benefit of an improved phase behaviour is more
evident in case of a multi-mode plant as shown in Figure?.
In Figure 7a, the 3'¢ mode is controlled and less spillover
is present both at lower and higher frequencies than the
controlled resonance when fractional-order PPF is used,
since it maintains the phase response much closer to the
plant response rather than what the integer-order PPF
does. In Figure 7b, the 2"d and 4*" modes are controlled
simultaneously using two parallel PPF filters: again the
spillover effect is much less in case of fractional-order PPF
since the uncontrolled 1% and 3¢ modes are less affected
by the control action. Uncontrolled modes indeed present a
smaller shift in frequency caused by spillover together with
a largely reduced magnitude amplification in the quasi-
static region, thus ensuring a better control performance
and easier tuning of the filters especially when multiple
modes are controlled at the same time.

4.2 Ezperimental Results

The same performance comparison of the two PPF filters
is done on measured frequency response data. An exper-
imental collocated transfer function has been obtained
by performing modal tests on a rectangular carbon fibre
composite plate. The plate was hung from four corners by
nylon cords to simulate all edge free boundary conditions
and an electrodynamic shaker was used to provide ran-
dom excitation to obtain frequency response curves. An
impedance head measures the force applied by the shaker
and a Laser Doppler Vibrometer measures the velocity vi-
bration response on the other side of the plate with respect
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Fig. 6. Single-mode plant controlled by both integer and
fractional-order PPF.

to the shaker (see Figure 8). The measured data is then
imported into MATLAB as 'frd’ object, velocity is con-
verted to position, and PPF filters are applied similarly to
what was done for the previous section. Tuning parameters
of Table 2 are kept the same except for the gain g which
has been adjusted according to the overall magnitude of
the measured plant which is different from the one used
in the previous section. In Figure 9, the measured plant
response together with the controlled transfer functions
are shown. In Figure 9a, the mode at 37 Hz is controlled
and in Figure 9b, modes at 37 Hz and 108 Hz are controlled
simultaneously. In both cases the spillover effect caused by
the fractional-order PPF is found to be less both at low
and high frequencies with respect to the standard integer-
order PPF.

The experimental vibration setup of Figure 8 is proposed
with the aim to eventually extend this work and implement
the controller with piezoeletric sensors and actuators.

5. CONCLUSIONS

In this paper, a novel fractional-order compensator based
on Positive Position Feedback has been proposed to limit
the spillover effect caused by the dynamics of uncontrolled
vibration modes. The strict relation between spillover ef-
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Fig. 7. Simple plant representing a multi-DOF system
controlled by both integer and fractional-order PPF.

impedance

(a) Laser Doppler Vibrometer (b) Shaker and

setup head.

Fig. 8. Experimental vibration setup.

fect and closed-loop phase response has been highlighted
and used for the controller optimization where both mag-
nitude and phase response are optimized. A Global-Search
algorithm using a constrained non-linear optimization has
been used to obtain the tuning parameters. Performance
of the fractional-order PPF filter has been verified by
comparison with an integer-order PPF tuned such that
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Fig. 9. Effect of PPF on measured frequency response data.

both compensators provided the same magnitude reduc-
tion of the resonance peak. Results obtained both on sim-
ple plants, representing 1-DOF and multi-DOF systems,
and experimental frequency response data have shown that
fractional-order PPF improves the overall control perfor-
mance with respect to the standard integer-order PPF by
limiting the spillover due to uncontrolled modes both at
high frequencies, by providing a steeper roll-off, and at
low frequencies, by providing a better phase behaviour
and limiting the magnitude amplification in the quasi-
static region. It can thus be concluded that the use of
fractional-order transfer functions is very promising to
improve the performance of commonly used active vibra-
tion control strategies since they can provide in-between
response characteristics that would not be achievable by
standard integer-order transfer functions. Furthermore, an
experimental implementation of the proposed fractional-
order compensator needs to be performed to better vali-
date its behaviour in a practical application.
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Active Vibration Control of a Carbon
Fibre Composite Plate

This chapter has been written in format of a scientific paper. It presents the active vibration
control of a carbon fibre/epoxy composite plate using smart materials and fractional-order Positive
Position Feedback compensator.

The aim of this paper is to show the experimental application of fractional control, which is for the
first time done in the field of active vibration control of composite structures with smart materials.
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Fractional-Order Positive Position
Feedback Compensator for Active
Vibration Control of a Smart Composite
Plate

L. Marinangeli', F. Alijani' and S.H. HosseinNia'

Abstract

In this paper Active Vibration Control (AVC) of a rectangular carbon fibre composite plate with free edges is presented.
The plate is subjected to out-of-plane excitation by a modal vibration exciter and controlled by Macro Fibre Composite
(MFQC) transducers. Vibration measurements are performed by using a Laser Doppler Vibrometer (LDV) system.
Two fractional-order Positive Position Feedback (PPF) compensators are proposed, implemented and compared to
the standard integer-order PPF. MFC actuator and sensor are positioned on the plate based on maximal modal strain
criterion, so as to control the second natural mode of the plate. Both integer and fractional-order PPFs allowed for the
effective control of the second mode of vibration. However, the newly proposed fractional-order controllers are found
to be more efficient in achieving the same performance with less actuation voltage. Moreover, they show promising

performance in reducing spillover effect due to uncontrolled modes.

Keywords

Active Vibration Control, Fractional-order control, Positive Position Feedback, Spillover, Experimental Modal Analysis,
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1 Introduction

In the past decades research on Active Vibration Control
(AVC) has found increasing interest in control of flexible
thin-walled structures, mainly made of new advanced
materials such as carbon fibre composites. These type
of composite structures combine high stiffness with good
flexibility in achieving complex shapes, and are mostly used
in automotive and aerospace applications where they are
often subjected to undesirable vibrations. In the field of AVC,
a new type of sensor and actuator have become popular by
using the so-called smart materials, such as piezoelectric
materials, shape-memory alloys and electroactive polymers.
These materials are called smart because they are inherently
capable of detecting or responding to changes in their
environment, making them very suitable both for sensing
and actuation purposes. Given their distributed nature, they
can be easily mounted on different types of structures, thus
making them smart structures.

Piezoelectric transducers are often selected as sensors and
actuators for the active control of smart flexible structures
because of their unique properties including low cost, low
mass, ease of integration and wide frequency range of
control. In 1996 NASA invented a specific type of transducer
called Macro Fibre Composite (MFC) which provides high
performance, durability and a very good flexibility, making
these transducers a preferred option in the case they shall
be adapted to different structure geometries. Piezoelectric
transducers in general, when used as sensors, measure strain
which is proportional to the physical displacement. In fact,
control schemes specifically designed to use position as
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feedback signal have been extensively studied and applied
in this context.

The main objective of the controller is to provide
active damping to the structure (plant), which results in
an attenuation of the resonance peak in the dynamic
amplification. The dynamics of flexible structures have very
interesting properties: because of their flexibility, they have
a large number of elastic modes resulting in very high
order transfer functions that are rather difficult to control.
Controllers are designed to target specific vibration modes in
a restricted bandwidth of interest, and the fact that transfer
functions are of high order means that there are out-of-
bandwidth modes which are neglected, but whose effect
might influence the closed-loop response. The effect of the
uncontrolled, or out-of-bandwidth modes, is known in the
literature as spillover (Balas 1978). Another important aspect
regarding the controller is that, apart from being able to
reduce structural vibrations, it should ensure robustness and
closed-loop stability for the controlled system. In this sense,
careful positioning of sensors and actuators can have a great
influence. The majority of the controllers studied in literature
use a collocated configuration, where sensors and actuators
are related to the same Degree of Freedom (DOF) of the
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structure. The phase of the open-loop collocated transfer
function is always between 0° and —180°, meaning that
poles and zeros interlace on the imaginary axis, where zeros
and poles correspond to anti-resonances and resonances of
the frequency response, respectively. Collocated systems
have the property of being always closed-loop stable with
respect to out-of-bandwidth dynamics (Preumont 2011) and
that is why most of the research involves collocation.

One of the most popular collocated modal control schemes
is Positive Position Feedback (PPF), which has been first
proposed in 1985 by Goh and Caughey (Goh and Caughey
1985) to overcome the instability associated with finite
actuator dynamics. This controller was applied for the first
time in 1987 by Fanson (Fanson 1987) to experimentally
suppress vibrations in large space structures. PPF is effective
if tuned to suppress a chosen frequency and mode. It is
a second order low-pass filter which rolls off quickly at
high frequencies, making it very appealing against possible
instability or performance losses due to out-of-bandwidth
dynamics.

Applications of PPF with smart structures are also
extensively studied in literature. Kwak and Heo (Kwak and
Heo 2007) applied a Multi-Input Multi-Output (MIMO) PPF
to control vibrations of a smart grid structure equipped with
piezoelectric transducers. They proposed a new technique
to control a higher number of modes than the number of
actuators and sensors. Zippo et al. (Zippo et al. (2015))
applied PPF for active vibration control of a composite
sandwich plate using MFC transducers. Ferrari and Amabili
(Ferrari and Amabili (2015)), as a continuation of the work
of Zippo, applied non-collocated PPF both in Single-Input
Single-Output (SISO) and MIMO.

Direct Velocity Feedback (DVF), Resonant Control
(RC) (Moheimani, S.O.R. , and Fleming 2006) and
Integral Resonant Control (IRC) (Aphale et al. 2007) are
also collocated control techniques which are popular in
literature, but they present some limitations when used with
piezoelectric transducers. In the field of AVC in general,
apart from the aforementioned methods, many other different
control strategies have been applied for several types of
applications. Fractional-order calculus has been found to
be an effective tool in control (see e.g. Hosseinnia et al.
(2014); HosseinNia et al. (2013); Monje et al. (2004, 2008);
Podlubny (1999)), however it has never found much room in
the context of AVC and little research is present (Butler and
de Hoon 2013).

Fractional-control has never been experimentally applied
before in the field of AVC of smart structures, and it is
for the first time presented in this paper. Two fractional-
order versions of the PPF compensator are proposed, and
compared to the standard integer-order PPF. Controllers are
then implemented to control the 2™ mode of a carbon
fibre/epoxy composite plate equipped with MFC actuator
and sensor. A similar setup to the one used by Alijani and
Amabili for similar studies (Alijani et al. 2013; Alijani and
Amabili 2013) is built to test and control the plate with
all edge free boundary conditions. These type of boundary
conditions reduce the influence of temperature variations
and other non-ideal boundary conditions which are generally
associated with relevant changes in natural frequencies
due to thermal stress. Therefore, completely free boundary
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conditions have been chosen to perform experimental modal
analysis on the composite plate. In the next section, integer
and fractional-order PPF compensators are elaborated and
compared. In section 3 the experimental dynamics setup and
complete AVC setup are described in detail. In section 4
results are presented, whereas final remarks and conclusions
follow in section 5.

2 Control
2.1

Positive Position Feedback is a second order low-pass filter
with position signal which is positively fedback to the plant.
In modal domain, the two equations for a single DOF system
and PPF compensator are:

Positive Position Feedback

System:

€+ 20wE +wE = w'f (1
Compensator:

i + 2 pwpn + win = wig @

where in this case f = gn is the modal control force rep-

resenting the positive position feedback. The corresponding

feedback loop is shown in Figure 1.

For this particular formulation, which is found in most of the

literature, the closed-loop stability condition (Fanson 1987)

is simply given by:
g<l1 or equally

K
w—§<1 3)

where g = K—g,
since this method works with positive feedback. For a proper
performance, wy is set equal to w and (; is normally chosen
to be bigger than (. The low-pass filter characteristics cause
the PPF to provide the so-called active flexibility before
the tuning frequency wy, active damping around wy and
active stiffness for higher frequencies (Kwak and Heo 2007).
Therefore it limits high-frequency spillover but it does not
prevent low-frequency spillover which causes changes both
in magnitude and frequency of lower vibration modes in
the closed-loop response. When multiple modes need to be
controlled at the same time, a compensator targeting a low
frequency mode should be tuned later than a compensator
targeting a mode at higher frequency in order to account for
the frequency shift caused by spillover effect.

with gain K, is assumed to be positive

disturbance &
&) G(s)
f
i
1 wf

s+ 2{pwss + wf

Figure 1. PPF feedback loop: G(s) and C(s) represent the
plant and compensator transfer function, respectively.
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2.2 Fractional-order Control

As stated by Monje et al. (Monje et al. 2010), ’Fractional
calculus can be defined as the generalization of classical
calculus to orders of integration and differentiation not
necessarily integer’. Fractional-order dynamic systems can
be expressed by fractional-order transfer functions whose
simplest form in Laplace domain is s®, where o € R and
s is the Laplace transform variable. The benefit of fractional-
order transfer functions comes from the fact that they have
magnitude and phase response which are not representative
of any integer-order transfer functions thereby providing in-
between characteristics. In other words, fractional calculus
allows for a trade-off between the phase lag of an integrator
and the high frequency gain of a differentiator. Control
engineering applications have found increasing interest in
this concept, which has then been applied to different control
systems like the classical PID (Podlubny 1999; Monje et al.
2004; Tejado et al. 2012).

2.2.1 CRONE approximation

Controllers with fractional-order transfer functions can
only be implemented in hardware by means of integer-
order approximation of fractional derivatives. Different
approximations techniques are available, of which an
overview is given by Vinagre et al. (Vinagre et al. 2000). In
this work the most popular CRONE approximation proposed
by Oustaloup in 1991 (Oustaloup 1991) is used. According
to CRONE the approximation F'(s) of F(s) = s is:

N 1+ i
~ Wy
F(s)=Co [ —2= )
n=1 1 —
Pn

where F'(s) has N zeros w., and N poles w, in an interval
of frequencies [wy; wp].

Gain Cy is adjusted so to have |F'(s)] =0 dB at 1 rad/s.
Zeros and poles are given by

Wz =WV, W, =wp, ¥, n=2,...,N(5a)
Wp, = Wa,_,V, n=1,...,N(5b)
v=(wn/w)¥, = (wnfur) T (5¢)

Outside the interval [w;;wp] no fractional-like behaviour
is present. Therefore, a frequency range of interest and a
number N of poles and zeros must be defined before using
this approximation.

2.3 Fractional-order PPF

Two fractional-order PPF filters are proposed to further
improve performance and properties of the standard integer-
order PPF already introduced in subsection 2.1.

2.3.1 Filter #1
The integer-order PPF transfer function C(s) shown in
Figure 1 is rewritten in Equation (6) as

1

) e () )

where 1 < a < 2, a € R represents the fractional order. For
« = 1 the standard integer-order PPF is recovered.

(6)
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In Figure 2 the bode plots of both integer and fractional-order
PPF filters are compared.

133
=}

o

a>1

/\011
— Integer PPF 7«
— Fractional PPF #1 S

Magnitude (dB)
3

o
S
T

o
<=

o
3
T

Phase (deg)

-180

270 L . . J
10° 10’ 102 10°
Frequency (Hz)

Figure 2. Bode plots of integer and fractional-order PPF #1
filters: fractional-order PPF #1 with order 1 < a« < 2 has a
steeper roll-off after the tuning frequency wy.

The introduction of an additional tunable parameter such
as the fractional-order «, allows for the improvement of
the performance of the integer-order PPF, by providing a
different magnitude and phase response of the filter Cp, (s),
as seen in Figure 2. For example, the steeper roll-off after
the tuning frequency wy indicates a greater filtering action
at higher frequencies, thus limiting even more the high
frequency spillover. Low frequency spillover is improved
by the different phase change around wy, which allows the
phase of the closed-loop response to be closer to phase of the
plant. This is because of the strict relation between spillover
effect and phase of the closed-loop: the more the phase of the
closed-loop follows the phase of the plant the less spillover
is observed (see Figure 3). Moreover, the fractional-order «
allows the use of smaller values of g for the tuning of the
controller, resulting in a lower closed-loop gain in the quasi-
static region.
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Figure 3. Relation between spillover effect and phase of the
closed-loop is shown by two differently tuned integer-order PPF
compensators both used to suppress the 3" vibration mode of
the plant.
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As a consequence, having less spillover and lower
quasi-static gain facilitates tuning of multiple filters in case
of multi-mode control, and an overall improved control
performance.

2.3.1.1 Stability Analysis

The stability analysis for fractional-order PPF controller
Cr,(s) can be explained as follows: the roots of the
denominator of CF, (s) should all lie on the complex left-half

plane to have a stable controller. By mapping A = (w—sf)“, the
characteristic equation of (6) can be rewritten as
M A420A+1=0 (7)

with roots

A= (/-1 ®)

Therefore, the condition to have a stable controller C, (s) is

R{s = wpA=} <0 ©9)
or equally
|arg(V)] < a3 (10)

where R indicates the real part of a complex number.
Controller stability for different values of « and (y is
depicted in Figure 4.
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Figure 4. Stable and unstable regions for fractional-order PPF
controller Cr, (s) for different values of (y.

A closed-loop stability analysis is instead more difficult
to conduct. Unlike the integer-order PPF, where the stability
condition is simply given by g < 1, for the fractional-
order PPF stability does not depend only on g, but also
on (y and «. Thus, a full mathematical derivation of the
stability condition is very extensive to obtain. Therefore, an
alternative approach based on Nichols stability criterion is
proposed.

The Nichols criterion states that closed-loop stability
is guaranteed if the Nichols plot of the stable open-loop
transfer function L(s) does not intersect the line where
ZL(s) = —180° and | L(s)| > 0 dB. Therefore, by imposing
this condition to the open-loop L(s) = —gCF,(s)G(s),
stable and unstable regions for the closed-loop transfer
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function Tj(s) can be depicted for different values of
a, g and (y (see Figure 5), where Ty(s) is defined as

G
h) = T o (5)G0)

T

—(=03

—¢ =05/
¢=07

g
@

[ |Unstable region

Controller gain g
[
S
T T

o
@

I
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Fractional-order o

Figure 5. Stability and instability regions for the closed-loop
T (s) for different values of (y.

As shown in Figure 5, for a fixed value of (s the stability

region is defined by the relation between the fractional-order
« and the gain g, where the curve indicates the stability limit.
Values of g = 0 indicate that the controller Cr, (s) becomes
unstable, as seen in Figure 4. For different values of (¢ the
stability region changes: as (y increases, the stable region
increases towards higher values of a; moreover for o =1
the stability condition for the integer-order PPF is recovered
(g <1).
It is important to notice that the tuning frequency of the filter
wy does not affect the stability analysis, since wy is assumed
to be always tuned around the resonance frequency of the
plant w, whose value lies in the stable region of the closed-
loop.

2.3.2 Filter #2

A second fractional-order PPF filter is proposed by adding
another fractional-order design parameter 3. The new filter
transfer function CF, () is rewritten as follows:

1

CF 2 (S) = 20 a B
S S S
((wf) + 2 () “) ((w) “)

Y

This filter has the advantage of being always stable if

0<a<1land 0< <1, with a, 8 € R, being the two

polynomials at the denominator of order < 1. It is very

similar to Cp, (s) both for performance and behaviour,

however it has an extra parameter to tune.

2.3.2.1 Stability Analysis

Here, since the controller Cp,(s) is always stable,

only a stability analysis for the closed-loop

To(s) = 1&
— 9Cr,(s)G(s)

extra parameter J also has to be taken into account.

Similar to what was already mentioned for Cp, (s), stable

and unstable regions for T5(s) are found for different values

of a, B, g and (s which satisfy Nichols stability criterion.

is required. In this case the



42

Journal of Vibration and Control XX(X)

It can be found that for g < 1, Tx(s) is always stable
irrespective of the choice of the other parameters, whereas
for g > 1 instability is manifested depending on the values
of o, f and (.

In Figure 6, stable and unstable regions are shown for
constant (; and different values of o, 8 and g. The plot
shows unstable regions for different values of g, starting
from the limit value g = 1. The unstable area increases for
increasing g. Therefore, for a constant g, the closed-loop is
stable for any point outside the corresponding coloured area.
In Figure 7,stable and unstable regions are shown instead for
constant g and different values of o, 8 and (y. In this case
the unstable area increases for decreasing values of (y.

¢,=05

09r Unstable regions

Fractional-order 3
Il
(5]

-1

0.1| Mg =1.001
g=1.01

=105

Stable region

0 | I . I I I
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
Fractional-order o

Figure 6. Stable and unstable regions for the closed-loop T%(s)
for different values of g and constant (y = 0.5.

Stable region Unstable regions
09r

o o
~ ©
T

Fractional-order 3
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0.4 0.5 0.6 0.7 0.8 0.9 1
Fractional-order o

Figure 7. Stable and unstable regions for the closed-loop T%(s)
for different values of ¢y and constant g = 1.

For a« =1 and 8 =0, the filter becomes of integer-
order. However, differently from the standard PPF which
is stable for g < 1, stability condition is g < 2 because the
polynomial ((- o )? + 1) at the denominator of Equation (11)
is equal to 2 for 8 = 0, resulting in the filter C(s) of Figure 1
being multiplied by 1.
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The addition of « (and /) as design parameters makes a
full mathematical derivation of the performance of the two
fractional-order PPFs very challenging to conduct. That is
why an optimization approach is proposed to find the optimal
filter parameters.

2.4 Filter Optimization

The fractional-order PPF filters of Equations (6) and (11)
have additional design parameters with respect to the
standard integer-order PPF, represented by the fractional
order o and 3, which provide more freedom for the choice
of the other tuning parameters wy, (5 and g. Therefore,
an optimality problem is defined to find the mentioned
parameters for a fractional-order PPF filter which can
effectively control a chosen vibration mode. This is done
by improving both phase and magnitude response of the
closed-loop transfer function T'(s) (here indicating either
T (s) or Ta(s)).

The objective function h to be minimized is:

+p

h = w1 max - ) + w2 (4T( ) (S))
2
+p (max 0, Pi ))
2
+p <max 0, Pizax 1)) (12)
< 2

<
<
o (031)
p <max (o 1))

+p (max (0, CT))

where the magnitude of the closed-loop 7'(s) is optimized by
the difference between the magnitude Py, .« at the resonance
w and static gain S of the plant G(s), so as to impose
maximal peak reduction; the phase is optimized instead by
minimization of the difference between phase of the closed-
loop T'(s) and phase of the plant G(s); two weights w; and
wo are used to give more importance either to the magnitude
or phase optimization.

The objective is also enhanced by adding penalization
functions, in order to make sure that the resonance peak
is always reduced without creating two additional peaks
around w due to the presence of extra zeros in the closed-
loop (Kwak, Moon K. and Han, Sang-Bo and Heo 2004)
(see Figure 8a). In Figure 8b, P, and P, are the so-called
half-power points at 3 dB down from the resonance peak
and are used to compute the closed-loop damping (r at
resonance with the half-power bandwidth method. Moreover,
in Equation (12) p is the penalization factor. Closed-loop
stability is also added as an equality constraint by setting the
number of unstable poles equal to 0.

A Global-Search algorithm using a constrained non-
linear optimization is chosen to solve the optimality
problem because the objective h is highly non-linear and
presents several local optima. The algorithm is implemented
in MATLAB by means of the ’GlobalSearch’ and
’fmincon’ functions. The plant G(s) is chosen to represent
a simple 1-DOF system as in Equation (1), and the outcome
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(a) Closed-loop zero causing
two extra peaks around
resonance. This effect is
limited by the addition of
proper penalization functions.

(b) Half-power points P; and
P> at 3 dB down from the
resonance peak. These points
are used to compute the
closed-loop damping (r by the

half-power bandwidth method:
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Figure 8. Conditions for closed-loop damping (7.

of the optimization gives the four tuning parameters for
the filter Cr, (s)(or Cr,(s)). Optimization results depend
mainly on the choice of the two weights w; and ws, from
which a fractional filter that has either a stronger effect on
the magnitude or on the phase of the closed-loop can be
obtained. In the next section a simple example showing the
potential benefit of using a fractional-order PPF rather than
an integer-order PPF is presented.

2.5 Optimization results

Performances of the standard integer-order PPF and the opti-
mized fractional-order PPFs are compared first on a simple
plant representing a MDOF system. Comparison is made
by tuning the integer-order PPF such that both integer and
fractional-order compensators provide the same magnitude
reduction of the resonance peak to be controlled. Tuning
parameters for the filters are listed in Table 1. In both cases,
the tuning parameters identify a point which is well within
the closed-loop stable regions seen in Figures 5, 6 and 7.
It is important to highlight that controllers are normally not
tuned to achieve 100% peak reduction, and that is mainly
done to avoid performance losses in multi-mode control.

In Figure 9, the filters’ bode plots tuned according to
Table 1 are shown. Both fractional PPF filters have a very
similar behaviour and therefore a similar performance is
expected. In Figure 10, the 2" peak of the plant is controlled.
The same magnitude reduction of the controlled resonance is
achieved by all controllers, but less spillover is present both
at lower and higher frequencies compared to the controlled
resonance when fractional-order PPFs are used. This is due
to the fact that they maintain the phase response much closer
to the plant response rather than what the integer-order PPF
does. Both fractional controllers provide an almost identical
performance.

The benefits of using a fractional-order PPF filter to
control a chosen vibration mode are evident from the
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simulation results. The next step is the implementation on a
complete AVC setup, which is discussed in sections 3 and 4.
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Figure 9. Bode plots of integer and fractional-order PPF filters
#1 and #2 tuned according to Table 1. The slope in the
quasi-static region of filter #2 is due presence of the second
denominator term with order 3, although each filter starts from
the same 0 dB gain at 0 Hz.
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Figure 10. Simple plant representing a MDOF system
controlled by integer-order PPF and fractional-order PPF #1
and #2 tuned according to Table 1.

3 Experimental Setup

An experimental set up is built to conduct modal analysis and
active vibration control of a rectangular carbon fibre/epoxy
composite plate (see Figure 11). This setup is part of the
Engineering Dynamics Laboratory of the Department of
Precision and Microsystems Engineering (PME) at Delft
University of Technology (TU Delft).

The plate has been produced at the Delft Aerospace
Structures and Materials Laboratory by vacuum infusion
process (VIP), using 6 layers of 0-90° carbon fibres and
epoxy resin 04980 type. Plate dimensions and resulting
material properties are listed in Table 2. An aluminium frame
is used to suspend the plate vertically, with the longest
dimension perpendicular to the ground. From the plate
corners, suspension with nylon wires is used to approximate
free edge boundary conditions. The length of the nylon wires
is chosen such that plate rigid body modes have a much lower
natural frequency compared to flexural modes. In particular,
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Table 1. Tuning parameters for integer and fractional-order PPF filters, all providing same magnitude reduction of the resonance

peak at w.

Parameter ‘ Integer PPF  Fractional PPF #1  Fractional PPF #2
g 0.1 0.0365 0.0559
wy w 1.0366w 1.0202w
Cr 0.45 0.4227 0.0267
Q@ 1 1.1844 0.9386
154 - - 0.2457

Table 2. Carbon fibre/epoxy plate material properties.

Property Symbol Value [Unit]
Length l 0.450 [m]
Width b 0.250 [m]
Thickness t 0.0013 [m]
Density p 1504.27 [kg/m?]
Young’s modulus | F1 = F» 57.5 [GPa]
Poisson’s ratio V12 0.1 [-]
Shear modulus Gia 3.8 [GPa]

small holes are drilled in proximity of the plate corners where
thin carbon fibre wires are used to connect to the nylon wires
via a double hook.

The plate is subjected to an orthogonal excitation at a point
located 3 cm from the plate center, both horizontally and
vertically. The Bruel & Kjaer Vibration Exciter Type 4809
is used to provide random excitation by means of a metal
stinger located between the exciter and the PCB Impedance
Head 288D01 measuring the force at the excitation point.

Experimental modal analysis of the plate has been con-
ducted by using a Polytec Laser Doppler Vibrometer (LDV)
system, consisting of a PSV-400 Scanning Vibrometer Head,
OFV-5000 Vibrometer Controller, PSV-400 Junction Box
and host PC with Polytec Scanning Vibrometer Software 9.2.
The LDV system scans the plate surface and takes hundreds
of non-contact velocity measurements. Vibrometer software
records time signals for laser vibrometer and impedance
head, then computes frequency response functions (FRF) for
every measurement point and allows for the visualization of
the plate operational deflection shapes at every measured
frequency. The same software has been used to generate
the excitation signal and drive the vibration exciter. The
measured data are then exported to ME’Scope software
from Vibrant Technology to conduct modal analysis and
to compute natural frequencies, mode shapes and damping
ratios.

3.0.1 Experimental Modal Analysis Results

Figure 12 shows the plate average spectrum obtained as
the sum of the measured FRFs after scanning the plate
surface. Peaks in the frequency response correspond to the
natural frequencies of the plate. The measurements taken
with the Polytec system were then imported into ME’Scope
software, where natural frequencies, damping ratios and
mode shapes were calculated with Global Polynomial curve
fitting method.

Experimental results are also validated by the finite
element software COMSOL Multiphysics 5.2. The carbon
fibre/epoxy plate is modelled with orthotropic material
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properties according to Table 2. The ’Structural Mechanics’
module has been used and an ’Eigenfrequency Analysis’ is
performed to obtain natural frequencies and mode shapes.

Natural frequencies of the first four natural modes
obtained from simulations and experiments are compared
in Table 3, where corresponding damping ratios are also
included. Mode shapes of the first four natural modes
obtained from simulations and experiments are instead
shown in Table 4. After validation with the finite element
model, the peak at about 45 Hz which can be seen in
Figure 12 has been found to be spurious due to non-ideal
boundary conditions.

3.1 Active Vibration Control Setup

The complete AVC setup consists of the experimental
dynamics setup presented previously, interfaced with an
active vibration controller comprised of MFC actuator,
sensor and control system.

In Figure 13, a schematic representation of the complete
setup is depicted, whereas in Figure 14 the real setup is
shown.

The Smart Material transducer type M8557S1 is chosen
both for actuation and sensing since it comes as a unique
patch with actuator and collocated sensor. The bigger
transducer is the actuator which has an active area of 85 x 47
mm?, whereas the sensor has an active area of 85 x 5 mm?.
The active layer of these MFC transducers is composed of a
mixture between epoxy resin and piezoceramic fibres, which
are perpendicular and interdigitated with the electrodes,
creating an electric field aligned with the fibres’ direction,
and thus making the transducers work as elongators (MFC).
Araldite 2012 epoxy adhesive has been used to bond the
transducers to the plate surface.

A dSPACE DS1005 real-time control system is used
for implementation of the control algorithm which is
built in Simulink and then compiled into the dSPACE
ControlDesk software. The sensor signal is directly
sent to the analog-to-digital converter (ADC) of the
dSPACE, whereas the signal sent to the actuator from
the dSPACE digital-to-analog converter (DAC) is first
amplified by the Smart Material High Voltage Amplifier
HVA 1550/50-1. This amplifier provides the required
voltage to drive the MFC actuator (from -500 V to
+1500 V) and amplifies the actuation signal by a factor 200.

Piezoelectric transducers can be easily mounted on
different type of structures, but their size, orientation and
location play a significant role when active control has to be
performed. A badly positioned or misplaced sensor/actuator
pair can result in a poor control performance or even cause
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(a)

Figure 11. Experimental dynamics setup: (a) Front view of the carbon fibre composite plate and Polytec PSV-400 Scanning
Vibrometer Head. (b) Plate backside with Bruel & Kjaer Vibration Exciter Type 4809, stinger connection and PCB Impedance Head
288D01 (force sensor). (c) Detail of boundary conditions realised with suspension on nylon wires.
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Figure 12. The average of the measured frequency response functions with random excitation.

Table 3. Natural frequencies and damping ratios of the first four natural modes of the composite plate.

Mode | Simulations - (Hz) Experiments - (Hz) Damping ratio - (%)
1 20.51 20.88 0.13
2 42.34 37.16 0.20
3 59.60 62.41 0.37
4 116.54 108.10 0.04

instability. Therefore, the maximal modal force criterion
proposed by Bin et al. (Bin et al. 2000) is chosen here as
a rule for optimal placement of the MFC sensor and actuator
on the carbon fibre/epoxy plate. This criterion states that a
piezoelectric actuator exerts maximum force if placed in a
region of maximum modal strain for the specific vibration
mode to be controlled. In this work, the 2" vibration mode
(1% bending mode (Alijani and Amabili 2013)) is selected
as the mode to be controlled. Therefore, actuator and sensor
are placed in the middle of the plate, where strain for that
particular mode is maximum. This optimal location has been
found by looking at the surface strain energy density plot of
the 2" mode shape, as shown in Figure 15.

Before application of the MFC transducers, a finite
element analysis of the plate including the bonded
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transducers is performed in order to estimate the variation
of the plate dynamics, which only resulted in a small
increase of the natural frequencies. Only the active area
of the transducers is modelled according to the orthotropic
material properties given by Smart Material (MFC). After
that, an experimental modal analysis is conducted as a further
validation. In Figure 16 the plate average spectrum before
and after transducer application is shown. In Table 5 the first
four natural frequencies and damping ratios after transducer
attachment are listed.

Experimental results show that the transducers are both
slightly stiffening the plate, as predicted by simulations, and
increasing the overall damping ratios of the system. Mode
shapes are instead not affected.
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Table 4. Comparison between simulation and experimental results
plate.

of the first four natural modes of the carbon fibre composite

1%t mode

2" mode
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Figure 13. Scheme representing the AVC setup: MFC actuator and sensor are labelled as 'A’and ’S’, respectively.

Table 5. Natural frequencies and damping ratios after application of piezoelectric transducers.

Mode | Simulations - (Hz)

Experiments - (Hz)

Damping ratio - (%)

1 21.35 25.72 0.38
2 44.27 38.53 0.38
3 59.75 66.38 0.79
4 116.93 108.30 0.45

After this analysis, the resulting dynamic behaviour of the
plate with bonded transducers is considered as reference for
the AVC implementation.

4

The integer and fractional-order PPF controllers presented
in section 2 are first implemented in a Simulink model
which is then compiled and built in the dSPACE ControlDesk
environment.

Figure 17 shows the Simulink model used for experiments.
Controller transfer function is the same as the one of the
controllers explained in section 2. The controller can be

Implementation of AVC
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activated by means of the gain block ’ON_OFF_switch’
which is loaded as a switch button in the dSPACE
environment. *Gain_IN’ and *’Gain_ OUT’ represent hardware
gains required from the dSPACE system. In fact, the sensor
signal must be multiplied by 10 because it gets internally
divided by 10 by the dSPACE DAC, and similarly the signal
to the actuator must be multiplied by 0.1 because it gets
multiplied by 10 by the dSPACE ADC. A 2.5 V offset voltage
is used to provide full operating range to the MFC actuator
because the HV amplifier accepts input signals from -2.5 V
to 7.5V, and a saturation block is used to avoid out-of-range
signals to the HV amplifier.
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Figure 14. Complete AVC setup: (a) Carbon fibre composite plate with bonded Smart Material MFC transducer type M8557S1
(actuator and collocated sensor). (b) Labels indicating: Polytec PSV-400 Scanning Vibrometer Head; Bruel & Kjaer Voltage
Amplifier Type 2718; Smart Material High Voltage Amplifier HVA 1500/50-1; dSPACE DS1005 system; Polytec LDV system
comprises OFV-5000 Vibrometer Controller, PSV-400 Junction Box and host PC with Scanning Vibrometer Software 9.2 .
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Figure 15. Surface strain energy density plot for the 2" mode
shape: red area indicates maximum strain energy and it is
considered as optimal location for actuator placement.

Controllers are implemented one at a time. Tuning
parameters from Table 1 are kept the same in order to be
able to compare the controllers’ performance when they
all provide the same magnitude reduction of the controlled
resonance peak, as already seen in section 2.

CRONE approximation is used in order to approximate
the transfer functions of the fractional-order PPF filters. The
Ninteger toolbox for MATLAB by D. Valerio (Valério and
Sa Da Costa 2004) is used for the CRONE implementation.
For both fractional-order PPF filters, the orders a and
B are approximated by choosing a frequency range
[10~5rad/s, 10"°rad/s] and approximation order N = 10.
The resulting transfer functions for controllers Cf, (s)
and Cr,(s) have orders 30 and 40, respectively. Such
approximation order, N = 10, has been chosen in order to
approximate as closely as possible the theoretical fractional-
order transfer function of the filters. Orders N < 10 do not
produce the expected performance.

In order to properly interface control algorithm with the
MEC sensor and actuator and to provide the required control
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performance, a controller correction gain v had to be used
in addition to the gain g, as seen in the Simulink diagram of
Figure 17. The overall controller gain can thus be considered
as the multiplication gv. From Table 1, it can be noted that
the fractional-order PPFs require a much lower g than the
integer-order PPF. This is due to the fact that their low-pass
filter transfer functions behave differently in the resonance
region (see Figure 9). In fact, the resonance peak of the
fractional-order filters is more pronounced than the peak of
the integer-order filter which is almost flat. This accounts for
the need of a lower g for the fractional-order filters in order
to provide the same control action as the integer-order filter,
which instead requires a much higher g.

In the actual experimental implementation, this effect is
more evident and therefore, different correction gains v have
been used for integer and fractional-order controllers. In
particular, for the integer-order PPF a correction gain v = 6
is used, whereas for both fractional-order PPFs a value of
~ = 2.5 is chosen. These values have been found by trial and
error procedure when tuning the controllers to provide an
approximately equal magnitude reduction of the controlled
resonance peak.

Similar to what has been done for experimental modal
analysis, also for AVC measurements random excitation is
used as the excitation signal for the vibrating plate.

4.1 AVC results

The center and the bottom-left corner of the vibrating plate
are chosen as reference locations for laser measurements of
the vibration amplitude. In fact, vibration response of the
2" mode is maximum at both locations, and therefore it is
interesting to measure vibration reduction at those points.

In Figure 18, uncontrolled and controlled FRFs for both
reference locations are shown. In both cases integer and
fractional-order controllers are applied one at a time.

In Figures 18a and 18b, uncontrolled and controlled FRFs
measured at the center and bottom-left corner of the plate
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Figure 16. The average of the measured frequency response functions before and after application of piezoelectric transducers.
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Figure 17. Simulink block diagram: controller transfer function is the same as the one of the controllers explained in section 2;
‘Gain_IN’ and 'Gain_OUT represent hardware gains required from the dSPACE system; 2.5 V offset voltage provides full operating
range to the MFC actuator; saturation block avoids out-of-range signals to the HV-amplifier.

are shown, respectively. The frequency peak at 38.5 Hz
corresponding to the 2™ mode is effectively reduced by
each controller, all providing approximately the same peak
reduction of 12 dB. Only the fractional-order PPF#2
is reducing the peak slightly less, but the difference is
considered to be negligible. As expected, both fractional-
order controllers perform almost exactly the same, as also
seen in the example of section 2. Each controller causes
a frequency shift of the controlled peak towards higher
frequencies, and this shift is bigger when integer-order PPF
is used. This stiffening effect is caused by the mechanical
action of the MFC actuator and it is more evident in the case
of integer-order PPF, but it does not represent a problem in
this particular case. However, it might become problematic
in other situations when, for instance, the stiffening effect
influences the frequency of other modes to be controlled,
causing a mistuning in the controller. Moreover, in each
case the controller is found to be extremely effective in
reducing the chosen vibration mode, leaving the other peaks
barely affected by the control action. Therefore, it can be
mentioned that spillover effect is not observed in this specific
application.

Experimental modal analysis is conducted again in order
to compare mode shapes and damping ratios, before and
after control activation. Mode shapes have not been affected,
meaning that the control action of the MFC actuator neither
added complexity to the shapes nor triggered other motions.

Figure 19 shows the average spectrum (in dB scale) of
the plate before and after control activation. From now
on, Fractional-order PPF#1 is chosen as reference for
simplicity, because both fractional filters present an almost
equal performance. The plot shows an average reduction
of 12 dB for the controlled mode, while other modes
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remain barely affected. In Table 6, natural frequency and
damping ratio of the controlled mode before and after control
activation are listed. Damping has been increased from
0.38% of the uncontrolled case to 0.80% in the controlled
case.

Another interesting result has been found by looking at
the HV amplifier output control signal sent to the MFC
actuator during random excitation of the plate. In Figure 20,
time history and corresponding fast Fourier transform (FFT)
of the control signals in the case of integer-order PPF and
fractional-order PPF are shown. Controllers are tuned to
provide the same performance in terms of resonance peak
reduction, as already seen before. From the time history, it
can be noted that the control signal in the case of fractional-
order PPF has a much lower amplitude than the one of
integer-order PPF. This means that less actuation voltage
is required to control the MFC actuator when fractional-
order PPF is used. In Figure 20, the FFT of the recorded
time signals is taken and corresponding amplitudes are
normalized to make the resulting data comparable. From the
FFT plot, it is possible to see at which frequencies the control
action takes effect. Until the tuning frequency of 38.5 Hz,
the FFT content is very similar for both signals, whereas for
higher frequencies the frequency content has a much lower
amplitude in the case of fractional-order PPF. This effect is
due to the steeper roll-off of the fractional-order filter with
respect to the integer-order filter, and it confirms that the
fractional-order PPF has a greater filtering action, as already
shown in Figure 2, and thus is found to be more promising in
reducing spillover effect due to uncontrolled modes.



Marinangeli, HosseinNia and Alijani

49

-20

— No Control
— Integer PPF
Fractional PPF#1

40 - - - Fractional PPF#2

-60 [~

/
- M

-80 -

Magnitude (dB)

-100 [~ d 7

120 I I I I I I
20 40 60 80 100 120

Frequency (Hz)

140

(a)

T
—No Control
— Integer PPF
Fractional PPF#1 |
- - -Fractional PPF#2

20 \
i
N/ )
40 N A
N =AW i il
\f A\ / \ A
¥ /N /
60 - 1 AN SN
! 4 \ # N\

Magnitude (dB)

120 I I I I
20 40 60 80

Frequency (Hz)

100 140

(b)

Figure 18. 2™ mode at 38.5 Hz controlled by integer-order PPF and fractional-order PPF #1 and #2: FRFs are measured at

center (a) and bottom-left corner (b) of the plate.
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Figure 19. Average spectrum before and after fractional-order PPF #1 activation: an average reduction of 12 dB is achieved for

the 2" mode at 38.5 Hz.

Table 6. Natural frequency and damping ratio of the controlled mode before and after fractional-order PPF #1 control activation.

Experiments, Experiments, Il.)azilirgpmg Il.);lizpmg
Mode | Control OFF Control ON - > i
- (Hz) (Hz) Control Control
OFF - (%) ON - (%)
2 \ 38.53 39.53 \ 0.38 0.80

5 Conclusions

In this paper active vibration control of a rectangular
carbon fibre/epoxy composite plate with free edges has been
presented. Two novel fractional-order compensators based
on Positive Position Feedback have been proposed, analysed,
and successfully applied in practice for the first time.

Both fractional-order controllers have shown comparable
performances, although controller #2 has the advantage
of being always internally stable. Numerical simulation
has shown the benefit of using fractional-order PPF with
respect to reduction of spillover effect, compared to the
standard integer-order PPF. Controllers have been tested
in an experimental setup to control the 2" mode of the
composite plate. The setup was composed of a Laser
Doppler Vibrometer system, vibration exciter, MFC actuator
and sensor and dSPACE real-time control system. MFC
transducers have been positioned on the plate based on
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maximal modal strain criterion. Both the integer and
fractional-order PPF allowed for the effective control of the
second mode, although the newly proposed fractional-order
controllers are found to be more efficient in achieving the
same performance with less actuation voltage, and more
promising in reducing the spillover effect due to uncontrolled
modes.

It can thus be concluded that the use of fractional-
order transfer functions is very promising to improve the
performance of commonly used active vibration control
strategies since they can provide response characteristics that
would not be achievable by standard integer-order transfer
functions.
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Figure 20. Time history and corresponding FFT of the HV amplifier output control signal sent to the MFC actuator in case of
integer-order PPF and fractional-order PPF #1 control both tuned at 38.5 Hz.
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Discussion

In this chapter, further discussion and remarks about the research and results obtained in this
thesis work are elaborated. In particular, the discussion is split into different sections discussed
below.

5.1 Why PPF and Why Fractional-order control?

The main goal of this thesis was to propose and apply a novel active vibration control strategy
which could perform better than current state-of-the-art techniques. Most of these techniques
presented some limitations, of which frequency spillover was identified as the most critical when
it comes to control performance. In this sense, PPF was found to be one of the best controllers,
although still sensitive to frequency spillover, especially when multiple modes with close resonance
frequencies have to be controlled at the same time. Therefore, it has been decided to start from
the already appealing properties of PPF to design an even better controller.

Fractional-order calculus has been applied in many cases as a tool for modelling already established
control systems and making them ’'more optimal’. In fact, fractional-order transfer functions
present a behaviour which cannot be found in any integer-order transfer functions. And since a
strict relation between spillover and plant phase response has been identified, it has been decided
to make a fractional-order version of the PPF, and optimize it to give optimal magnitude and
phase behaviour, with aim to reduce spillover and further improve control performance.

5.2 Fractional-order PPF #1 and #2

Fractional-order PPF #1 has been presented in chapter 3, and it is intuitively the direct fractional-
order version of the standard PPF. In fact, by tuning the fractional-order to value 1, the integer-
order PPF is recovered. Fractional-order PPF #2 is instead more of a generalization of the
standard PPF, where the addition of a second fractional-order provides even more freedom in
tuning the controller, and makes it internally stable too.

The effect which the controller parameters g, (; and wy, in case of integer-order PPF, have on
the closed-loop response, is known and extensively studied in literature [17]. The introduction of
fractional-orders makes instead the tuning process more challenging, because the parameters’ value
to provide optimal control performance strongly depends on the choice of the fractional-orders.
Therefore, an optimization approach has been chosen to properly tune the proposed controllers,
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and provide better control performance against spillover as already explained in the previous
section.

After optimization, both fractional-order PPFs were found to provide almost exactly the same
performance. This was expected, since their formulation was very similar and the resulting filter
bode plots were almost identical in the resonance region, where the control action takes place.

5.3 Spillover: from simulation to practice

In simulations, spillover effect has been greatly reduced by the introduction of fractional-order
PPFs with respect to the standard integer-order PPF. However, it was not observed in laboratory
experiments. The reason for this is probably due to the specific setup used: indeed the transducers’
placement was specifically optimal to suppress the 2°¢ mode of vibration, and it was found to have
very limited influence on the other vibration modes.

Nevertheless, it does not mean that spillover is not a real problem in practice. In fact, in many
studies of AVC with piezoelectric transducers, spillover have been observed and studied [12].

5.4 Correction gain effect

In chapter 4, it has been seen that a correction 7 for the controllers’ gain g was needed in the
case of experimental implementation. This correction was used to properly interface the control
algorithm with MFC sensor and actuator, since the actuator and sensor effects are not taken into
account with the standard PPF formulation, as seen in Equation (2.9).

The use of such correction gain is normal practice in every AVC implementation. However, the
need to use different correction gains for integer and fractional-order controllers was not expected.
Since they have been tuned to provide the same peak reduction, it was expected to use the
same correction gain < for each controller. In particular, a correction gain v = 2.5 was used
for the fractional-order PPFs, whereas v = 6 was used for the integer-order PPF. From Table 1
of chapter 4, as already explained, it can indeed be noted that fractional-order PPFs require a
much lower gain g than the integer-order PPF. This is due to the fact that their low-pass filter
transfer functions have a more pronounced resonance peak than the peak of the integer-order
PPF filter. This accounts for the the need of a lower g for the fractional-order filters in order to
provide the same control action as the integer-order filter, which instead requires a much higher g.
In actual implementation this effect is more evident, and different corrections gains had to be
used. This effect accounted for the use of less actuation voltage to drive the MFC actuator with
fractional-order controllers.

However, before this effect could be detected, the same correction gain v = 6 was used for each
controller and different performances were observed. In Figure 5.1, controllers performance is
compared in the case of different correction gains, as shown in chapter 4, and in the case of the
same correction gain.

It can be noted that when the same v = 6 is used (Figure 5.1b), each controller provides the same
shift in frequency of the controlled peak, although the fractional-order controllers reduce the peak
more than the integer-order controller. In this case, the amplitude of the control voltage signal sent
to the MFC actuator is very similar for each controller. In Figure 5.1a, the same results already
seen in chapter 4 are shown, where it can be noted that fractional-order controllers perform the
same as the integer-order controller in terms of peak reduction when a smaller correction gain
(and thus lower actuation voltage) is used.

This is to emphasize that with the introduction of fractional-order control, a much lower actuation
voltage (lower control effort) is required by the actuator to provide the same performance as
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the standard integer-order PPF controller, or even better performance when the same actuation
voltage is used.
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Figure 5.1: 2" mode at 38.5 Hz controlled by integer-order PPF and fractional-order PPF #1 and
#2. In (a), correction gain v = 2.5 is used for fractional-order PPFs and v = 6 for integer-order
PPF. In (b), same correction gain vy = 6 is used for each controller. FRFs are measured at the center
of the plate.
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Conclusions & Recommendations

6.1 General conclusions

With the motivation of improving on the limitations of state-of-the-art controllers, in this thesis
a novel AVC strategy based on fractional-order calculus is proposed, developed, and successfully
applied in practice.

First, a fractional-order Positive Position Feedback (PPF) compensator is proposed to overcome
the limitations of the commonly used integer-order PPF. Tuning parameters of the controller are
obtained by optimizing both magnitude and phase response of the controlled plant. Results are
shown by comparing performances of the standard integer-order PPF and the optimized fractional-
order PPF on simple plants representing 1-DOF and multi-DOF systems.

Concerning the results obtained from the first part of the work, it can be concluded that the
proposed fractional-order controller succeeded in controlling a chosen resonance peak with better
performance than the standard integer-order PPF. In particular, frequency spillover and amplitude
amplification in the quasi-static region of the closed-loop response have been effectively reduced,
making the fractional-order PPF a preferred choice over the integer-order PPF when multiple-
modes have to be controlled at the same time.

Secondly, a second version of the fractional-order PPF is proposed, and compared to the other
controllers for the AVC of a rectangular carbon fibre composite plate with free edges. The plate
is excited orthogonally by a modal vibration exciter and controlled by Macro Fibre Composite
(MFC) transducers. Vibration measurements are taken with a Laser Doppler Vibrometer (LDV)
system. MFC actuator and sensor are positioned on the plate based on maximal modal strain
criterion, in order to control the second natural mode of the plate. Both fractional controllers are
tuned with the same optimization process, and in both cases their tuning parameters identify a
point well within the closed-loop stability region.

Concerning the results obtained with laboratory experiments, it can be concluded that both in-
teger and fractional-order PPFs allowed for the effective control of the 2°¢ vibration mode of the
plate with approximately the same performance, although the newly proposed fractional-order
controllers were found to be more efficient in achieving the same performance with less actu-
ation voltage (lower control effort), and more promising in reducing the spillover effect due to
uncontrolled modes. Moreover, the transducers’ placement was found to be optimal in specifically
controlling the 2" vibration mode without affecting the others and thus not causing any spillover.

Finally, it can be stated that the fractional-order PPF should be preferred over the integer-order
PPF. As overall conclusion, it can said that the use of fractional-order transfer functions is found
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to be very promising to improve the performance of commonly used active vibration control
strategies since they can provide in-between response characteristics that would not be achievable
by standard integer-order transfer functions, and therefore their use is strongly recommended.

6.2 Recommendations for future research

Concerning a possible continuation of the research presented in this thesis in the filed of AVC of
smart flexible structures, some recommendations are here proposed.

One of the main benefits of using a fractional-order PPF controller is the reduction of the spillover
effect due to uncontrolled vibration modes. However, this particular aspect, already seen in
simulations, could not be validated in practice. Therefore, possible steps that can be undertaken
to show this effect and still use the same experimental setup with the composite plate are:

e Application of multi-SISO and MIMO control by adding more transducers, similar to what
has been done by Zippo et al. [30].

o Application of non-collocated control, similar to what has been done by Ferrari and Amabili
[31].

e Application of transducers with different sizes to check their behaviour with respect to
spillover effect.

A further step that can performed is to check vibration reduction as measured by the piezoelectric
strain sensor instead of the laser vibrometer. In fact, as shown by Ferrari and Amabili [31],
there is a complex relation between the two measurements, since minimization of the sensor
signal is not desirable per se. Composite structures can indeed present local vibration modes
in correspondence to the location of the control force. Therefore, a full study about this aspect
is recommended to better understand the complex interaction of piezoelectric transducers with
the controlled structure. In this case, an electro-mechanical model of the entire system would be
required. However, this is a very complicated topic.

As a final recommendation, the fractional-order PPF could be applied to control large-amplitude
vibrations causing non-linear behaviour in the structure. As shown by Zippo et al. [30], the
standard integer-order PPF can deal with weakly non-linear vibrations, so applying the fractional-
order PPF in this context could possibly show other benefits of using the proposed controller over
the standard PPF. More details about this aspect are given in Appendix A.1.
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A.1 Non-linear Vibrations

Machines and mechanical structures in general are often subjected to multiple and changing dy-
namic loads, which can vary both in time and amplitude. In practice, the vibration response will
not be necessarily linear, whereas it is likely to show non-linear behaviour.

Controllers that can tackle specifically non-linearities in a vibrating structure are not easy to de-
sign, both because of the complexity of the problem itself and of the complex dynamics of many
structures in today’s industry. Therefore a controller, designed to suppress linear vibrations, which
can be inherently robust to also deal with a possible non-linear response is preferred in this case.

The initial research approach for this thesis consisted also of the following tasks:

> Performing Non-Linear Modal Analysis (NLMA) on the structure in order to identify its
non-linear dynamic behaviour.

> Implementing the controller experimentally to suppress non-linear vibrations on the identi-
fied structure.

Due to complications with laboratory equipment management which influenced the time planning
of the overall thesis work, these tasks could not be entirely completed. The NLMA has been
performed to identify the structure non-linear response around the 1% natural frequency. Stepped-
sine testing with different forcing loads was used for this task. The measurement system 'PAK
MKII VibroAkustik Systeme’ from MULLER-BBM was used to implement closed-loop control for
the force applied by the shaker during the frequency sweep, and Polytec Laser Doppler Vibrometer
was used to measure out-of-plane velocity response. In Figure A.1 experimental results are shown.
The figure is made dimensionless by dividing the velocity amplitude by the thickness of the plate
and the excitation frequency by the resonance frequency. Hardening response is observed for
increasing forcing loads.
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Figure A.1: Non-linear vibration response around the 1°* natural frequency obtained using stepped-
sine testing with different forcing loads.

Standard PPF controller has been already applied in literature for suppression of non-linear sys-
tem vibrations (see [19, 30]), and it was proven to be efficient in dealing with weakly non-linear
vibrations without substantial modification to the controller itself. So, as a recommendation for
future research, it would be interesting to check the performance of the Fractional-order PPF
proposed in this thesis in reducing large amplitude vibrations.
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A.2 Modal Analysis software

The full experimental modal analysis could be completed with the aid of two software packages.
The Polytec PSV software 9.2 has been used to take vibration measurements on the carbon plate.
In Table A.1 the acquisition settings applied to take the measurements are listed.

Table A.1: Polytec PSV software acquisition settings.

Velocity acquisition
Tracking filter

Low Pass filter
High Pass filter

VD-06 50 mm/s/V LP
Off
1.5 MHz
Off

Damping values and mode shapes validation could instead be obtained with ME’Scope software.
The measurements taken with the Polytec system were imported in ME’Scope, where natural
frequencies, damping ratios and mode shapes were calculated with Global Polynomial curve fitting

method.
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A.3 Carbon fibre/epoxy plate production process

The carbon fibre/epoxy composite plate has been produced at the 'Delft Aerospace Structures
and Materials Laboratory’ of the TU Delft Aerospace Engineering Department.

Vacuum Infusion Process (VIP) has been used for the panel production. The VIP is a technique
that uses vacuum pressure to drive resin into a laminate. Materials are laid dry into the mold
and the vacuum is applied before resin is introduced. Once a complete vacuum is achieved, resin
is literally sucked into the laminate via carefully placed tubing. This process is aided by an
assortment of supplies and materials. In Figure A.2 the production process steps are explained.

(a) 6 layers of 0-90° carbon-fibers are placed on (b) Peel Ply is applied on top of the carbon-fibres
top of an alluminium panel used as a reinforcement layers. It allows to separate other materials from
structure. The allumnium panel is coated with the panel and provides a flat and shiny surface to
release agent. Resin inlet and vacuum outlet tube the top of the final carbon panel.

are placed in position.
- Ty

(c) Full setup before resin infusion: on top of the (d) Impregnation of tubes with epoxy resin. In this
peel ply, perforated foil and flow mesh are placed, figure, resin has already flown through the entire
and vacuum bagging is applied. The flow mesh panel. Epoxy 04908 type is used.

helps the resin flowing through the carbon layers.

Weights are used to keep the panel straight after

vacuum application. Panel edges are loosely se-

cured with tape without applying extra pressure.

Figure A.2: Carbon fibre/epoxy plate production process.
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A.3.1 Material Properties

The carbon fibre/epoxy composite plate resulting from the production process has a length | = 450
mm, width b = 250 mm and thickness ¢ = 1.3 mm.

In order to compute the material properties, the total density of the composite plate should be
known. So the so-called Rule of miztures is used. Besides the plate dimensions, the total weight
of the plate was measured (0.220 Kg), and the densities of the epoxy glue and carbon fibres were
known from datasheets (see B.6). The resulting material properties are listed in Table A.2.

Table A.2: Carbon fibre/epoxy plate material properties.

Property Symbol | Value [Units]
Length l 0.450 [m]
Width b 0.250 [m]

Thickness t 0.0013 [m)]
Density p 1504.27 [kg/m3]

Young’s modulus | Fy = Es 57.5 [GPa]
Poisson’s ratio 2D 0.1 []
Shear modulus G1o 3.8 [GPa]

A.4 MFC transducer bonding procedure

The bonding of the MFC transducer to the structure to be tested is very critical to ensure proper
performance both for sensing and actuation. The bond should be as strong as possible, without
air bubbles between transducer and structure, and possibly with a small amount of glue.

The MFC transducer has been applied to the composite plate using ARALDITE 2012 epoxy resin
(see B.7). Before applying the glue, the gluing area of both structure and transducer are properly
polished, then a very thin layer of glue is applied only to the structure and the transducer is
pressed against it. A minimum of 2 hours curing time is necessary to have a proper bonding.

A.5 High Voltage wires

For safety reasons, high voltage wires with silicon rubber insulation and 3 kV voltage rating have
been used for the application of high voltage to the MFC actuator.

It is important to have also very thin and lightweight wires in order not to add too much mass
to the overall structure. Therefore the UL3239 wires from CnC Tech (see B.8) with an overall
diameter of 1.55 mm have been selected.
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A.6 COMSOL modelling

In this section, the modelling choices used in COMSOL to simulate the dynamic behaviour of the
composite carbon fibre plate are explained. ’Structural Mechanics’ module and "Eigenfrequency
Analysis’ study have been used to obtain natural frequencies and mode shapes.

A.6.1 Carbon fibre/epoxy plate

The plate is modelled with ’Orthotropic’ material properties. Geometrical dimensions and total
density are the same as seen in Table A.2.

A.6.2 MFC piezoelectric patch transducer

An ’Eigenfrequency Analysis’study has been performed in COMSOL by modelling the effect of the
addition of the MFC piezoelectric patch transducer. The MFC transducer is modelled with the
'Orthotropic’ material properties given by Smart Material (see B.5). Only the active area of the
MFC is modelled, and the epoxy glue used to bond the transducer on the plate is modelled as a
'Die Bond Adhesive’. The piezoelectric effect is not modelled since the purpose of this simulation
is just to estimate the mass loading and stiffening effect on the plate due to application of the
transducer.

A.7 Signal conditioning piezoelectric sensors

In this work, no conditioning hardware has been used to treat the output signal from the piezoelec-
tric sensor. The signal was directly sent to the ADC of the dSPACE system and used as feedback
for the control scheme.

However, in other studies involving vibration control (see [12, 31]), a charge amplifier is generally
used to amplify and condition the signal from the piezoelectric sensor, which generates an elec-
trical charge in response to mechanical movement. The reason for this is to have a proper phase
behaviour out of the piezoelectric sensor signal.

In this work, phase behaviour problems have not been noticed. However, this appendix is meant
as a guide to introduce the reader to all the experimental challenges in active vibration control in
a broad sense. Therefore references about studies on signal conditioning piezoelectric sensors are
listed here.

» Karki wrote an application report [35] which discusses the basics concepts of piezoelectric
transducers used as sensors and two circuits which are commonly used for signal conditioning
their output.

» Sirohi et al. [36] investigated the fundamental behaviour of piezoelectric strain sensors.

» Nagata et al. [37] studied instead the structural sensing and actuation properties of MFC
transducers.

» Sathyanarayana et al. [38] proposed a procedure to use PZT sensors in vibration and load
measurements.
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A.8 Control system robustness against mistuning

In practical applications of Active Vibration Control, it is important to take into consideration
possible changes on the structure dynamics due to different effects, like variations in tempera-
ture, operating conditions, etc.. These effect could for instance shift the natural frequency to be
controlled and the controller would result to be mistuned. Therefore, it is desirable to have a
control scheme which is robust to mistuning, or to possible natural frequency changes. The stan-
dard PPF compensator is proved to be robust in such circumstances (see [16]), and the fractional
compensators proposed in this work have also been tested and compared to the standard PPF.

In Figure A.3 the second mode at 50 Hz of a simple plant is controlled first with controllers tuned
at 45 and secondly with controllers tuned at 55 Hz. In both cases all compensators succeeded in
controlling the second mode, resulting to be robust to mistuning. Moreover, the performance of
the fractional filters results to be better than the one of the standard integer-order PPF regarding
the spillover effect, as already shown in this thesis.
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Figure A.3: Effect of filter mistuning on the closed-loop: (a) controlled natural frequency at 50 Hz
and filters tuned at 45 Hz; (b) controlled natural frequency at 50 Hz and filters tuned at 55 Hz.
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Figure A.4: Time history of velocity response for sinusoidal excitation at second natural frequency
(38.5 Hz): fractional-order PPF is activated at approximately 8.6 s .
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A.10 Effect of the long-time action of the piezoelectric actuator

The experimental implementation of the Active Vibration Control did not show problems related
to spillover effect, as already shown in chapter 4. However a different problem has been found
when performing long-time scans with the laser vibrometer: the piezoelectric transducer has been
active for a long-time and its continuous mechanical action has caused a stiffening effect in some
vibrations modes, as shown in Figure A.5.

This effect is not seen for single-point measurements for which the actuator remains active for a
short amount of time, as it can be noticed from the results shown in chapter 4.

It is recommended to investigate better this effect, maybe with the help of a full electromechanical
modelling of the interaction between the piezoelectric transducer and the structure.
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Figure A.5: Average spectrum of carbon fibre plate both with control off and on: the long-time
action of the piezoelectric actuator causes frequency shifts in the uncontrolled modes.

In Table A.3, natural frequencies and damping ratios of the first 4 vibrations modes are compared
for active and inactive control.

Table A.3: Natural frequencies and damping ratios comparison for active and inactive control.

Experiments, Experiments, Pa:?;plgin- Pai?olplgin-
Mode | Control OFF Control ON - ? ’

- (Hz) (Hz) trol OFF - trol ON -

(%) (%)

1 25.72 26.4 0.38 0.40

2 38.53 39.53 0.38 0.80

3 66.38 66.90 0.79 0.89

4 108.30 108.30 0.45 0.45
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A.11 CRONE implementation

The CRONE approximation has been implemented using the ’croneFD’ function from the ninteger

toolbox for MATLAB, by Duarte Valério [39].

The following function returns the CRONE approximation of s®. Inputs are: fractional order «,

frequency range [w;,wp], and approximation order N.

1 function G = croneFD (alpha, wl, wh, N)

2 % function G = croneFD(alpha, wl, wh, N)

3 % Crone approximation of s”alpha; alpha may be any complex number.
4 % N poles and N zeros are placed in [wl,wh] rad/s.

5

6 % Duarte Valerio 2009

7

8 zeros = -wl * (wh/wl).”( (2% (1l:N)-l-alpha) / (2+N) );

9 poles = -wl * (wh/wl).”( (2% (1:N)-l+alpha) / (2xN) );

10 G = tf (zpk(zeros, poles, 1));

11 wmean = sqrt (wlxwh);

12 1f isreal (alpha)

13 G = G % abs((jrwmean)“alpha) / abs(squeeze (freqresp (G, wmean)));
14 else

15 G = G % ((jrwmean)”“alpha) / squeeze (freqresp (G, wmean));

16 end

A.12 Simulink model

The Simulink model used for the dSPACE implementation is shown in Figure A.6.

Each controller can be activated by means of the gain block 'ON__ OFF_switch’ which is loaded as
a switch button in the dSPACE environment. The sensor signal must be multiplied by 10 because
it gets internally divided by 10 by the dSPACE Digital-to-Analog Converter (DAC). Similarly, the
signal to the actuator must be multiplied by 0.1 because it gets multiplied by 10 by the dSPACE
Analog-to-Digital Converter (ADC). A 2.5 V offset voltage is used to provide full operating range
to the MFC actuator because the HV amplifier accepts input signals from -2.5 V to 7.5 V, and a

saturation block is used to avoid out-of-range signals to the HV amplifier.

num

Unresolved

””””””””””””” Gain_IN Correction gain

den

Saturation Gain_OUT

ON_OFF_switch

DS2004ADC_BL1 Integer PPF

OFFSET Voltage
num1

S

Correction gain1

den1

ON_OFF_switch1

Fractional PPF

num2
den2

S

Correction gain2 ON_OFF_switch2

New Fractional Filter

Figure A.6: Simulink block diagram.
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68 Appendix

A.13 Fractional-order PPF Optimization - MATLAB Code

In this Appendix, the MATLAB code used for optimization of the fractional-order PPF is listed.

Only the code for filter #1 is shown for simplicity.

A.13.1 Objective

1 function h = objective (x)

2 % Computation of objective function

3 % Input:

4 % X : [1x4] row of design variables (x1, x2, x3, x4)

5 % Output:

6 % h : [..] scalar of objective function value

7 %% Initialization

8 wn = 2%pix10; % natural frequency of Plant

o freq = linspace(0,1.3%wn/2/pi,100000); % ferquency vector

10 w=2xpixfreq;

11 s=lixw; % Laplace transform variable

12 zeta = 0.005; % damping ratio of Plant

13 G = wn"2./(s.”2 + 2+zeta*wnxs + wn"2); % 1-DOF Plant

14 %% Assignment of design variables

15 alpha x(1l); % fractional-order

16 wf = x(2); % filter resonance frequency

17 zeta_f = x(3); % filter damping ratio

18 g = x(4); % filter gain

19 CF1 = 1./((s./wf).”(2xalpha)+2+zeta_f«(s./wf).”alpha +1); % Fractional-order PPF#1
20 T = G./(1-gxCF1.%G); % Closed-loop positive feedback

21 %% Objective function definition

22 wl = 0.9995; w2 = 1-wl; % weights

23 p = 10; % penalization factor (can be chosen differently for each penalization)
24 S8g = 20xloglO(abs(G(1l))); % Static gain of Plant G at 0 Hz

25 [PK,zeta_HPB] = damping_fun (T, freq,wn); % compute closed-loop damping

26 P1 = PK(1l); Pmax = PK(2); P2 = PK(3);

27 % Objective + Penalization functions

28 h = wlx(Pmax - Sg) + w2+sum(abs ((phase (T)-phase(G)))) + p*(max(0,P1/Pmax-1))"2 +

p* (max (0, P2/Pmax-1)) "2
20 + px(max(0,Sg/P1-1))"2 + px*(max(0,Sg/P2-1))"2 + px(max(0,zeta_HPB - 1))"2;

A.13.2 Constraints

function [c,c_eq] = constraints (x)
Input:
x ¢ [1x4] row of design variables (x1, x2, x3, x4)
Output:
c : inequality constraints (NONE) , c_eq : equality constraints

o o o° o o

% Initialization

natural frequency of Plant
damping ratio of Plant
s=tf('s"); Laplace transform variable

G = wn"2/ (8”2 + 2xzeta*wnxs + wn"2); % 1-DOF Plant
%% Assignment of design variables

© 0 N U s W N
N
®
ot
»
I
o
o
o
ol
oo oo oo

=
= o

12 alpha x(1l); % fractional-order

13 wf = x(2); % filter resonance frequency
14 zeta_f = x(3); % filter damping ratio

15 g = x(4); % filter gain

%% Fractional-order PPF approximation
SD = croneFD (alpha, le-5, leb5, 10); % approximation of s”alpha using CRONE method
CF1 = g/ (SD"2/wf” (2xalpha)+2+zeta_f«SD/wf”alpha+l); % Fractional-order PPF#1

=R e
© N o
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20
21
22
23

T = G/ (1-g*xCF1%G); % Closed-loop positive feedback
% Constraints definition
[1; % no inequality constraints

o

0" o

_eq = p; % Equality constraints

= length (find (pole(T)>0)); % number of unstable pole in the closed-loop

A

.13.3 Optimization

© o N O U A W N e

e e
cok W N = O

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

o

Fractional-order PPF Optimization
Luca Marinangeli 4420144 - TU Delft - PME
November 2016

Initialization
ear all

o0 o oo o

[e e}
= oo
[e]

o

Define lower and upper bounds
Fractional-order PPF #1

o o o

[ alpha , wf , zeta_f , g ]
LB = [0.8, 0.999%2%pix10, 0.01, 0]; % lower bounds
UB = [1.5, 1.1x2%pi*10, 1, 1]; % upperbounds
%% starting point
x0 = [1, 2%pix10, 0.5, 0.05]; % Filter #1
%% Global Search
options =

optimoptions ('fmincon', 'Algorithm', 'sgp', 'MaxFunkEvals',10000, '"MaxIter',1000, ...

'TolX',1e-09, 'TolCon',le-09, '"TolFun',1le-09);

% Create Optimization problem

problem = createOptimProblem ('fmincon', ...
'objective',@objective, ...

'x0',x0, 'ub',UB, "1b',LB, 'nonlcon', @constraints, 'options"', ...
options);

% Define Global Search

gs = GlobalSearch('Display', 'iter');

rng (14, 'twister') % for reproducibility

[xeq, fval] = run(gs,problem)

%% Display results

alpha = xeq(l) % fractional-order

wf = xeq(2) % filter resonance frequency
zeta_f = xeq(3) % filter damping ratio

g = xeq(4) % filter gain
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B.1 Vibration Exciter
PRODUCT DATA

Vibration Exciter [ Type 4809

USES

O Calibration of accelerometers

0 Vibration testing of small objects

0 Educational demonstrations

0 Mechanical impedance and mobility measurements

FEATURES

0 Powered by Power Amplifier Type 2718
0 Force rating 45N (10 1bf) sine peak, 60N with air cooling
Frequency range 10Hz to 20 kHz

[my -

First axial resonance 20 kHz

[m}

Maximum bare table acceleration 736 ms™ (75g), 981 ms~2 with air
cooling

951183

[m]

Robust rectlinear guidance system
0 Low cross motion and low distortion

Description
Vibration Exciter Type 4809 is a small versatile instrument with an impressive perform-
ance. High quality materials ensure long term constructional reliability, and strict quality
control results in consistent high performance. Type 4809 can be driven by any small
power amplifier, with an input current up to a maximum 5A and a sufficient voltage
rating, without assisted cooling. The Briiel &Kjeer Power Amplifier Type 2718, rated at
75VA, has been designed specifically to drive Type 4809.
Fig. 1
Sine performance
curves for 100
Type 4809 75 g, 736 m/s Bare Table
operating without % 5 /150, 490 m/s? Payload 30.8 gram, 068 |
assisted cooling & 30 g, 294 m/s? Payload 91.6 gram, 0.20 Ib
v : — ——
S 20 / 20 g, 196 m/s? Payload 170 gram, 0.37 Ib
S I T I
'% 10 / 10 g, 98.1 m/s? Payload 394 gram, 0.87 Ib
ko I I I
¢ 5 5 g, 49 m/s? Payload 850 gram, 1.87 Ib
<
. /
1
10Hz20 50 100 200 500 1kHz 2 5 10 20
Frequency
271067/1e

... 4809
Briel & Kjaer
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B.2 Impedance Head

Impedance Head

B.2

Woo'qodDUONRIIA IEW-F OIS SN B 'onUeny UsPIEm Sove ou] ‘dNoI @D J0 JWewapes PaI3ISIBal € Si gdOl
988€-G89-91.L :Xe4 “801jOU JNOYJIM SUOREDYIDBAS 8BUEYD O} JyBLI BY) BAISSE1 BM JUBLIBACIdWS JoNPOJd JUBISUOD JO JSBI9)Ul BY) Uf
1000-¥89-9 L :8uoyd MIQSQQ l& QN .m\m mu&g “‘payoads esimIayjo ssajun at woo1 je aie I i nw
" 00} wri/Ny GE°0 uir/g) 0 SSOUYNS
0} wb gy 20910 (9010,4)ssEN 2JRid PUT
W-NZZoLL qi-ut 0z ©1 0L anbio] Bununol
809 Vo/nmﬁfmumn wufﬂﬁ, ‘eje(| W@J/N/AB seq) wof@ﬂvfﬁmn_ elewad ze-0L sjewad Zg-0L (spus EOnvnmw_F._._. m::::oﬂ
. . . 3 oef [EIXBOD Z€-0) 0Br |BIXeoD Ze-0L (a2104)10}08UU0Y) |EOLIORIT
JequinN oedg >B.um>oaa.< \52 sejes] Y @ Jesuibuy w @.uﬂw«:m OB [e1Xe0D Zg-0) Soer [BIXe0) ZE-01 (Uoe12|e0dY)I0j08UU0Y [EDLIOBIT
0] wbz'6l 20890 Blom
(2) S2°0 X 9N 0 Z€-01 PNIS BUNUNO SOEILGOIN [9POW s EB 02X I 911 U1 0Z8'0 X Ul 9L/LL (ub1oH X xeH) 82iS
(1) peay souepadus 887 SBLSS JO LONEIQHED B|qEadeLL ISIN E-SOH 19PON HOUNSH PSpioM fawIRH PIPIM
(2) (z€-0L 91 2€-0L) PN} BunUNOW G0gL 80 1BPON LINIELL UiniuElL
(1) eseg Bununow eAIssupy Y080 I2PON ! 0 uojssaidwo)
:$31¥OSSIAIIV A3NddNsS Jeays leays
zuen) Zuend

olwers) owess) (uonesa|eooyusius|] b
eaisAyd
0] ZHM (s 162 zZHMBA g (ZHX L)asIoN [enosds
[1] ZHMs/wr) |1 '86 ZHMBr oL (zH 00L)9sI0N [ej0ads
0] ZHM(S/wr) 6067 2Hp/Br 0g (2H 01)asiON [e5102ds
0] ZHM(sjwrl) 2961 2ZHpM B 002 (zH |)esioN [esoedg
oAISOd BASOd (e2104)Auej0od INAINO
oAnISOd dAIISOd (uonese(eody)Alue|od ndinO
wyo 05z> wyo psz> souepadw) Inding
J0AVLOI 8 QA YL 018 abej|oA selg Indino
09s 092 098 (09 = (e2104)ueysuo) awi) abieyosiq
298 G'L 010 098G’ O} 0 (uoness|eday)uejsuo) awi) abieyosig
Ywoz oz ywoz oz uonE}oXT JUBLNg JUBISUC)
“poyrew aulf JyBlens ‘sasenbs-jses] ‘paseq-0is7 [z] OQA 0€ % 2e Jan e A ze oBejjoA uoneyoxa
‘eotdA ), [1] [ DBEEE]
:SIION 3id ZS/W O£y 62 d 6 0008 00yS Wnwixep
0l 3rif(zs/w) 20005 3ri/6 £000°0 5 sueg ulens aseg
(3] Do/% SO0 S Ho/% €005 (e0104 uo)esuodsey ainessdwa
(4] Do/% 600 5 Ho/% G005 {uor v uo, L
. G6+ 0} 8- . 002+ 01 0 (Buneladp)abuey ainessdws]
|ejuswuosAUg
N et gl 008 90104 WNWIXep
%Gs %S5 (uoness|edoy 0))ANANISUSS asIansUes |
2 %L ¥ % LF Auesuri-uoN
(3] N 68000 912000 uoiN|osay pueqpeoig
3} SW ZS/W 200 sws 62000 (zH 000°01 ©1 L)uonniossy pueqpeosg
$'1G¥1 3331 Y jueldwiod uonesunuiwo) pue Alowep [BUBIQ Jo sjgeded SAAL - ATTL ZH 0006 ©} ¥ ZH 0005 O} (, G F)osuodsay aseyd
ZHY Op< ZHY Ob< {peo| ou ‘pajunowun)Aouenbaly Jueuosay
JaAGLOI8 D0AGLOI8 aBe}|oA seig Indino ZHY 02 = ZH4 02 = (pajunop)Aouanbaiy Jueuosay
Jew.o fedlneuciay - [euoijewsiul SW1 a3l - 9L D] oasHQL> oas gL> (e0104)owi) 8sIy
Jewo4 sAjowony - [BUORELIRI| SWT SA3L - 911 ZH 000L O} L0 2H 000L 0 L0 (uonesaj@oy)(% Ot F)obuey Aouanbesy
Jewlo.| 8a.4 - [euoneuIBlu] SWT SA3L - V1L ZH 0005 9} L ZH 000G O} | (uopesejeody)(% G F)obuey Aousnboiy
¥°15P bd 3331 Yum jueydwod uopediunwod pue Alowsiy [eybid Jo siqeded SaIL- L YANYZZEF 3d Jq1 05 ¥ (s0104)ebuey Juswainseapy
3d  S/W G068 ¥ ¥d 60 ¥ (uonesae0oy )ebuey Juswainsesyy
“pasn aq Aew uondo eUo UBY} IO "MOjeq PRIOU B1auMm Jdaoxe NIAW 22 qI/AW 001 (20104)(% 0L FANnysueg
|epOW pIepuUE)s BU} 40} PI)SI| SE SBLOSSAd0. PUB SUONEDYIDAdS (BOUSP] SABY SUOISIAA [BUONdO (S/wW)/AW 201 B/AW 00) (uonessaoy)(% 01 A uag
SNOISY3A TYNOILDO I3 HSIONI : @ouBwWIOad

B.¥62 # NO3 10088z

e ¥OSN3S IONVAIdINI TYIINVHOIN oz

L. Marinangeli

Master of Science Thesis



74

Datasheets

B.3 Polytec LDV System

Figure B.1: Polytec Scanning Vibrometer system, [40].

Table B.1: Scanning Head.
Model PSV-400
Scanning frequency 40 kHz
Scanning range +20°R, and R,
Angular resolution < 0.002°
Angular stability < 0.01°/h
Working distance > 0.4 m
Weight 7.5 Kg
Dimensions 365 mm %160 mm %190 mm
Table B.2: Vibrometer Controller.
Model OFV-5000

Velocity ranges
Bandwidth

Analog low pass filters

2, 10, 50, 100, 1000 mm/s/V
0.5 - 1.5 MHz
2, 20, 100, 1500 kHz

L. Marinangeli
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B.4 dSPACE System

Table B.3: dSPACE system.

Hardware

DS1005 PPC Board
DS2004 High-Speed A /D Board
2x DS2102 D/A Board
DS817 PCI Link Board

Master of Science Thesis L. Marinangeli
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B.5 Smart Material MFC

General technical information

for the MFC

High-field (|E| > 1kV/mm), biased-voltage—operation piezoelectric constants:

>

31
Free-strain* per volt (low-field — high—field) for d33 MFC (P1)
Free-strain* per volt (low-field — high-field) for d31 MFC (P2)
Free-strain hysteresis*

DC poling voltage, Vpol for d33 MFC (P1)

DC poling voltage, Vpol for d37 MFC (P2)

Poled capacitance @ 1kHz, room temp, Cpol for d33 MFC (P1)
Poled capacitance @ 1kHz, room temp, Cpol for d31 MFC (P2)

Orthotropic Linear Elastic Properties (constant electric field):
Tensile modulus, E1*

Tensile modulus, E1**

Poisson's ratio, v12

Poisson's ratio, v21

Shear modulus, G12 (rules-of-mixture estimate)

Operational Parameters:

Maximum operational positive voltage, Vmax for d33 MFC (P1)
Maximum operational positive voltage, Vmax for d31 MFC (P2)
Maximum operational negative voltage, Vmin for d33 MFC (P1)
Maximum operational negative voltage, Vmin for d31 MFC (P2)
Linear - elastic tensile strain limit

Maximum operational tensile strain

Peak work-energy density

Maximum operating temperature — Standard Version
Maximum operating temperature — HT Version

Operational lifetime (@ 1kVp-p)

Operational lifetime (@ 2kVp-p, 500VDC)
Operational bandwidth as actuator, high electric field
Operational bandwidth as actuator, low electric field
active Area Density

Thickness for all MFC Types

* Rod direction
** Electrode direction

Work modes

expansion

4.6E + 02 pCIN
-2.1E + 02 pC/N

4.0E + 02 pC/N
-1.7E + 02 pC/N
~0.75 - 0.9 ppm/V
~1.1-13 ppm/V
~02

+1500 V

+450V

~ 0.30 nFlem2

~ 7.8 nFlem2

30.336 GPa
15.857 GPa
031

0.16

5.515 GPa

+1500V

+360V

500V

-60V

1000 ppm

< 4500 ppm
1000 in — lbfin3
<80°C

<130°C

> 10E + 09 cycles
> 10E + 07 cycles

OHz to 10 kHz
OHz to 750kHz

5.44 gfcm3

approx 0.3mm

bending

4.6E + 02 pm/V
-2.1E + 02 pm/V

4.0E + 02 pm/V/
-1.7E + 02 pm/V
0.75 - 0.9 ppm/V
~1.1-13 ppm/V
~02

+1500 V

+450V

~ 1.94 nfin2

~ 50 nffin2

4.4E + 06 psi
2.3E + 06 psi
031
0.16
8.0E + 05 psi

+1500V

+360V

-500V

-60V

1000 ppm

< 4500 ppm
~1000 in — lbfin3
< 176°F

<266 °F

> 10E + 09 cycles
> 10E + 07 cycles

0Hz to 10 kHz
OHz to 750kHz

5.44 gfcm3

approx. 12 mil

torsion

L. Marinangeli
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B.5 Smart Material MFC

7

MFC Types specifications

NHBBST P

d35 Actuators with expanding motion P1

MFC P1 / F1 Types (d33 effect actuators)

model active length active width overall length
mm mm mm
P1-Types (0° fiber orientation)
M-2503-P1 25 3 46
M-2807-P1 28 7 40
M-2814-P1 28 14 E
M-4005-P1 40 5 50
M-4010-P1 40 10 5
M-4312-P1 43 1 0
M-5628-P1 56 28 -
M-8503-P1 85 3 o
M-8507-P1 85 7 =
M-8514-P1 85 14 101
M-8528-P1 85 28 e
M-8557-P1 85 57 03
M-14003-P1 140 3 160
F1-Types (45° fiber orientation)
M-8528-F1 85 28 s
M-8557-F1 85 57 105

MFC P2 [ P3 Types (d3q effect actuators)

model active length active width overall length
mm mm mm
P2-Types (anisotropic)
M-0714-P2 7 14 16
M-2807-P2 28 7 37
M-2814-P2 28 14 37
M-5628-P2 56 28 66
M-8503-P2 85 €l 13
M-8507-P2 85 7 100
M-8514-P2 85 14 100
M-8528-P2 85 28 103
M-8557-P2 85 57 103
M-8585-P2 85 85 103
M-17007-P2 170 7 186
P3-Types (orthotropic)
M-2814-P3 28 14 37
M-5628-P3 56 28 66
M-8528-P3 56 28 103

d33 Actuators with twisting motion F1

T
N\
U
dsq Actuators with contracting motion P2
P1 F1
_— S e
Al

overall width Capacitance free strain blocking force
mm nF ppm N
10 0.20 1050 28
18 0.54 1380 87
20 1.15 1550 195
1 038 1180 51
16 1.23 1400 126
21 203 1500 162
37 5.07 1800 450
14 0.64 1050 28
13 1.76 1380 87
20 3.39 1600 202
35 6.58 1800 454
64 12.84 1800 923
10 1.46 1050 28
35 7.06 1350 485 calc.
64 13.26 1750 945 calc.

P2 P3 r'e
Le M < vt
al

overall width Capacitance free strain blocking force
mm nF ppm N
16 7.89 -600 -85
10 1511 -650 -40
18 30.78 -700 -85
31 113.06 -820 -205
8 15.68 -480 =[5!
10 49.84 -670 -42
8 84.04 -700 -85
31 177.07 -820 -205
60 34293 -840 -430
88 520.37 -842 -650
12 93.11 -670 -42
18 3375 -750 -1o
31 133.12 -900 -265
31 224.06 -900 -265

Master of Science Thesis
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B.6 Carbon Fibre Properties

Quality P =

Carbon Fibre

TANAD ANV A®

SOFICAR SOFICAR
Sales Office Head Office & plant
Sequana II - 87, quai Panhard et Levassor Route de Lagor
75 634 Paris Cedex 13 - France 64 150 Abidos - France
Tel : 33 (0)1 56 61 12 80 Tel : 33 (0)5 59 60 71 00
Fax : 33 (0)1 537999 01 Fax : 33 (0)559 60 71 10
E-mail : info@soficar-carbon.com E-mail : info@soficar-carbon.com
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B.7 Epoxy Adhesive for transducers bonding

Ciba Specialty Chemicals

Performance
Polymers

Structural Adhesives

Araldite® 2012 (AW 2104/HW 2934))

Two component epoxy paste adhesive
Key properties e High shear and peel strength

e Tough and resilient
* Rapid curing

e Bonds a wide variety of materials

Description Araldite 2012 is a rapid cure, multipurpose, two component, room temperature curing, high viscosity liquid
adhesive of high strength and toughness.
It is suitable for bonding wide variety of metals, ceramics, glass, rubbers, rigid plastics, and most other materials in

common use. It is a versatile adhesive for the craftsman as well as most industrial applications.

Product data

2012/A 2012/B 2012 (mixed)
Colour (visual) opaque pale yellow pale yellow
Specific gravity 1.16-1.18 1.15-1.18 calls
Viscosity (Pas) 25-45 20-40 typically 25-35
Pot Life (100 gm at 25°C) - - 4 minutes
Shelf life (2 - 40°C) 3 years 3 years -

Processing Pretreatment
The strength and durability of a bonded joint are dependant on proper pretreatment of the surfaces to be
bonded.

At the very least, joint surfaces should be cleaned with a good degreasing agent such as acetone,
trichloroethylene or proprietary degreasing agent in order to remove all traces of oil, grease and dirt.
Alcohol, gasoline (petrol) or paint thinners should never be used.

The strongest and most durable joints are obtained by either mechanically abrading or chemically etching

(“pickling”) the degreased surfaces. Abrading should be followed by a second degreasing treatment.

Mix ratio Parts by weight Parts by volume
Araldite 2012/A 100 100
Araldite 2012/B 100 100

Resin and hardener should be blended until they form a homogeneous mix.

Resin and hardener are also available in cartridges incorporating mixers and can be applied as ready-to-use
adhesive with the aid of the tool recommended by Ciba.

Application of adhesive

The resin/hardener mix is applied directly or with a spatula, to the pretreated and dry joint surfaces.

A layer of adhesive 0.05 to 0.10 mm thick will normally impart the greatest lap shear strength to the joint.
The joint components should be assembled and clamped as soon as the adhesive has been applied. An even
contact pressure throughout the joint area will ensure optimum cure.

September 1997 Publication No. A 231 c GB Page 1 of 4
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B.8 High Voltage Wires

RoHS

CnC Tech

Industrial Cable and Connector Technology

P/N 3239-24-1-0500-0XX-1-TS

(Conductor: Tinned strands)
—

COMPLIANT

(Insulation: Silicone Rubber)

UL3239 - Silicone Rubber Wire 150°C 3KV (24 AWG)

Tinned Strands, copper conductor, 11/0.16mm strands.
Overall Diameter = 1.55mm (+ 0.10mm — 0.03mm)
Insulation Thickness: 0.55mm

CONSTRUCTION:

DUAL-RATED AWM: Can be used in USA and Canada

UL Subject 758 UL FILE NO:E108485

CSA Standard CSA FILE NO:LL84687

Printed Markings:
“AWM 3239 150°C 3KVDC VW-1 24AWG E108485-S
REIHSING CSA TYPE TV-3 150°C 3KVDC 24AWG LL84687
FT1 SILICONE RUBBER”

Passes UL VW-1 & CSA FT1 Vertical Flame Test.

CERTIFICATION & APPROVALS:

Rated Temperature: 150°C ~ -50°C

Rated Voltage: 3KV

Insulation Potential Strength: 6000 VAC/min

High flexibility: Soft silicone rubber material.
Maximum Conductor Resistance: 88.6Q/km
Resistant to: Qil, extremes of hot & cold, flexing, high

PHYSICAL
&
ELECTRICAL PROPERTIES:

Voltage spikes.

Silicone rubber wire, has high temperature resistance and

APPLICATIONS: high flexibility in confined spaces. Suitable for use in LED
TVs, Laptops, Microwaves, Photocopiers, Scanners.
PACKAGING: 500ft per reel.

Conforms to all current RoHS directives as laid out in EU
Directive 2011/65/EC.

Current SGS reports for this wire are available upon
request.
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