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Sommario

Obiettivo del presente progetto di dottorato € lo studio e sviluppo di sistemi
meccatronici e di modelli machine learning per macchine operatrici e celle robotizzate al
fine di incrementarne le prestazioni operative e gestionali.

Le pressanti esigenze delercato hanno imposto lavorazioni con livelli di
accuratezza sempre piu elevati, tempi di risposta e di produzioneaido#ii contenuti.
Le aziende manifatturiergchiedono quindidispositivi innovativi da integrare nelle
macchine convenzionali, nafigurandole e fornendo loro le capacita richieste dal
mercato, impiegando dati ed informazioni. In questo contesto nasce il progetto di
dottorato, focalizzato su applicazioni di lavorazioni meccanadmee lafresatura, che
includono sistemi complessi gliy ad esempio, macchine a 5 assoleot industriali, il

Cui utilizzo varia a seconda dell 0i mpi eg:
| avorazioni, S i deve ancherobotmer perdettarear e |
undefficientencapadil tdi ne ege®sti mpi ant o. L a

puo evidenziare sia specifiche problematiche inerenti alle lavorazioni (e.g. vibrazioni,
posizionamento del pezzo, interazione peatamsile) sia inefficienze piu generali che
ri guar danto@rodutivb (@.g. iasservimento delle macchine con robot, consumo
energetico).Vista la vastita della tematica, il progetto si € concentrato su specifiche
problematiche sia a livello macchina che a livello di impiang» @suddiviso in due
parti:

1 la s=zione 1 héo scopo di presentare lo studio e lo sviluppo di due specifici dispositivi
meccatronici, integrabili in macchine operatrici, che puntano principalmente alla
compensazione di vibrazioni indotte dal processo di lavorazione. | dispositivi sono
stati progettati per essere integrati in macchine convenzjonalementando le loro
capacita pesoddisfare i requisitsempre piu stringentilelle lavorazionimeccaniche
di altaprecisione.

1 la sezione 2s i focalizza invece sull déintegrazi
macchine utensili in celle robotizzate, impiegando modelli di machine learning per
definire le traiettorie ed i punti di raggiungibilita del robot, al fine di migliorarne
| 6 a c c u relappsezipraraental del pezzo in diverse condizioni. Lo scopo € di
identificare modelli datariven, piu efficaci nel rispondere ad eventuali cambiamenti
delle condizioni operativambientali rispetto a modelli owenzionali, basati sulla
cinematica inversdel robot.

| dispositivi meccatronici proposti sono in grado di controllare attivamente e
smorzare le vibrazioni indotte dal processo di lavorazione (ad esempio originate dal
processo, da motori elettrici, eccentricita, squilibrio di organi rotanti, etrdarma e
usur a degl i i ngranaggi ) e S i basano S U
opportunamente pilotati per compensare gli spostamenti di disturbo rilevati.

Il primo dispositivo & un sistema compatto di massa inferiore a 6 kg che si
interpone ta | -@ffeatod e la struttura di una macchina operatrice ed e costituito da
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due attuatori piezoelettrici, i quali guidano delle masse sospese, lungo un moto rettilineo

(in direzione X o Y) tramite delle speciali flexures per una corsa complessiva di

28.0 um, in funzione del segnale retroazionato al contrelllh sistema opera sul piano
ortogonale all 6asse di rotazione del mandr ir
stato sviluppato, modellizzato e validato sia in simulazione che sperimentajyeeiite

controllo attivo delle vibrazioni nel range 8{x - 300 Hz. In particolare, il controllore

proporzionale (P) / proporzionatkerivativo (PD) si & dimostrato la scelta piu valida per

le applicazioni industriali considerate e il banco prova utilizzdeato durante il lavoro

di questa tesi. Durante le prove sperimentali, si sono ottenuti risultati di contenimento

delle vibrazioni pari al 1:84% del disturbo nel range di frequenza H0- 200 Hz.

Il secondo sistema meccatronico ha invece lo scopo @intya il corretto
posizionamento del pezzo attraverso un supporto la cui posizione e definita da tre
attuatori piezoelettrici di alto voltaggio, che permettono il movimento relativo della
tavola portapezzo. In questo caso, il progetto di tesi si &€ featdizsul sistema di
controllo del dispositivo e la simulazione dei disturbi hiaeari, isteresi e creep. Per
soddisfare le richieste, & stato implementato un controllore PID con uno schema di
bumplessswitching, studiando le due configurazioni applicaliilposizionamento del
pezzo da lavorare in cui non ci sono disturbi dinamici, e la fase di lavorazione, in cui
guesti disturbi sono generati dal processo di lavorazione. La validazione in simulazione
ha ottenuto risultat ifregpenza 10 tHE & 000 Hz,conel | 61 nt e

riduzioni pari al25-56% del disturbo

L a t esi h a Il nol tre affrontato probl er
robotmacc hi na, come ad esempio | 6accuratezza d
macchina. Si é studiato un medi di machine learning per ottenere la cinematica inversa
dei robot industriali partendo da un set di misure sperimentali e dalla cinematica diretta.
Questo approcci o per mette di velocizzare [
traiettorie, principalmete per i giunti iniziali che richiedono piu energia per la
movimentazione. |l metodo presentato divide il sistema complesso (robot industriale) in
un insieme di singoli sistemi dipendenti e si basa su di uno schema di rete neurale per la
creazione del maalo cinematico inverso. Il modello considera sia la posizione finale
del tool center point del robot sia le informazioni dei singoli giunti, riducendo la
deviazione rispetto alla posizione di riferimento da raggiungere e la complessita di
calcolo. La valilazione é stata effettuata su due robot industriali, sia in simulazione che
sperimentalmente.

In conclusione, lgporesente tesi vuole proporre soluzioni meccatroniche e di
machine learning per incrementare le prestazioni di macchine e sistemi robotizzati
convenzionali. | sistemi studiati possono essere integrati in celle robotizzate,
focalizzandosi sia su problemateckpecifiche delle lavorazioni in macchine operatrici
sia su problematiche a livello di impianto rofmeéicchina. Le ricerche hanno riguardato

undapprofondita valutazione dell o stato del |
progettazione funzionale | 6i denti fi cazione dell e critici
realizzazione dell e simulazioni e dell e prov




Abstract

The aim of this Ph.D. project is the study and development of mechatronic
systems and machinedrning models fomachine toolsand roboticapplicationsto
improve their performances.

The industrial demands have imposed an-@wereasing accuracy and efficiency
requirement whilst constraining the cost. Hence, to satisfy these conditions the
manufaturing companies need to develop innovative devices to be mounted upon the
conventional machining centres, increasing their capabilities. In this context, this project
focuses on machining processes (e.g. milling) that include complex systems such as
5-axes machie tooland, typically, industrial robots, employed for various applications.
Beside the issues related to the macigrprocess itself, the interaction between the
machining centre and the robot must be considimethe complete industrial plaints
improvement. This scenario’s complexity depicts both specific machining problematics
(e.g. vibrations, workpiece positioning, tembrkpiece interaction) and more general
issues related to the complete plant, such as machine tending with an incaisatiahd
energy consumption. Regarding the immensity of this area, this project focuses on
specific issues related to both the machining centre and the plant, and is divided in two
parts:

1 Section 1 aims to present the study and development of two medbalewites, that
can be integrated into the machining centre, for the active vibration control of
disturbances during the machining process. These devices have been studied to be
mounted oraconventional machining centre to increase their performancsediséy
the present industrial requirements (e.g. tiiigh precision machining).

1 Section 2 focuses on the robot machine tending within the robotic cell. Employing
machine learning schemes for the trajectory definition and robot reachability to
improve thke corresponding positioning accuracy. The objective is to define data
driven models, more accurate to handle variations in the opegeatireonmental
conditions with respect to conventional models, based on the robot's inverse
kinematics.

The proposed méatronic devices are able to actively contain the machining
process vibrations, which might have a number of sources such as the cutting process
itself, the eccentricity of the system, the electric driving system, unbalanced rotation
elements, form errorand wear of the gears, among others. Furthermore, the actuation
systems studied during this project are based on piezoelectric stack actuators, driven to
compensate the measured vibrations.

The first device is a compact system, with a mass lower than 6 kg, that has been
ideated to be mounted between the-effdctor and the machining centre structure. It
has two piezoelectric stack actuators that are employed to move the two corresponding,
caefully shaped, masses along a straight path (for X or Y direction) through a set of
flexures. The maximum achievable displacement i28dd um and is defined by the
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control system based on the feedback signal. The system has two degrees of freedom and
its workspace is defined within the orthogonal plane to the rotation spindle axis. The
device has beerdeveloped modelled, and validated in both simulation and
experimatally for active vibration control within the range 80 H200 Hz. Particularly,

the proportional (P) proportional derivativéPD) controller has demonstrated to be the

best choice in terms of the industrial application considered and the develaethtds

During the experimentatampaignthe system showed promising results obtaining
containments of 1:94% for the disturbances within the frequency range evaluated
100 Hzi 200 Hz.

The second device aims to accurately position the workpiece by gntiven
platform with three parallel highioltage piezoelectric actuatoiscated between the
workpieceplatform and the base. Regarding this device, this thesis focused on the control
system synthesis and the simulation of nonlinear phenomenon, suchiereiysand
creep. To satisfy the requiremeragroportionaintegratderivative (PID) controller has
been implemented with a bumplessitching scheme. Thereafter, two different set of
parameters were defined and validated for the identified phasdgiaa® positioning
without dynamic disturbances; and the machining phase where the pitsmdks
produces the vibrations. The assessment of the device has been carried out in simulation
with promising results in the interval of interest, 100THkE000 Hz with disturbances
containment of 256%.

Furthermore, this thesis has also focused on issues related to thmeahating
centre interaction, as for example the workpiece positioning accuracy by the robot. A
machine learning model was evaluated to clethe inverse kinematics of industrial
robots from a set of experimental measurements and the forward kinematics. This
approach permits to reduce the computational time during the trajectory optimization and
focuses on the first joints, as they requiree higher energy for the robot motion. The
present method divides the complex system, the industrial robot, into a set of more simple
interdependent elements related to the individual joints and pursues to provide a model
based on the artificial neural meirks for each one. The interaction between the models
produces the complete inverse kinematic model for the evaluated robot. Such model
considers both the final tool centre point position and the individual joints information,
reducing the deviation frorthe wanted position and the computational burden. The
method validation has been carried out with two industrial robots, in a simulated
environment and with an experimental campaign.

In conclusion, this thesis aims to provide a set of solutions, basedaratronic
devices and machine learning schemes, to improve the conventional machining centre
and the robotic systems performances. The studied systems can be integrated within a
robotic cell, focusing on issues related to the specific machining pronds ahe
interaction between robohachining centre. This research required a thorough study of
the stateof-the-art, the formulation of theoretical models, the functional design
development, the identification of the critical aspects in the prototypgndeghe
simulation and experimental campaigns, and the analysis of the obtained results




Introduction

In this sectiorthe general introduction for this thesis presentedAfterwards, the
object of study is depicteand the problem statement describéhally, thethesis
outline, format, and aim arexplained

1.1 Industrial Problem Statement

Nowadays the machining scheme environment has become a complex multi
device systencomposedof, among other secondary elemerdsmachining centre
responsible of the actual processd an industrial roboémployedto interact and
cooperate with the actualachining proces§ he consequent systemofs
separation between the different componémesase their treatment and enable the issues
identification and characterizatiomhereby, the system is divided in two pafiyithe
machining cent, and (ii) the robotic system and its interaction with the former.

The initial component for the case study corresponds tont@hiningcentre,
more specifically ultrgorecisionmachiningandmicro-milling [1]. Micro-milling cutters
haverelatively poor stiffnessthereforeare very sensitive to cutting forceshich are
significantly different from those in macro milling in terms sste, morphology,and
other factorsin fact, the cutting forcesreusuallysmallwith amplitudes lower tha6 N
[17 3]. In a similar manner, in terms of vibrations monitoring, sheall size of the tool
employed generates displacements of a few midi@namong which chatter requires
further consideration due to its regenerative effect as for Amaitlia g; indeed, machine
learning applications for milling monitoringas been an important research topic during
the last decadgli 8]. Despite the numerous differences, since mioiiting is based on
conventionalmilling it does not entangle the machinipgocess and is considered the
most suitable for mass productif8]. Nonethelessseveral issues related to the micro
milling process must be accounted for to assess the process performance and evaluate
possible improvement3 he problematics, as for maemalling, can be summarizeid
tool runouttool deflection, vibrationand chattef3]. These disturbancese tendentially
defined with periodic variationsand in some cases with unstable behaviour as for
uncontrolled chatter whiglf neglectedhave several consequences in the quality of the
final productwith consequent surface roughnelseseconsequences increment the final
cost of the produced part, as they require extra machining to limit and eliminate
remaining imprecisions. Furthermore, the production cost is increased in terms of
employed tool as the wear is tendentially incremerftathlly, the energy consumption
of the machine is incremented due to the influence of vibration issues and tool
weahbreakage

The second part of the complex system @poad to the inclusion of robotic
systems and their interaction with the machining centre, typically related to machine
tending and handling operationBespite their currenimplicationsin direct robotic
machining which emplogthe robotic system as substéwf the machining centre, their
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lower stiffness and further requirement of amddevices to perform at the levels of the
machining centre for the considered applicatiomgmains a limitation for their
implementation10]. However, theirinclusionwithin the machining environment has
presented several advantages in terms of production vphatection in workpiece
errors due to incorrect initial positioning, flexibility with machining tool changes

wear evaluationamong others. The motion of t&ven robot can be controlletirectly

from the CNCunit. The productivity and accuracy of the operati@ties on the
programming, path planning, motion strategy, and dynamic optimization. Irfdeéuls

case study two problems are considengaolsitioning errors, related on occasions to
calibration errors, and an increment in thpower requirements These have
consequences upon the production and the corresponding dosteaample, errors in
robot final position could result in breakages for handling processes and interruption of
the machining process. In a similar manner, wiolagemenof the workpiece produces
machining errors and might require furth@opcessingincreasing the production cost
andtool wear. Considering instead the reduction of the power requirements in a robotic
cell, it might require for example path optimization, which for analytical approaches
would result in high computational burden.

In summary, the continuourscrement in te demands for higher product volumes
and quality while reducing the associated cost entangle the current production system.
The inclusion of industrial robots has allowed to overcome donigtions however,
despite the benefits of its applicatjdiurther improvements must be evaluated and
considered to solve issues directly related to the machining scheme. In fact, to overcome
these limitations mechatronic devicefl1i 15] are mostly recommended along with
machine learning schemes for identificatiordanodelling[7,16/ 19]. In this scenario,
this research focuses dwo main issues related to the milling mwdvice systenthe
vibrations produced during the mienailling phase and the correct workpiece
positioning. These complications are addressed withnitlasion and presentation of
two different mechatronic devices and a machine learning schamelepicted in
Figure 1. Whilst thedevices are defined and validated to directly addbesis issues
within the machineentre with two different actuation points: at the spindteol holder
system and at the workpiecthe machine learning model is presented as a novel
methodology tesimulate the inverse kinematics of a robotic system, and hence permits
to deal with the positioning issupsoduced by the interaction between the robot and the
machining centre. Furthermore, tgeazen methodologycan be employed to develop
feedforward or moddbased controllerfor robotic milling.

1.2 Thesis Outline

The following thesis worlhas been distributed into two consequent sectsns
depicted inFigurel:

9 Section I: presents the research treatmafthe vibration issues in machining, more
specifically in milling machines. Along this section two different mechatronic
devices are introducetoth ofwhich have been studied to counteract the effect of
unwanted vibrations during machining: a spindieurted device and an active
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workpiece holderWhilst the former is constrained to the vibrations limitations, the
latter has a secondary goal, the corlecationof the workpiece to avoid anyiss
positioning errors during machining.

1 Section Il: presents té evaluation of a machine learning approach to define the
inverse kinematic scheme of a standard industrial robot based orHipameters
and optimization scheme$he main goal is to improve the computational speed
during trajectory planning and folng whilst reducing the positioning errors for
the robotic structure. These errors generate several issues during their interaction with
machining centres.

Each section is divided into 5 chapteZiapter lintroduces the industrial issues
related to thestudied case, thepercussion on the production of the machining system,
and presents a literature review of studies/devices related to the present research. Finally,
the main contributions for the given section are depic@dpter 2presents the object
of study, the boundaries and limitations, and pursues a brief description of its working
principle. Chapter 3 defines the modelling principle employed for the case study
evaluatedwhilst in Section | it contains the electromechaniwahlinear modelling of
the mechatronic devices for active vibration contirolSection Il the machine learning
scheme is define€hapter dintroduces thsimulations employed to validate and assess
the considered system affichally, Chapter Spresentshe experimental campaign.

Section Section
I II
Mechatronic Devices Machine Learning

|
.

Workpiece

' Spindle l Holder | . l ' !

Unwanted Vibration
Positioning Issues

Micro-milling Industrial Robots

Figure 1. Machining paradigm considered.

1.3 Aim of the Thesis

The objective of tis thesis research is to address the machining issues derived
from industrial applications, mainly ultraprecisigmicro-milling) machining and
robotics integration. This work focuses on unwanted vibration control during the
interaction between tool and wguikce; this will be accomplished with two different
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industrial appealing mechatronic devices: a novel spindleatves device and a three
degreesof-motion workpiece holder. Both devices employ piezoelectric actuation for
which a complete nonlinear eleatnechanical standard modelling scheme is
implemented. Furthermore, the presence of robotic systems in the industrial environment
requires consideration, in fact, the modelling and calibration problematics are addressed
with a novel machine learning methodgy based on their interaction with the machining
centre. The three elements, both devices and the robotic machine learning model, are
centred and developed based on the improvement analysis upon machining industrial
requirements highlighting the potentfature applications and developments to further
improve the technology for these operations.

The key contributions of this thesis are summarized as follows:

1. Concept design, simulation, prototype construction, and experimental validation of a
spindle actre control vibration device based on piezoelectric actuation.

2. Model and regulatordevelopmentand validation for a workpiece holder device
based on piezoelectric actuation employed for positioning and vibration control.

3. Novel machine learning model methodology for inverse kinematic definition in
robotic applications.




SECTION |

Mechatronic Devices for Active Vibration
Containmentand Workpiece Positioning






Chapter 1

Introduction

In this Chapter he problem statement for thalling centre is introducedhe main
vibration sources are defined, and thlmnsequence of the uncontrolled
disturbanceare depicted. Furthermore, the main solutions proposed in industry are
presentedirom passivrocess solutiont® devices developed for both passive and
active applications. Finally, the contributions of this thesis work to the field are
described.

1.1 Problem Statement

The globalization erawithin which the industrial environment is currently ,on
presentseveral requirements and necessary conditions to provide higher production and
guality, whilst reducing costs. This approach has been of core imgeitarecent years,
with a series of industrial enhancement and improvenstatied to provideolutions
for theproductionconstraint412]. However, thesdemands entail a set of issues related
to the machining environment, which in the simplest consideration increases the relative
motion between tool and workpiece, resulting in issues withinaégroduct quality.

These vibrations can be classified in three main Kipai22]: (i) free vibrations,
(ii) forced vibrations, and (iii) seléxcited vibrationsThe first type is related to pulsating
excitationarigng from inertial forces, or inavect tool path that leads to a collision
between tool and workpiecBifferently, forced vibrations are periodical disturbances
dueto imbalances between gears or bearisgadle intermittent cuttingor external
harmonic excitationgmong othersFindly, self-excited vibrations argeneratedy the
interaction between tool and workpiad@ing machining; hes extract energy from the
system and grow during the cutting process if unattended, resultiggyirs t e mo s
instability. Whilst for free and forced vibrations the source candeetified, andtheir
effect handled and containestlf-excited vibrations are a more complex disturbance due
to their multisource natureln fact, these vibrations are known as chatter and can be
classified in: primary the cutting process itseland secondaryregenerative chatter
Despite regenerative chatter being the main research topic for vibration containment in
machining, several other chatter sources can be defswadh asfrictional chdter,
thermo-mechanical chatter, and mode coupling chatter.

Whatever the source, the vibration disturbadlicectly affectghe cutting process
as the cutting tool and the corresponding workpiece are intermittently out of contact
[23,24] Thereafter, seeral negative effects are encountered when vibrations are
neglectedamong which

11
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1 Issues related to surface qualityith an increased roughness which could
require further machiningncrementing the product cost

1 Limited material removal rate (MRR)incrementing the required
production time anchence, the final product cost

{1 Excessive noise.

1 Excessive and disproportionate tool weahich could result in early
changes incrementing the production cost and limiting the number of final
pieces

Considemng the wide range of machining operations, milling is one of the most
common methods due ftts high productivity, high flexibility, and its capability of
complex composite parts machinifg@l,25,26] However regarding the control
implications, other mcesses such as turning, keep the tool stationary while the
workpiece is rotated, this approach allolwsmplement a simpler device installing an
actuator near the cutting point. Differently, during milling the tool rotates while the
workpiece is stilland hence the fixed actuatarpon the spindlé tool holderi tool
systemare more difficult to locatd=urthermore, milling is a muipoint procesand thus
the instantaneous cutting direction rotates during machining.

1.2 Literature Review

Vibration containment can be divided into three major groups: process solutions
(mainly for regenerative chatter issues), solutions based on passive devices, and active
devices for vibration controllhe latter might be divided based on the actuation syste
or the sensory scheme. Nevertheless, the goal of this project is to evaluate active
appealing devices based on piezoelectric actuation, as will be introdeassive
approaches instead, which include both passive devices and process solutions, aim to
improve the machine design, vary the machining process, aadasan equipment to
absorb the extra energy due to unwanted vibrations.

1.2.1PassiveSolutions

The choice of process parameters to avoid instabilities in milling process is the
initial basic passive adution, which functionsmainly for the secalled regenerative
chatter vibrations. The idea is to choose the process parameters by evaluating what is
known as Stability Lobe Diagram (SLD), which defines the curve of stability with respect
to the depth ofut and the spindle speed. This graphical aid allows the user to choose the
coefficients for the undertaken process, however, the accurate prediction of the SLD
plays a core role in this decision. Despite the quality of the given diagram, it can only
guidethe parameters selection and it cannot guarantee that such conditions remain static
during the machining process, which if varied could result in stability [26%
Furthermore, the selected parameters tend tmbhservative in order to account foeth
expected modelling errors gritenceresult in a constrained efficiency of the machining
processFinally, it might result that machiningithin the stability range is impossible
due to other factorsuchas wear of the cutting tool or limitations oftimachine tool
[27].
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Consideringthe nature of the regenerative chatter, two process solutions can be
found, the spindle speed variation (SSV) andvheable helix or pitch toolsvhose
effectiveness is dependent on the degiginich requires optimizatiorgnd the process
characteristic§28]. These approaches aim to tackle the chatter generation by disrupting
the regenerative process. Howevarcritical analysis of such strategies reveals strict
limitations in their generahpplications. In fact, SSV requires certain characteristics to
be known such achatter frequencies and stabilipbes both ofwhich are sensitive to
slight changes in the machine-sgt[24]. Additionally, a varying configuration of the
machine tooduring machining caguideto changes in the machine structural dynamics
and as a result cdead to stability lobes becoming invali27]. Finally, the spindle
motors are not designed to vary the spindle speed continjaagly

An alternative passe solution is the implementation of tuned mass dampers
(TMD), elements that increase the damping of the critical mode without external power
through energy dissipatidi29,30] Alternatively, thirwall milling can benefit by the
inclusion of additional msses as if81], where the authors obtained an increment of
over 2mm of the critical axial depth of cut at 67@8m. They need to be accurately
designed, based on tiheodalmodel andhence their simplistic functioning is limited
only to the givernconstrainedrequency range. Furthermore, their location is of great
importance to maximize its functioning due to their dependency of modal beh@apur
In summary, under the uncertainty asmmplexity of the machining process, the passive
approach cannot show good performances without extra sources of d@6igy
therefore active solutions should be accounted for.

1.2.2 ActiveDevices

Due to the limitations encountered with passive solutiomsluding passive
devices, the use of active vibration control is depicted as an appealing alternative solution
based on several characteristics, among which: versatility, dynamic effiandy,
retrofittable to a variety of machine tooksctive approachesan be mainly divided into
two solutions: devices that act directly upon the sputdéd holdertool system, and
active workpiece holder3he latter are mainly employed for thivalled machining for
which the lowrelative stiffness of th&orkpiece with respect to the tool compels the
actuation system to be located near the machined atactuation systems for the
active devices are mainglectromagnetiand piezelectric

Among the various electromagnetic applicationsst of the idustrial appliable
devices include active magnetic bearif@@ 37], employing magnetic forces to support
the spindle axis in a necontact approacfi.he main advantages of their wgigh respect
to traditional balbearing spindleare:limited wear andriction, low maintenance cost,
and long operating lifestill, theyreduce the system damping, which is a drawback for
the spindle stability{32]. An alternative to overcome tbeissueswas found with
electromagneti@actuation, which can use a similar basic configuration asathige
magnetic bearings whilst maintaining the manufacturers inner bearings upon the spindle.
In fact, ths new configuration provides an independent device which can be incorporated
upon the pindle and control the unwanted vibratiolms[11,38]the authors propodan
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eightstator actuatawith two adjacent poles device located near the tool haliehasic
principle is that when current is applied in the coil a magnetic fighdaducedwhich
exertsan attraction forceipon the rotor, and thereafter upon the tool hoidspindle
system.The force amplitudén [11] is adjusted by altering the input currewith a PD
controller. The active damping performangeesers an increnent of the dynamic
stiffness at the first modal frequency of 2.89 and 3.67 forXkexis andY -axis,
respectively An alternative controis proposed ir{39], wherea sliding mode approach
is employed and the axial cutting depthsigjnificantly improved under the experimental
tests considereddespite thaesults obtained with the given devices, an important issue
related to the nature of electromagnetic actuators is due éaltlyecurrent generation in
the stator and rotator whemgh frequenciesare consideredwhich decreases the
applicable forcg11].

Whilst electromagneti@ctuatorshaveshown their capabilities,they tend tdbe
cumbersome devicewhereaspiezoelectricmaterialshave a reduced dimension while
maintaining great qualities for active vibration control systerdsie to their high
stiffness, higkresolution motion, higlamplitudeforce, lack ofrotary partsand element
interaction It is worth mentioning thatthese actuators require highst power
amplifiers, which constraints the number employadd a set of preloading uncoupling
springs to avoid transversal disturbances upon the actuator, direction upon which these
actuators are fragile

Initial approaches validated their use in workpiece holghv¢H) with asingle
axis piezelectric actuatqras for thesystem presented [27] employedto contain the
vibrations arising during umilling of flexible workpieces fixed to nengid clamping
systems. The authors employed an LQG robust controller with a Kalman observer and a
workpiece direct displacement feedback from a laser sensor. Fuotieerbeside the
low-frequency chatter control (74z) the authors contained also forced vibrations due
to their contribution of accuracy reduction and tool life shortening, particularly upon the
second harmonic of the toeglassing frequencyA similar flexible application was
studied in[40], where the authors presented a single axis compensation system formed
by a flexure hingedased worktable with piezoelectric actuation to compensate
workpiece deformation. The systamesa dynamometer table to measuhe cutting
force, which is employed in parallel to a rigid system force model, the difference between
the two signals is used to generate fliezoelectric actuatorPEA) voltage. Such
difference arises from the variations in radial depth of cut cabsedvorkpiece
deformation, hence, knowing its nominal value it is possible to compensate them in real
time obtaining the nominal depths. A further inner closed loop controller provided by the
piezoelectric manufacturer based on a Pl scheme was emplojiedaioze the PEA
motion and limit the hysteresis effect.

In order to further improve thAWH capabilities, a new control concept design
is introduced irff41], for which instead of the individual displacement of the workpiece,
the authors proposed to play the relative displacement between tool and workpiece,
real source of vibration. A simplified approach is presented by the authors ¢MIOF
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piezabasedsystemto handle lowfrequency chatter vibrations (~&2). However, the
experimental validatiorconsidered that the spindle vibrations were higher than the
workpiece ones and hence neglected the latter. Indeed, by double integration the authors
proposed a relative displacement constraint by handling the natural mode of the spindle
structure. In othewords, the active system moves the workpiece following the spindle
vibrations measured with an accelerometer, obtaining a 50% increment in the achievable
stable cutting depth in the conditions considered. Nevertheless, this simplistic approach
encountergssues with thirwall parts and with chatter frequencies much higher than
natural modes of the spindle structure.

In fact, a better filtering approach would be to implemetiitered-x least mean
squared EXLMS) controller as if24]; where the authsdesigneda FXLMS with force
feedback to contain the vibrations measured duringand dowamilling for a pieze
based palletized workpiece. The system was validated witlirexyuency components,
for which it showed promising results, containing the mearface roughness from
0.855um up to 0.50um for a steel workpiece and from 0.298 to 0.188um for an
aluminium part. Furthermore, a tool wear measurement was performed for the steel
workpiece assessing the reduction in the amount of wear when the controller was active.
A further development for the FXLMS algorithefound in Ford et a[42] for an active
workpiece holder with acceleration or force feedback. The authors implemented an
Internal Modal Control (IMC) FxXLMS for the adaptive controller and employed the
Feintuch algorithm to determine the secondary path loop. Furthermore, the developed
controller haswo variations, depending on the feedbanalemployed: acceleration
or force. The unstable milling experimemtaveshown a great improvement with the
piezobased workpiece device, eliminating chatter vibrations and reducing more than
92% the modal fragencies vibration levels with the acceleration feedback. On the
contrary, stable cutting procesgagsentedetter results with the force feedback, with
an extra higkpass filter to avoid static forces, improving the surface finisB1.3%
roughness and.8.9% waviness in 3D measuremehiowever, f higher vibration
frequencies areonsideregdon the order of kHz, the resulting requirements for the active
fixturing devices would be limited by the consequent inertial forces and operability of
the actuatorsvhen closed loop controllers are employede to their counteact
reasoning.

The active disruption of the regenerative effect obtainable in open loop through
stiffness variation methods with preloaded forces in different wavefaspsesented for
the frequency issue i3]; where a piezdbased active fixturing device is described and
validated in simulationThe outcomesshowed the open loop capabilities of these
schemes by disrupting the regenerative effect with sinewaves displacements of the
workpiece. The resultslepictedan appreciable variation over,080 rpm, with an
enhanced response when both axes are disrupted, indeperudeh#yfeed direction;
furthermore, the proportion between actuated displacement and feed per tooth coefficient
shouldalways be higher than on® maximize the SLD improvement. The simulation
resultshave shownncrements of 40% when such coefficient was equal to 1.5. Finally,
the tooth frequency must be known considering the incompatibility of regenerative effect
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with the given frequency and its harmonidgvertheless, this approach is not optimized

for the ma&hining conditions and is based on the SLD design, whose accuracy depends
on the quality of the model employed. Furthermore, the lack of feedback construction
implies a continuous actuation of the system, resulting hence in a reduced efficiency
systemand r educed actuatoros | ife.

A similar reasonings carried out iff26,44]for a spindle piezdased device. The
system requir@an initial modelling phase to validate and optimize the variation method,
while random stiffness excitatiggresentedn increnent at the peaks of the SLDke
best mean results were obtained with the multiple harmonic stiffness excitations for
which the GA was employed to optimize the Fourier coefficients. This open loop
approacltobtainedpromising results in terms of SLD exp#&rsand hence increments
in axial cutting depths. Nevertheless, they require an accurate modelling, the results are
not pointdefined, and the optimization time is excessive in terms of industrial
requirementsAn asymmetric stiffness open loop methogrsposed if25], where the
authors employed two pairs of piezoelectric actuators in-puBhconfiguration to
modify the axial stiffness of the spindle along theaXd Y-axes. Theesultsshowed a
reduction in the unstable zone in the SLDs whichedchdepending on the radial depth
of cut ratio and the type of milling (dowmilling or up-milling) whena single axis was
modified. Nevertheless, an iterative initial process based on the milling condition settings
is requiredfor which the stiffness gaiis determined based on the SLD construction and
the stability at the point of spindle speed and depth of cut chosen; afterwards, during
milling, a stability control based on an acceleration measurement is used to handle
appearing vibration issues andmedify the stiffness gain to regain stabilify different
open loop adaptronic spindle system based on preload piezoelectric actudejoictisd
in [45]. The authors presaatta system with three preloaded actuators, with strain gauges
to allow inner dosed loop positioning schemes, disposed in a parallel kinematic
configuration that is able to move the tool tip in a prismatic space along the three degrees
of freedom up to XHz. The aim of the paper was to handle the chatter disturbances by
generatingan additional lower frequency force, disrupting the regenerative process.
Nevertheless, during stable machining the actuation increases the resulting milling
forces.A more complex structure wastroducedin [46], where the authors included 6
preloadedhigh voltage piezoceramic actuators in a parallel scheme to obtaihCE5
active system for correct spindle positioningut no controller considerations or
machining experiments were carried obinally, the number of actuators and their
corresponding power amplifiers would result in a4a@pealing solution for industrial
applications mainly due to the high cost of this technology.

In summary closed loop approaches, despite their increment in controller
complexity and sensor requiremgeate the most promising technologies to tackle the
issues derivedfom machining vibrations, and hence improve the surface finishing and
reduce tool wear. The authors [@5,47] proposed a system with two pairs of
piezoelectric actuators in pusghill configuration with a model predictive control to
contain the chatter disturbances at the spindle in milling processes. The controller
requirad a system model descripted with a linear time invariant mib@eincluded the
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chatter phenomenon, the developeddtre, and the milling process models. The given
scheme was obtained with: (i) a state space identification based on FRFs experiments,
(i) a milling test with a dynamometer to obtain the milling cutting coefficients, (iii) the
Fourier series zero ordapproximation, and (iv) the Padé approximation to linearize the
chatter delayed computed based on the tooth passing periodnddw predictive
control MPC) weight matrices were constructed to contain only the chatter frequencies
avoiding static forces milst limiting the PEAs input voltages, obtaining an accurate and
efficient actuation in the real control proce§he experimental resulfgresenteda
complete containment of two chatter frequencies5@Hz and 1562 Hz) with respect

to the uncontrolledmilling for both X- and Y-axes A similar actuation system is
employed in48] with a nonlinear Fuzzy controller defined with expert knowledge. The
controller includes a set of comb filters to filter the static components of the milling
process measuremts based on the spindle rotation frequency reducing the power
requirement of over B in the experimental case (fromm mean square voltage of
0.603V2up to 0.014/?) and maximizinghe chatter control effort. Thregulatothandles

the regenerative phenomenon at the initial phase, and it quickly suppress it, hence, the
control voltage is mainly determined by noises and only maintained at small amplitudes.
The experimental results sheda complete containment of the chaftequencies for a
12,000rpm milling process (D58Hz, 1,118 Hz, and 1658 Hz) while slightly varying

the stable frequencieghis controller is defined based on expert knowledge and does not
require an explicit complex modelling of the system. Thus, dogiven system
combination, the control rule can be easily designed and widely applied at different
machining conditions.

Dohner et al[49] proposed a telemetry system with stacks of electrostrictive
material (PMN) embedded within the housing of the Imra& as actuators. The authors
employed a set of strain gages at the rotating tool to measure the bending deformation
through a hatbridge configuration which required translation to the stationary system.
The conversion was obtained based on the angafation of the spindle, measured with
an external encoder. The authors proposed an LQG robust controller to enhance the
milling capabilities in terms of the maximum metal removal rate, increasing the stability
of the cutting procesd he resultshowedhat the activelevice augmented the maximum
stable depth of cut for full immersion of an order of magnitude, whilst for lower levels
of immersionsncrements factors between 4 and 5 were obtaifieel basic qualities of
the piezoelectric actuators are enumwed also for this PMN, however, the
electrostriction is a quadratic effect, with respect to the linear piezoelectric éfect.
different approach with the LQG robust controller based on tmedthod was employed
in [20,23]for a three degree of freedom, rotation aroXnédndY-axes and translation
alongZ-axis, mechatronic module based on piezoelectric stack actuators disposed in a
Stewart platform scheme. Each actuator module included a set of flexures and a strain
gaugesensor disk to obtain the PEA displacement measurerkarnihermore the
disturbance feedback measurement near the tool tip was obtained witlaxaaltri
accelerometer positioned on the developed platform. The proposed device actuators were
modifiedto improve the frequency range of the application (H20to 900Hz) in [50],
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where the authors implemented a feedbfeeldforward adaptive controller based on the
harmonic steadgtate conceptreducing the vibration peaks duritige experimental
campaign oR6.2% B850Hz) up to 43.7% (20Hz), furthermore, the surface roughness
was reduced from 048m in the uncontrolled case up to Oyrh with the active device

An alternative robust controller is presentedld] where the authors employedua
synthesigontroller for a smart toolholder with two pairs of piezoelectric stack actuators
in pushpull configuration and a pair of displacement sensors. The paper presents an LTI
model obtained through ZOA and Fadased on which the robust controller is
implemerted accounting for the specific milling parameters and the parameters
perturbation for both milling and modal model. These considerations allow to modify
adaptively the SLDor the givenmilling condition. In fact, the whole milling process is
stabilized acounting for the uncertainty in the system parameters and the peak control
sensitivity is constraineddoth, end milling and flank milling experimental testgere
carried outassessing the chatter vibration control capabiliti€33@Hz and 1341 Hz),
obtaining a root mean squaaeceleration reductiofnom 20.1% up td339.9%.However,

due to the higher order thegynthesis controller responds slower with respect to the H

an important issue considering the highguency behaviour of the vibrations
components. To tackle thpgoblem an Hp robust controller is proposed j&1,52] for

the chatter mitigation through a set of piezoelectric actuators located at the beteing

ring on a custom toolhold@btaining a 65.7%eduction of the acceleration RM$he
corresponding almost disturbance decoupling problem with measurement feedback and
internal stability (ADDPMS), employs an accelerometer at the front bearing s@sport
feedback sensor considering that topldisplacement cannot be measured directly and
hence the milling process model is not explicitly considered. This robust controller has
an advantage on system stabilization, robustness and feasibility asatléd based.
Finally, with respect to the standard tdontroller, the control parameter is adjusted
actively during milling and even severe chatter can be suppressed if the actuator range is
wide enough.

In a similar manner, Monnin et 463,54] presentd a robust controller () for
the developed active structural control spindle unit, which included two pairs of
piezoelectric stack actuators working in pymhl configuration acting on the front
bearing and two orthogonally disposed accelerometerse &hbthors presented two
different control structures based on the aforementioned robust controller, a disturbance
rejection and a stabilization scheme. While the robust scheme required a single tuning
phasedependent on the system model but not the mahironditionsthe latter was
defined for gpredefinedprocess characteristitheglobal controller increased the lowest
experimental criticatlepth of cut POC) by 55% with a maximum stability increase of
73% at 2,300pm, however, a reduction in the stabilittyother speeds as 2, 1q0n and
2,800 rpm were observedMoreover, the local stabilization schensdowed an
augmented stability for the given process ¢tons up to 91%In summary whilst the
robust controller reduced the main resonance peak increasing the global SLD, no explicit
stability was assured, whilst the stabilization scheme managed to improve the machining
conditions for the chosen processdifferent approach to moddélased control systems
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is presented if55]. The authors proposed an active noise equalizer (ANE) controller

with an online Fourier transform scheme to differentiate the chatter frequencies from the
displacement harmonic to ttepindle rotation frequency. After a filtering phase, the
controller coefficient is tuned to attenuate or cancel completely the remaining
components based on the actuatorso capabil
sensors and piezoelectric aators.The experimental campaign presented showed a
containment of the 5,00@m chatter frequency (1,438&) to about 40%Even though

the accurate results with respect to LMS scheme are presented, there is a cue dependency
of the controller from the day dimension and the accuracy in the frequency recognition,

which might even result in the controller failure.

Although theseapplicationsobtainedpromisingresultsin vibration control there
still is a differentiation between the devices depending envibration of interest,
resulting in two sets of mechatronic structures, the methods that aim to control the
vibration of the spindk¢ool system or the workpiece system. In this scenario, the device
presented if15,47,48]was employed by Li et g56] with an MPC scheme based on a
wholesome model (ZOA and Padé approximations) that accounted for the $potdle
workpiece (STW) systerwith a resultantnaterial removal rattMRR) enhancement of
200% and 120% for the two experimental millingampaigns The proposed method
focused on flexible parts milling and the consequent interaction within the STW
structure. Two different controllers were implemented by varying the feedback signal:
() direct displacement easurement from the tool shank; (ii) difference between the
direct workpiece displacement point and the tool tip displacement, derived with a Kalman
filler from the tool shank measurement. The proposed controllers required the
discretization and modellingf the workpiece, as the model used in the MPC varied with
the measurement point employed for its derivation. Furthermore, if the cutting process
produces a small amount of materianoval,then the model for the given point can be
kept constanton the ontrary, if it modifies the modal characteristics of the workpiece
then the model should be revised through finite element analysis methods.

Along with piezoelectric actuation, promising research has been carried out for
what are known as proahass or indial actuators. The main idea is to employ a driven
actuator to produce motion into a suspenaieds connected with a set of springs to the
actuator,to absorb energy ancbntain vibrations. The main studies considered small
devices which have to lrggorously located near the eigenmodes of the structure and
hence limit the damping of the resonance point. This approach allows to overcome
several issues related to actuabsefety under external disturbances as the given scheme
lies parallel to thdéorce path in other words, the static stiffness of the original structure
is maintainedand the actuator does rfwve to support the cutting forces dire¢dy].

To the authords knowledge the main applic
active chatter control in machining processegploy electromagnetic actuatifsvi 60];

limited by the maximum movable mass, which should not be greater than 10 of t
structure and the maximum displacement should be limited to avoid excessive device
dimensions.These systemsshow accurate results for vibration control in various
applications as if61l], where the authors presented an inertial actuator mountdaton t
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industrial robot in order to contain chatter vibrations in-thall machining increasing
the critical limiting depth of cut by a factor of 2.6 with respect to the system in absence
of theproofmass actuator.

1.3 Contributions

Although the literature presents various mechatronic devices for active vibration
control in machining for which significant results have been achieved for particular
vibrationssuchas chatterFurther studies are necessary to improve the industrial appeal
of these applications, with particular focus on device compactness, ligranes$sgh
force generationwhilst maintaining reliability. These aspects are considered for the
devices evaluated during this thesis work: an active workpiece h@¥eH) and a
device foractive vibration controlAVC) upon the spindle.

The main contribution for the AWH device is to extend and validate the compact
fixture system thatontrolsin reattime three preloadegdiezo-actuated modulethat act
on the vertical as at different table points, resulting in @©8F (degrees of freedom)
structure.This progresss the design developed ii62] by implementing a dynamic
regulator to allow disturbance rejection capabilities in-filate precise machiningith
a gainscheduling approach. The proposed metleotploysa bumples$ID switching
controller to estimate the parameter uncertainty and enable the external disturbance
containment in an extended brelaand frequency range.

Differently, the active vibration spindle dee proposed in this thesis work is
based on the European Paté&f 3 587 030 Alwith the title:i Devi ce f or Acti v
Controlling Vibrat i Duirg ths reseasch thieovehsyste;m To ol 0
concepthas been further studied, designed, modelledyaled, and validated both in
simulation and experimentally with two purposmmhstructed test benek Different
controllers have been evaluated during the simulation phase: active resonator absorber
scheme, cascade controller based on PID schemespandustrial appealing system
based on a PIF scheme for which the experimental campagatainedpromising
results.
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Active Mechatronic Devices

This chapter presents the mechatrod@vices studied. Two different systems are
evaluated: a active vibration control system for the spindléol holderi tool
structure, and an activworkpiece holder for both positioning and active vibration
control. These devices employ piezoelecaictuators and eddy curres¢énsorsor
accelerometes; as feedback sourceThe functioning principle, features, and
limitations are introduced tbe accounted for during the model development and
system validation.

2.1 Introduction

Nowadays several mechatronic devices haven lisweloped and employed in
industry to solve a number of mechanical isdoascrease the r o d u aualitycandd s
volume Among theedifferent issuesthe vibration and modelling elements are of core
importarce for any type of machining or device dewpinent. Thereafter, this research
is based on three main different mechatronic deviodse or currently existing in
industry.

The first device, a platform to contain vibration disturbances due to machining
acting directly on the spindle, was in a corto@epphase design. A prototype of the device
was developed, and the corresponding electronics were defined. Furthermore, a test
bench was ideated and constructed in order to test such prototype. The controller chosen
for this application was a/PD and theexperimental tests were carried out under-low
power drivers to evaluate their effect on the final results with respect to the ideal situation
in the simulated environment. Moreover, the device modelling was developed in
MATLAB environment in order to delap and test a number of control schemes.

The second device corresponds to an actuated workpiece Haldét) which
was already prototyped, bfdr whomno dynamical considerations have been carried.
Hence, this work aimed to study the benefitslymamic control for this device when a
given machining process was carried out, obtaining promising results in terms of
isolation and vibration control. The controller chosen for this approach was an industrial
PID.

2.2 PiezoActuated Platform for Spindle AVC

This is the main device studied and developed during this thesis. The aim was to
obtain a scalable compact device capable of high forces and high reliability for surface
finishing improvement based on vibration contaent. In fact, differently from the
previous device, this platforim positioredon the spindlgool holder structure and will
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have an effect on the tetp instead of varying the workpiece position. Such platform is
based on the European Patéf 3 5& 030 Alwith the title:i Devi ce f or Acti v
Controlling Vibrations in a Machine Tool o

Several devices have been developed for this kind of applicatitims direct
actuator application as [44,44,48,49,5054,63]where there is an ongoing reseaoth
how to deal with transversal disturbances and heat generation due to the interaction
between actuator and rotation element (bearing, spindle, or tool holder). This kind of
devices show less appeal in terms of compactness but manage to exert dirgecipionce
the element of interest. Among the typical sensor applications: positioning sensors, as
the eddy current, or accelerometers are the most used. Further developments have been
pursued in terms of compactness by modifying the corresponding spindiebatit
supports or adaptronic systefrd$s,46,64]

The final approach is to define external devices or platforms which are easily
located upon the spindle without modifying the actual machining centre structure or their
corresponding natural behavioureqgonance frequency and modal behaviour) as in
[20,23,50,63,65]This structure represents the device presented in this section. The idea
was to deploy a platform device containing an inertial actuak@mre the actuation is
obtained through two orthogalty disposed piezoelectric stack actuators as represented
in Figure?2.

(b)

Figure 2. SpindleDevice: (a) CAD Design, (b) Uncovered Prototype

2.2.1Working Principle

The core idea is to employ a pair of PEAs (PST 150/10/40 VS15) to create a
displacement of a given mass contained by a set of flexures, spring elements, which
counteract the PEA force. The final force produced by the system corresponds to the
inertial compnent due to the mass motion. Henceforth, a critical aspect of this platform
is the definition of the mass, as it will directly determine the maxirobtainable€orce.

Furthermore, the piezoelectric actuators should provide enough force to create the
requred motion and allow the wanted displacement. In fact, the actuated mass and the
PEA are rigidly connected in order to avoid issues due to the separation between mass
and piezoelectric element for this kind of inertial actuation, as preserfeglime3. This
is one of the reasons why the flexure system was designed, to avoid an over elongation
of the piezoelectric actuator.
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Sensor

(b)
Figure 3. Spindle DeviceActuation: (a) Exploded Vision, (b) CAD Design

Based on the application and the controller employed, two different sensors can
be used. If the system is employed as an Active Resonator AbgARA), then the
internal accelerometer fixed on the moving mass, near its centre of mass, can be used as
feedback sensor. This containment scheme is based on the limitation of a given
disturbance through an antinode behaviour; in fact, the resonance sydieen is
modified through the actuator to counteract the external disturbance. Thereafter, the
acceleration measurement of the moving mass is sufficient for this application, with the
benefit of avoiding the requirement of any external sensors. Diffgrenaditional
controllers as the industrial wethown PID or more sophisticated applications as
FXLMS, based on the filter theory, opHa robust controller, in most of the cases require
the usage of additional sensors for the feedback signal to titr@léer, an acceleration
or a displacement measurement.

2.2.2Features

The application is based on piezoelectric stack actuators which determine the
great speed in their displacement variations, nonetheless, require expensive power
amplifiers in order to function correctly. However, these actuators are more reliable and
creae fewer mechanical issues due to the absence of moving partsesjtéct to
traditional electromagnetic actuators. Moreover, the absence of electromagnetic
disturbances from these smart actuators are a cue aspect. Despite these improvements,
the stack actators are less stiff and much more fragile under transversal disturbances
and motions which is an issue for this kind of mechanical applications and requires
further study for direct applications as the mentioned above. In fact, the development of
the flexure system allows not only to obtain a spring element to protect the actuator in
the axial direction displacement limitation patso, they provide high stiffness the
transversal directigrmeducing the disturbances along such direction upon the PEA.
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Furthermore, when the PEA is given a positive voltage in input it will elongate
creating a corresponding displacement of the final tip which is used to move the mass.
Still, the opposite behaviour functions differently, as in order to return to the initial
position the PEA voltage is decreased (or cancelled completely to obtain the initial state)
and hence the reactiveness of the actuator is different from the pushing phase. In order to
improve the mechanical reactiveness, the flexures behave as linemsspnd push
backwards the mass aiding ttantractionof the PEA.

As stated before, the moving mas®ie of themain parametaifor the system,
considering that the inertial actuation is proportional to it. Depending on the application
where the devicis employed, the maximum force should be estimated or measured, and
the corresponding mass chosenFigure4, the forcefrequency curve is depictddr a
1 um displacement with a varying mass: 1a8d5 kg. Nevertheless, the mass choice
should not modify the natural resonance of the machining structure upon which the
device is, nor should exceed the maximum force of the PEA actuator.
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Figure 4. Maximum inertial force for a im displacement with mass variation.

In order to install this device in a given machine an adapter flange has been
developed to match the holes of both the platform and a standard machinihgrestruc
This device is presented igure5a alongwith a CAD representation of its disposition
on a machining centr&igure5bb.
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CHAPTER 2 PIEZO-ACTUATED WORKPIECE HOLDER

(a) (b)

Figure 5. Device Connection to Spindle Housing: (a) Real Flange Adapter, (b) Simulated moui

2.2.3Applications and Boundaries

The spindle devicas not limited by the dimension of the workpiece and hence
can be employed for every type of machinistl, due to thdimited force generation
with respect to other applications the main aim was to use it for smaghining. For
this type of machining the forcese contained, and the displacement of interest for
surface finishing and correct production gains major gnce.

The frequency range of interdis betweern80 Hz and300Hz, but the interval
under study depends on the power electronics combination with the PEAs and the moving
mass. Furthermore, there could be a requirement of an external gesisioned on the
spindle depending on the control law chosen. For example, fepdovered applications
where the power amplifier does not reach the wanted frequencies, tirmasswilter
behaviour limits the applicability of the active resonator absadsesoning and hence
results in an obliged extra sensor. Nonetheless, if this was not the casenttioier
allows the complete independency from the machine upon which the device is mounted,
consentinghis mechatronic device to become an acplugin system.

Further applications will aim to deploy the artificial intelligence capabilities of
the device based on the acceleration measurements of the platform internal sensors to
predict wear or failure evenfg]. A different application forich sensors could be their
use to develop an observer for the position ofrtiass which is related to the actual
elongation of the piezoelectric actuator and therefore obtain an indirect feedback
measurement for hysteresis and est@ngations considerains.

2.3 PiezoActuated Workpiece Holder

During machining applications an important aspect is to handle the workpiece
displacement variations under the external disturbance while correctly positioning it on
the Zaxis. Several devices have been introduced in literature to handle this kindeof issu
[24,41,66 70], nevertheless, the challenge is still to obtain an industrial appeal for such
compact fixture systems. The idea of 8&/H device derives from the Stewart platform
[71i 74], but instead of six degrees of freedom it only has three @otatiround Xand
Y-axes and translation along Z), actuated with a set of piezoelectric modules. The
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resulting scheme can be studied as an actuation block between two plates, the fixed
bottom base and the moving platform, as observé&agiare6.

Actuator Link Moving Platform
N —

0

I
PEA |

NN |
:t = —‘é Actuator

. Controller
Datum POQ‘ . z )ﬂnccliun
| R |
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System

(a) (b)
Figure 6. AWH Device: (a)Parts Definition, (b) Prototype

This system is capable of high forces generation by employing piezoelectric stack
actuators, nonetheless, it suffers from an important amount of coupling due to the
mechanical connection to the workpiece plate with the three actuators.

2.3.1Working Principle

The working principle is based on the simultaneous activation of three
piezoelectric stack actuators (PST 1000/25/40 VS35) positioned parallel teattis, Z
fixed rigidly to the moving platform, and at equal angular distance from each other
( ~ /1 3 =pod&dcclinferance with a 4m radius, aslepictedin Figure7. Each
PEA has a maximum stroke capability of 4@, an axial stiffness of 458/um, and a
blocking force of 2%N.

Each actuator has an independent Eddy positioning sensor withOgi9z
bandwidth. This distribution allows to conceptually structure the Multigbeit
Multiple-Output (MIMO) system as 3 Singlaput-SingleOutput (SISO) wth internal
disturbances due to the coupling effect between the lines.

In order to produce a vertical displacement, or keep the moving platform still
without any orientation, the three actuators must be powered with equal voltages as
presented irrigure7a. Furthermore, to create a rotation around thexiX, at least one
between the A or B actuators should be powered, as shdvigure7b. Finally, in order
to obtain a rotation around theais, actuators A and B should be moved in the same
sense, whilst actuator C should be actuated accordidgiyerwise actuatorC could be
actuated aloneaspresented ifrigure7c.
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N B/ N B
(a) (b) ©

Figure 7. AWH: (a) Z-axisVertical Actuation, (b) Rotation Around-Axis,
(c) Rotation Around YAXxis.

A PID controller with backcalculation and bumpless switchiisglefinedn order
to handle two main different situations: a-petnt following phase whe the machining
centre is not yet activated gnidence no external disturbance due to the machining
process is present; and a disturbance rejection phase tiwbesystem has positioned the
workpiece in the wanted configuration and is ready to start the machining piexeas
consideration to the coupling effect was carried out, nonetheless, there was no
requirements of decoupling schemes as the internal disturbances were contained within
a reduced displacemeinterval with respect to the external disturbances

2.3.2Features

The AWH device benefits from the use of PEAs, considering their great force
capabilities along with their higprecision displacements, and its stiffness behaviour
under the passive configuration. Despite such considerations, the PEA has a limited
stroke with respect to other electric actuation schemes. In addition to this issue, the
chosen PE/A&an exerforces over 2&N but requires expensive electronics to be actuated
with optimal performance.

Furthermore, by varying the circumference radiusruphich the actuators are
positioned, the system shows high scalability, nevertheless, there is a limitation due to
the small angles approximation employed for the control development and modelling
phase for the minimum radius. In fact, the system predemt Figure 6b is at its
minimum disposition.

Moreover, the individual positioning sensors permit to consider the MIMO system
as three SISO systemsith a certain amount of coupling internal disturbances. These
ease the controller synthesis phase and improves the final results. Finally, it allows to
handle the known nonlinearities of the actuators, hysteresis and creep among others, as
their displacerants are obtained directly.

2.3.3Applications and Boundaries

The AWH device can be used for several types of machining, as milling and
grinding operations, and it has been especially developed fow#iinapplications.
However, the moving platform dimensiaietermines the maximum workpiece size,
resulting in a clear limitation of this system application. Nevertheless, due to the high
force capabilities of the actuator the system can handle a number of disturbances in a
broadband frequency with various ampdi&s.
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Even though the maximum displacement is limited by the nature of the employed
actuators, the resulting workspace capabilities of the system -@ds Zranslation of
+20 pm, rotation around >axis of +427.67urad, and rotation around -axis of
+49383 prad.

Further developments are required to measure and handle the vibrations arriving
from the table structure upon which the fixed base of the mechanism is positioned. In
fact, in order to allow for both active vibration control and external vibrasiolation
the system should be able to obtain the relative displacement of the moving platform with
respect to th@avement, buan extra sensor would be required. Nonetheless, the main
source of disturbance for the frequency range of interest{200L,000Hz) arises from
the machining mechanism, and not from external sources.
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Chapter 3

Mechatronic System Modelling

This chapter presents the modelling schemes for each deGomasidering the
importance of the piezoelectric actuators, which are employed as force sources for
both devices, an initial part is included of their linear and Hioear description,

with a particular focs on complete stage and hysterani@delling.Finally, the
presented stage nonlinear models are deployed for the spindle device and the active
workpiece holder with the derivation of the electromechanical manigldesign
approach.

3.1 Piezoelectric Stages Maelling

Both devices studied in this thesis work were develop based on the piezoelectric
stack actuatgrhence an introduction to thelinear and nonlinearmodelling and
considerations for such elements is of great importance to comprehend the complete
device functioning.

Theseactuatorsare sources of great force with small displacements and lack of
moving parts, which is an important characteristic. In the following section the linear
model of the piezoelectric actuator will be introduced to oltagrequationthat links
the input voltage to the force producéibvethelessthe PEA deformation is necessary
in order to evaluate the maximum displacement capabilfeghermore, this type of
actuators can be modelled as an actuated spring, whose dgforistiffness is
dependent on the input voltage. Hence, the applicable force of the actuator depends
directly on its deformation.

Finally, in the electrical environment due to fiezoelectric selectioto improve
the actuator propertie)e hysteresiphenomenoiis observed between the voltage and
the corresponding current. In fact, voltadygven actuators will present this nonlinearity
whilst chargedriven systems will, up to a certain extent, lackitofMoreover, no
hysteresis is exhibited when tleads are open, and hence no current is present, verifying
the assumption that hysteresis in piezoelectric actuators is produced in the olodtege
connection (input voltage to resulting chard@pi 77] .Nonetheless, the voltage
amplifiers are the ngi common power source for piezo actuation, dahérefore the
following modelling and equation will consider this as chosen power supply system.

3.1.1Linear Model

Despite being nofinear by nature, whenever the input voltage or mechanical
disturbance are contained the behaviour of the PEA can be approximated by the
constitutive equations in the IEEE piezoelectric stanfié8fl This linear assumption is
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CHAPTER 3 PIEZOELECTRIC STAGES MODELLING

limited by the predefined electromechanical requirements, nevertheless, it is still
employed in control synthesis and device validatioth@literature[13,20,23,7981].

In fact, if the piezoelectric displacement is directly measured the nonlinearities can be
considered as disturbances and hence, these equations can be used.

As presentedbefore the PEAs are considered smart actuators due to their
electromechanical characteristics: when a piezoelectric actuator is mechanically strained
an electric charge is praded, and this is known as direct effect. Conversely, the inverse
effect is when an electrical charge is applied the system generates a deformation.
Therefore, the strain and stress of the piezoelectric material is related to the
corresponding electric chge of the system, and this can be described bfotlusving
constitutive equationg8]:

Y QO 'Y
O T 0O QY 1

where"Yis the mechanical straii@ is the electric displaceent,Ois the electric field;Y

is the mechanical stresQ,is the piezoelectric constant, is the elastic compliance at
constant fieldO, and corresponds to the permittivity at constant sti&dsurthermore,
the subindexesj = 1:6, andm,k= 1:3 refer to different directions within the Cartesian
coordinate system with respect to the polarization direction (poling direamdgpicted

in Figure8.

3

\)6 IPoling

Direction

s
\5

1
Figure 8. Cartesian coordinate system for PEA.

Considering the PEAs employed in this study, stack actuators, a further
simplification can be executed. Typically, this kind of actuators are assumed to have a
single execution direction, which corresponds to the poling direction. Thereafter,
Equationl is approximated consideririge polingdirection3, obtainingthe following

Y QO 7Y
O 7 0 QY
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Assuming each layer has a thicknbsa crosssectional ared, and the electrical
potential between the two faces of each laydwighe following equations are obtained:
oy S"Qﬁo Q Qlqu O
Q Q 5 3
Furthermore, thelisplacement of each layesh, can be formulated in terms of
voltage and force as:
o Qa o .,

Regarding a PEA witn layers, the resulting final displacemesd,, can be
computed as:
o Lo eQi o .., o .,
YO e¥YQ — Q ¢Quw — Q w 5
0 0
Hence, the piezoelectric actuator can be studied as a spring whose elongation is
determined by the input voltage and the corresponding force. Its stiffness is determined

with two componats, a mechanical one denoted<asand obtained as=—‘ﬁ and an

t] t
electrical one’Q ). In fact in order to obtain the voltagerce function, EquatioB is
rewritten as:

"O 0 YD U Q W 5

Finally, the PEA charged( ) can be obtained in a similar manner based on its
capacitance valu®&( ) as:

0 Q0 6 7
However, this set of equations fail to model the complete behaviour of

piezoelectric actuatorseglecting important factorexcept when they are considered as
external disturbances and the PEA elongation is measured directly

3.1.2Nonlinear Model

PEAs modelling can be further improved when nonlinearities, like creep and
hysteresis, are taken into accband their compensation are still a core research topic in
piezoactuated stages and positioning.

The creeps a phenomenon that cause a drift behaviour of the output under a
constant input. It is a lovirequency property that can result in laksinglong-periods
precision positioning. The nature of such characteristic is related to a slow realignment
of the poles of the piezoelectric material when subject to a constant input voltage.
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The nonlinear model typically employed to simulate this behavuoalied the
logarithmic model and is expressed as:

N ¢
Wo (@) rl I C—
P (;O 8

where w 0 is the PEA displacement) is the time stamp at which the creep is
observablew is the displacement at tinte; and’ is a rate coefficient. These values are
obtainedwith experimental data

However, this lowfrequency component is easily contained through closeol
controllers asfor examplewith an integrator. Furthermore, when the interest of the
applicaton relies on higtirequency signals then the creep influence can be neglected
without further consideration.

Conversely, the hysteresis phenomenon observable in the piezoelectric actuators
when voltagesteered is not related to a specific frequency iaderin fact, this
characteristic is frequency dependent, meaning that as the driving frequency is increased
the hysteresis effeathanges Another important aspect is its amplitudiependent
behaviour, as the resulting curve will vary depending on the vgtage. Finally, the
hysteresis current output state exhibits a nonlocal memory behaviour, as it depends also
on the previous stat¢32].

Modelling this nonlinear characteristic has been a core topic in research, and a
number of research items can be founth@literature for this application. Nonetheless,
it is important to consider the interaction between the previously mentioned
nonlinearities; despite the reduction due to the increment in frequeheycreep
characteristic does not disappear completely, hence, both behaviours are not mutually
exclusive. Indeed, the estimation of one characteristic will be influenced, up to a certain
extent, by the other and this needs consideration when the experimental data is obtained
[83i 85] along with residual displacement, created by remanent polariz86gn

There is no standard modelling for the actuator hysteresis, depending on the
applicdion two main groups are depicted: phydiesed models and phenomenological
models. While physiebased models aim to comprehend the hysteresis with complex
materiatspecific estimations, which limits their application; the phenomenological
mo d e | ssdorepmaute a similar output characteristic of the real system with simpler
expressions, without providing an explanation ofdbialphenomenon. The latter has
more appeal in terms of controller synthesis and simuld&orihermore,tiese models
canbe once more divided into two different groups depending on the nature of their
hysteretic estimation in: operatbased models, and differentiahsed models.

The operatebased models such as the Maxwell slip m¢8ié&l 92], the Preisach
model [93199], and the Prandtishlinskii model [100i 110] employ elementary
operators based on mechanical elements or mathematical integrations to characterize the
hysteresis. These types of models are-iradependent (in their classical applications),
lacking anyfrequency dependency in their definition of the relation between input
voltage and resulting displacement. Furthermore, inverse feedforward controllers are
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difficult to implement for these models due to their operatsed nature. Conversely,
differentid-based models, such as the BoMen mode[94,111 115]and the Backlash

like model[84], use nonlinear differential equations, typically fiostler, to describe the
hysteresis behaviouf116], easing the controller developmerBased on these
consderations, the Boud/en model is selected to model the hysteresis phenomenon for
the studied applicationdNevertheless, certain modifications are required to obtain a
better approximatioto the real behaviowas will be presented afterwards.

BoucWen Model:

The BoueWen (BW) model, based on the Duhem mddéal7,118]that was first
ideated and applied for hysteresis modelling in ferromagnetic materials, has been sorely
studied and applied in literature due to its simple form, reduced nurhparameters,
andthesimpler approach for the derivation of a feedforward compensator with an inverse
model[94,112,113,110122]. The generalized BWhodelis a semiphysical approach
formulated as:

D6 QO O QO
O U 6 T 0TS QO L 08Q0s 9

whereu is the total voltage’Q is a constant weight parameter to link the input voltage

to the total one) is the input voltage to the actuat@®is the hysteresis component of

the real voltage; defines the hysteresis amplitude;and/ define the shape of the
hysteresis lop; and¢ , approximated to 1 due to the actuator flexibil$3,120,121]
controls the smoothness of the transition from elastic to plastic region, analogous to the
mechanical application.

Despite the previously mentioned advantages, the gener8\ixeshodelshows
a symmetrical behaviour, producing a hysteresis component which is stable around the
centre point of the displacement/voltage curve. This behaviour is not representative of
the real applications, as PEAs powered with higher input voltages ligher force
capabilities and thus increase their resistance to deformation to theliage input,
resulting in a higher component in this point with respect to the previous one.
Furthermore, the independent behaviour of the BW model concerningetiigeicy
variation (rateindependent) produces an increment in the modelling error. In fact, while
the input voltage amplitude variation creates different hysteresis loops, the model shows
no influence from the input frequency, which is observed in rgdicapions with PEAS.

Thus, further studies have been carried out to approach these issues considering
the introduction of an asymmetrical component derived from the sign of the hysteretic
voltage componenitl16,123,124] Equation10, and a frequency influenced factor or
ratedependency componejii25,126] Equationll:

Q0 |0 O TU 08Q0sS L 0xLQo0s Qo0
10 0f Q08 10
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N P

0O TQ U O Qo 11
wheret is the frequency factor; aindis the asymmetrical coefficient. Another approach
considered in literature to solve the rdiEpendency issue is to update in 4tgak the
BoucWen parameters with a recursive lesgtiare online identification meth¢tl27].

The limited number of parameters present in this model formulation is an
advantage as it facilitates the corresponding modelling while simplifying the
corresponding simulation and feedforward cancellations. However, it is sometimes
considered a limitatiorfor the corresponding modelling capabilities along with a
criticism for the firstorder differential equation employ§t8]. The derivation of such
parameters is carried out in numerous ways among which, particularly interesting
applications have beemwied out by employing optimization algorithms to identify the
corresponding valug424,129 133].

3.1.3Electromechanical Model

Up to this point the PEA liner model has been presented with the obvious
limitations due to the neglected inherent nonlinearfiresent in piezoelectric actuators:
creep, hysteresis, and voltage saturation. This limitation, despite obtaining accurate
approximations with closelbop schemes is indeed a constraint for the real simulation
and control synthesis. In fact, if not moddlknd taken into consideration, the controller
will be required to be more robust to handle the higher uncertainties of the linear model.
Thereby, the corresponding modelling schemes for the nonlinearities have been
introduced separately, with their advages and disadvantages. Nonetheless, until now,
no complete electromechanical model has been formulated. In this scenario, the initial
approaches presented a scheme as depicteidjimne 9, where there is a double input
representation due to the smart electromechanical characteristics of the piezoelectric
actuators that relate the mechanical stress/strain with the electrical [TBii%7].
Therefore,a variable is introduced called thensformer ratio (Tem) to relate the
electrical and the mechanical models, the piezo effect.

The electromechanical model has two ports, a voltage/current port in the electrical
domain, and a force/velocity in the mecltah domain. Regarding the actuator, the
model is then represented with an electrical port driven in voltage source and a
mechanical port with a force source representing the external mechanical load. The
mechanical approximation to a lumped mass and risgfiness and damping is an
assumption obtained based on the frequency range of interaction, which is within the first
resonance (typically in the order of kKHZ)].
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r' ext X

Figure 9. Electromechanical SchenfRepresentation for a PEA Stage.

Further developments implemented tf®@  and 'Y variables. The first
corresponds to the power amplifierds vol!
internal equivalent resistance. When this resistance is set to 0, hence neglected, the
previous modelling scheme is obtained, nonetheless, the peesfeines variable allows
to express the electrical part as a differential equation of the changey 1. The
electrical system, left part iRigure9,can be represented by the following constitutive
equatiors [76,77,84]

b o 3 b o 0o YO "
b 6 ORo 13
no no no 14
Ro 6 d o 15
o Y o 16

where 0 0 is the input voltage to the piezo power amplifier; 0 is the voltage
generated by the hysteresis compongnd, is the total charge in the PEA; is the
piezoelectric capacitance and 0 is the corresponding charge stored imjit;0 is the

charge generated by the interaction between the electrical and mechanical domain and
0 O is therelatedvoltage;"O 1 0 is the hysteresis model which can be any of the
aforementioned schemes; finally,0 corresponds to the PEA displacent.

By substituting Equation$5 and 16 in Equation14 and solving forv o the
following equation is obtained:
no Y wo

L O -
8 17

The final constitutive equation is therefore obtained substituting Equiatiand
13in Equation12 and rewriting the system with respect to the charge:

Y6 Mo A6 Y Jbo B8 o003Q  ORo 18

Through the transformer ratio the electrical domain interacts with the mechanical
one. The aim is to model the piezo stage completely, and hence, the corresponding
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mechanical variables will be defined by both the PEAtaedstructure/platform within
which is placed. In this scenario, the PEA will be seen as a force generator driven by the
input voltage while its spring and damping behaviour will be coupled with the real
mechanical system, related through ‘tife varialde. Therefore, the mechanical domain

can be formulated as follows:

00 Y D0 O 19
0 wd @Iwod Qawo O 0 O o 20
where™O 0 is the force generated by the PE®; 0 is the external/disturbance force;
0 FefiGare the mass, damping coefficient, and stiffness of the mechanical system:; finally,

w0 oo ho o are the acceleration, speed, and displacement of the ieggectively.
Substituting Equatiod7 in Equation19 the formulation can beewritten as:

"0 ¢ Y 9 ¢ Yo
(0] - 0] — W0

5 5 21
P Y - Yo i~
UV3WO wWwo Q 5 awo b,—:ho O o 29

The electromechanical formulation is therefore obtained in a system of equations
formed by Equation8 and22:

YO 00 no Y wo 6 2006 3Q OR o 23
VI, N o~
U W0 wIwo Q wo b,—:)] o] O o o4
where'Q QO —— isthe equivalent mechanical and electrical stiffness. When the

system is voltage driven then the corresponding charge will not be directly defined, hence
it will be a function of the inpuvoltage. In fact, a usual approach is to consider the

v o JQ ‘'O 6 block as a new hysteretic system whose outpist the actual
voltage arriving to the actuator. This reasoning permits to obtain a linear system between
0 0 and the final placemento 0 as the hysteresis is present in a previous step.

Moreover, it is observed that when the PEA is charge driven then the
corresponding hysteresis effect is missing in Equatbfrurthermore, whely 11, as
stated before, the system is simplified into a single equation by employing the charge
formula obtained from EquatidBin Equation24:

0 abo a0 Qo Y Vo JQ oo 0 o 25
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3.2 Spindle DeviceModelling

A special structure based constrained into an adaptable pldtotime spindle
was presented, where a piezoelectric stack actuator is employed to create a given motion
upon a mass supported by spring elements called flexures that were developed in order
to allow the piezo axial displacement while containing the orthogonal distugbapoge
the PEA to avoid damage. The elementary component corresponds to an inertial actuator
as depicted ifrigure10a, whose force arises from therti@ component of the moving
mass {0 ), Figure 10b. This kind of devices is known as active resonators absorbers
(ARA), and the standard controlgign aims to employ the actuation element to modify
the resonance frequency of thbsorberin order to counteract the disturbance arising
from the primary structure. By implementing two orthogonally disposed elementary
actuation systems, the vibrationsing from the primary system within the-X plane

can be controlled
M,
+ FP kp kf CCL
E - ‘x1
M,
Fex kl @
‘ % e

(a) (b)
Figure 10. Device (a) CAD design; (b)-D actuation principle
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The set of flexures can be modelled as a single spring, if necessary, also a coupling
spring can be depicted. Hence, considering the linear approach for piezoelectric actuators
to ease the formulation in the initial steps, the system component presdfitpd&iOb
can be expressed with the following set of equations, for a single axis:

D o O ®o oo N 0 ®o o 06 o6
0 ® o @ ® ®o M 0 wo 0o
O 6 QOw o N Qn o 27

wherel is the absorber mass which corresponds to the sum of the inertial mass and the
piezoelectric mass, the latter can be neglected being much smaller than the actuated mass;
o is the absorber damping obtained experiment&lyis the PEA stiffness, thigalue

will vary when the electromechanical model is consideree-by; Q is the flexures

axial stiffnessp FRQ are the mass, damping coefficient, and stiffness of the primary
system under disturbance, respectively;is the absorbeposition; w is the primary
system positionOis the PEA actuated force; ai@ is the external force disturbance.
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Furthermore, the difference between the primary system displacement and the
absorber displacement, neglecting thassibility of detachment, corresponds to the
elongation of the PEA actuatow( ), hence the previous set of equations can be
rewritten considering that:

© 0 0o @o ’8
o o @ o -

The flexure stiffnesses are studied with a FEM test, considering the displacement
at the centre of mass of the moving mass. Under an external load at the piezoelectric
connection with the mastheresultirg system deformations are presente&igurell.
Particularly,Figure 11a presents the deformation along the PEA axis, whétigase
11b showsthe displacement with force exerted in the ortgonal direction. The initial
case presents higher displacements, as expected, with respect to thhikitalidates
the flexures capabilities to decouple the orthogonal disturbances upon the piezoelectric
actuator, increasing their lifespan. From themerical computation, the mean
deformation of the systenmder aconstanforceis over 10um for the axial load whilst
the displacement is reduced up to less thapi for the orthogonal load, with the same
force amplitude.

[rum] [mm]

(a) (b)
Figure 11. FEM studies on a single axis for flexure design and evaluation:
(a) force alongK-axis (parallel to PEA)XDb) force alongy-axis (orthogonal to PEA).

The flexures were designed based on astep shape optimization. Initially, a
topology optimization is carried out by employing an initial fukaterial flexure CAD
design upon which the areas that require material reduction are depictedigisrén
12a. The optimization removes material by the FEM nodes, following a-ohjictive
task that evaluates the axial displacement, transversal displacamemaximum load
capabilities. This step produces an optimized flexure design, nonetheless, it does not
produce a manufacturable piece, hence, a further shape optimization step is required.
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The topology optimized flexure is therefore employed as fjoal for a shape
optimization based on certain freéchoice parameters; in this scenario 5 parameters
were defined, as depicted ligure12b, and enployed to find the best flexure design in
terms of construction feasibility and similarity to the topol@gptimal.
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Figure 12. Flexures design and optimization: (a) flexure-I Bopology optimizatiorresul{
(b) parameters definiton for shape optimization.

The twostep optimization produces then the 4 flexures designs, the final
parameters, presented Trable 1, are employed to manufacture these elements. The
flexures are identified by a number as presentédguare10a, and the difference in their
dimension is due to the relative location with respect to the moving mass and the PEA.

Table 1. Final flexure optimized design parameters.

Flexure A [mm] B [mm] C [mm] D [mm] E [mm]
1 12.20 0.50 0.50 0.50 1.50
2 12.20 0.50 0.50 0.50 1.50
3 13.30 0.55 0.40 0.40 1.50
4 9.00 0.55 0.40 0.40 1.50

Regardingthe moving mass design, the limitations are the maximum we@ht
avoid any natural behaviour modifications of the machining strucndthe dimension
limitation of the available space inside the platfofifheseconditions,however, must
account forle request to obtain the maximum exerting force, which means, to maximize
the moving massweight. The resulting mass weights 1.18§, and considering the
stiffness of the flexures, the maximum obtainable displacement is ofu&®.®hich
corresponds to aaimum force at the minimum frequency)(8z) of 4.4N and at the
maximum frequency (® Hz) of ~61.5N. The frequencyorce diagram of the resulting
system is depicted iRigure13.
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Figure 13. Maximum force by the inertial actuator.

3.3 Active Workpiece Holder Modelling

The AWH motion is generated with the three vertical PEAs connected to the
moving platform and to fixed platform, as depictedFigure 14. The connection is
achieved through three axial rods with a set of flexural hinges designed to decouple the
transversal motion and shear forces to avoid any damage to the actuatéWWFhe
mechanical device has three degrees of freedom and is capable of vertical traiZslation
axis), rotation aroun¥-axis { , and rotation around-axis {

z
Moving ]< y

Platform™_ X
7
Platform-Actuator
kg ka Connection
PEA, PEAA} Piezoelectric

Actuators
Fixed _ e |
Platform —

Figure 14. AWH mechanical scheme representation.

The platform description requires the definition of two different coordinate
frames, a local onapon the centre of the moving platform (XYZ) and a fixed global
reference system on the basaYXZ1). Both coordinate frames are aligned upon their
centre along the-Axis and are equally oriented when the moving platform is kept at its
initial position,as depicted ifrigurel5a.
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Figure 15. AWH reference system: (a}[3 representation; (b) actuator disposition

The three actuators (A, B, C) are distributed at equal angular distance from each
other along a circumference of radiMsvith centrel coincident with the origin of the
moving frame (XYZ), as can be seerFigure15b. MoreoverD ‘O dis positioned along
theY-axis and consequemtl wi | I not i nfluence the platfoc

Two main approximations have been employed to model this structure. First, the
hypothesis of small angular motion Q¢ 7 ) which has an inherent translation on
the vertical deformation of trexial rod. In fact, the table rotation is contained and hence
the actuator motion through the rod is estimated to be along-#xes, neglecting any
deformation. I ndeed, with a pumandicansideringgct uat
a rotation around thY-axis, the maximum angle motion of the table is obtained when
0 ‘O6andd ‘Odare driven in opposite directions. BasedFigure 15b, B and Care

equally distanced from the-dxis, Q YO0 ¢ i T & omm. With a 20 um
vertical displacement of point C (ar20 um for point B) the rotation angle arouttte
Y-axis is obtained, i ¢ crljt& @i & wpm . This

approximation allows to obtain the transformation matrbxetween the platform centre

of mas s di spl acement and the correspondi
displacement at the actuator point will be determined based on the vertical disriace

of the platform motion and its corresponding orientation variations. Considering for
example 0 ‘06, based on the known trigonometric approximations, the vertical
displacement of this actuator when a rotation around HaxiXis observed, can be
formulated as:

o i Qe 2JY 30
Y Y3 Q¢ 31
whered is the displacement of the actuatgrand’Y is the distance of the final point
with respect to the origia (centre of mass for the moving platform). Taking into account

what stated previously for the smal3l angl e
into Equation30the following equation is obtained:

o« YdQE O 22

41



CHAPTER 3 ACTIVE WORKPIECE HOLDER M ODELLING

where'Yis the circumference radius; ands the angular distance 6f'O 6 from the %
axis. This approacprovidesthe equations fothe actuators with respect to the three
degrees omotion afi f

G 4 OY 33

Y i R 34
p Y T lryp -'Y I;ITB' \

4 p Y3 Qe Y Obé| oI oY 35
pYd Q& Y ODE L Vo, i

P YI¢ CYU

wherewi s a vector containing t kieontdinkthee actua
variations of the degrees of freedom of the moving platformeﬂdsdhe transformation

matrix that links both vectors. Based on Equa8bnthe inverse matrix to obtaifrom

is obtained:

o P P P (l
110 o 0 n
d 1L S P P i
1 wOY  odY odY 36
Ll Vio Vio
u'l odY ooyV
The mechanical modelling part is then implemented based dhehe/t onés | aws .

The generic representation is described by the following equation:

Ivyo gvYo LYo [|O o O o 37

where! F1|=F||'—- are the mass matrix, modal damping matrix, and the stiffness matrix,
respectively;O is a vector containing the force exerted by the three actuzﬂtdBShe
transformation matrix for the force components to centre of mass disturbancé3; and
are the external disturbances upon the workpiece moving platform.

To proceed in the modelling description, the second approximation must be
introduced. It arises from the serial connection between the spring element with the PEA,
the axial rod linkinghe movable platform with the actuator. The accurate representation
for this kind of scheme is depicted kigure 16a where the actuator, along withet
preload spring, are represented with the following components: a voltage driven force
generator, a spring, and a damping element. However, the idea is to simplify the scheme
to ease the control synthesis; in fact, the serial connection with the coeugiledéor is
re-designed as an extra preload spring as represeniaglire 16b.
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(b)

Figure 16. AWH Mechanical Approximation (a) real scheme; (b) simplified scheme.

This simplification was acceptable based on the high stiffness value of the rod
which behaved as a rigid element. Furthermore, in order to validate the simplified model,
a modal comparison scheme was performed by considering the three actuators influence
upon the corresponding degrees of motjodfi i ). The difference between the
simplified schemefrigure16b, and the initial schem&jgurel16a, is lower than 4.98B
confirming the applicability of the second approximation, with a minimum disturbance
in terms of the overall performance. MNtheless, this was considered when the
corresponding controller was synthesised by increasing its robustness. The simplified
structure was modelled, and the corresponding matrices numerical values were found
through FEM studies and hammer tests (for tregainal damping matrix). The final
symbolic matrices from Equati@Y are defined as:

a T T
I momn 38
m 11 O
W T T
L 39
mT T
Y 7 L7 7 lY~ 7 T I/Ic_)—- I/ 7 11
Q Q Q —Q 0Q QY —YQ Q
11 C C Kl
L g 7 % Y L7 7 T MB! 7 7 "
+ Q 0Q QY — Q 0Q QY —Y Q Q40
Ii; _ C _ T Nl
1 Vo . . Vo, . . 0. . .. N
u Q Q TY Q Q -Y Q Q ¥
nP B B ]
LA S
|| 11 ‘q_ ‘E 1 41
l;_[ Vo, No. n
u G ¢ U
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The electromechanical model was obtained afterwards based on both the linear
approach presented in Equatién obtained based on the IEEE standard; and the
nonlinear characteristic modelling based on equatkéhsnd 24, where the chosen
hysteresis components were defined with the Botenapproach. Finally, the creep was
implemented in simulation based on the EquatonThese implementations were
described based on the force generation hypothesis, hence the connection with this
mechanical model is obtained through thenatrix and the|| matrix. For the nonlinear
electromechanical component sesfQh@h@)arer espondi

modified to include the electrical component—.
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Chapter 4

Simulation and Control Synthesis

This chapter presents the simulation studies carried out for both active vibration
control devicesthespindle devicendthe AWH For eachsysteman initial study

of the inherent nonlinearities and main considerations are introduced. Specifically,
a hysteresis description and creep effect are depicted. The controller proposed for
both devices are based on industrial appliable regulators, mainly PID and its
alternaive schemedilowever, different controller approaches are introduced and
evaluated.

4.1 Introduction

The mechatronic devices introduced in the previous chapters are both based on
piezoelectric actuatarshence an initial phase of the simulations start fromme t
schematization of these elementary devices. The dependency of these actuators on their
force generatiorbased on their corresponding elongatmeate an inner loop within the
control synthesis that require consideration as it limits the achievabésfd\ standard
approach is to separate the mechanical nature of the piezoelectric actuators from the
corresponding electrical one, producing a passive stiffness parallel with a force generator
in the first part driven by the latter. The electrical maufehe piezoelectric actuator is
represented ifigurel?.

»g B SR>

1/Cp }1

Figure 17. Piezoelectric actuator linear electrical model.

P (Tem*2)/Cp

It is worth mentioning that the PEAequire to first reach half the maximum
displacement to permit the maximum oscillations amplitudes whilst protecting the
actuators fronoverelongations/contractions. Furthermore, an important aspect of these
actuators isthat a positive voltage creates a corresponding elongation, in a similar
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manner, a negative voltage produces a contraction of the nominal size. In addition, when
the input voltage is reduced from a given elongation of the PEA, no negative voltage is
givenas input but rather the amplitude is decremented, producing a discharge of the PEA
capacitance; the final contraction will hence depend on the speed of discharge and the
external disturbance. Indeed, when the electromechanical approach chosen to model the
PEA is based on the IEEE standard these properties are somehow neglected, whereas a
complete treatmends presentegreviously,is a morevholesome and accurapproach

with respect to the real actuator. In that sense, it permits a distiragioreen the
electrical domain and the mechanical system, which is of particafgrtance during

the simulation As for other actuation systems, the electrical domain tends to have faster
dynamics with respect to the mechanical analogous.

Furthermore, thdinear representation of the piezoelectric actuators lacks the
capability to account for inherent hysteretic disturbances, hence, a hysteresis model for
the PEAs is described with the BeWen structurefFigurel8along with a creep model.

dens)
>@
1
oo
3 V_h

num(s)
den(s)

Figure 18. Piezoelectric actuator hysteresis model based on-Béert.

4.2 Spindle Active Platform for Vibration Control

The cuttingforce producd at the tool tip is transmitted through the spindle to the
platform actuation point. A general first order modeleployedn simulation to evaluate
thedevicecapabilities to counteract the arising machining forces. Initially a linearlmode
of the system is implemented based on the electromechanical equations, which include
the coupling disturbances arising from the interaction between the elements inner
connections. Indeed, to improaed validate the robustnesfkthe contrdier, the natve
nonlinearities of the PEAs are included and simulated

First, the active resonator absorber controkedesignedased on the nature of
the inertial actuator forces and the interaction between the spindle and the platform. This
type of regulator requires acceleration feedback in most of their applications
nonethelessjelocity and position loops have also been eatd and employed. Indeed,
despite the possibility of including an accurate displacement feedback, this kind of
applications upon the spindle has inherent difficulties in the sensor positioning, as the
measurement point will not correspond to the act@l However, acceleration sensors
can be easily installed within the platform structure and allow accurate feedbacks
Furthermore, considering that the disturbances can be described with sinewave functions,
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the correspondingccelerations are amplified thi a second derivative reducing the
required sensor resolutipbut this amplification is also observed for the noise which
entailsmore complex filtering with respect to direct displacement measurement.

In summary, the acceleration sensors are easyptyp apd are relatively loveost.
Hence, for the controllers designed in simulation the acceleration feedback is employed
and the corresponding displacement is obtained through a state observer based on the
linear model of the machining structure. Altermaly, a double filtered integration is
implemented to depict the displacement from the acceleration measurement.

Further industrial controllers are tested as alternative applications to the active
resonator, to overcome some of its issues related to thuered known disturbance
frequency and lack of the muftiequency disturbance capabilities. The first application
employs a cascade control with an inner loop related to the PEA displacement with a
synthesised PID controller, while incorporating an exkef controller to handle the
disturbed vibration created upon the primary structure, the idealized spindle. Finally, a
controller related to the industrial application is employed based on scirinethat
directly limits the vibrationemploying displacenent feedbackobtained from the
acceleration sensor.

The industrial controllers allow mulfrequency disturbanceshich are usually
present in machining. The latigresentshe harmonic disturbances related to the rotation
velocity of the spindlgool system, although neharmonic components could be found
produced by the chatter characteristic. Thereby, the simulations are carried out by
including both types of disturbances.

The detailed model is implemented MATLAB (Simulink) environmentas
depictedn Figurel9, to validate the system functioning and the limits in its disturbance
containment capabilities in terms of amplitude and frequency. dhknear electrical
model is based on PEAs and hence is structured with their corresponding electrical
definitions as depicted iRigurel7 andFigurel8.

Fpea (1 )p———p+ F.a
> 2 xa_pp
d ol e

F_ x1_pp

<l
~7
Crale
\j

Figure 19. Simulink mechanical model employed the devicesimulations.
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4.2.1Coupling Effect and Nonline&onsiderations

Piezoelectric actuators are fragile to transversal disturbances, and hence, is of
particular importance to consider the inner effects of the platform when the actuation
system is activated. The coupling transmission withinsgstemstructue is obtained
through the FEM study of the CAD design of the platfottms certainly corresponds to
an approximatiortaking into accounthat when the device is mounted on a spindle (or
in a tests bench) their inherent modes will define other innerbétaes whiclarenot
evaluated in tt FEM study. Nonetheless, as no direct evaluation and control of the
coupling disturbance is carried out, as its influence on the final results tend to be limited,
the active controller capabilities will be assesset¢ims ofsingle axisactuaion. This
approximation neglects the inner modes with the primary structure, which could be seen
as a further disturbance within the single individual li@snsideringhat the controllers
proposed in this study correspond tmtdrbance rejection schemethie coupling
disturbances are implemented as an extra itptite system during the simulation.

Moreover, since the device is actuated through voltage control mode, the charge
generated upon the PEA to produce ¢baresponding expansion can be expressed as a
function of the input voltagen(o "QU 0 ). Hence, the hysteresis definition
presented in EquatialB can be mdelled as a function of the input voltage, considering
its dependency of the charge (U0 O 0o JQ ‘O"Qu 0 ). In fact, the
hysteretic component becomes a preceding component to the PEA model. This
characteristic islerived from thd?EAG displacement measurements and vasEsigned
to assimilate the real measured behaviour of the PEAs in the experimental phase,
presented inFigure 20. However, the importance of the implementation of similar
componentslies on the robustness considerations for the corresponding controller
synthesis, hence, the aim is to produce a hysteretic component that creates a displacement
variation between thexpected output and the actual one.
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220

—20.0

:113.0

é 16.0
814.0

3
%12'0

0100
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—20Hz
40Hz

—60Hz
80Hz
100Hz

0.0 10.0 200 300 400 500 60.0 700 80.0 900 1000 110.0 120.0 130.0 140.0 150.0
Voltage [V]

Figure 20. Measured hysteresis for multiple frequencies.
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Despite the small influence of the creep effect for this application, typically found
at low-frequency almost static components,iitBuence on thedevicewas measured
experimentally and modelled based on a set of transfer functions, as depicted in
Figure2l. Indeed, the piezoeletat actuator drifted of near im in 16s. In the figure
there are three signals represented, the measured values from the experiments
(Measureq, the output from the electromechanical model presented in Equa8ansi
24 (Electromechanicg| and the linear model based on the IEEE standard as in Equation
5 (IEEE).
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Figure 21. Creep effect, measured and modelled.

Both charactestics were measured for the complete stage and not from the
independent PEA as the complete actuasigstemwill define and influence the native
individual behaviour of theactuators Hence, the mass displacement under no external
disturbance was meas&uar near its centre of mass. These models, nonetheless, are not
used to implement specific feedforward controllers to linearize the achuatrerather
determined and simulated to consider the influence of these phemapmm the final
control capabilies.

4.2.2 ARA Control

The active resonator theory, otherwise approached as delayed resonators, has been
sorely studied and validated the literature [134i 140] for vibration suppression of
mechanical systems. These active systems find the initial apphisatiothe tuned mass
damper passive structure, which despite the accurate results for known systems and the
inherent stability without any external energy source, obtains a naaodapplication
centred upon the device natural frequency. Regarding such limitation, the active devices
permit to modify the central frequency, reaching a wider spectrum. The applicable
frequency is bounded within the stability limits and the sampling ragetathe delay
definition; the latter is further treated through extensions to the initial approaches with
lumped or distributed delay$34].
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In this case scenario, regarding the platform, by reprop&sjogtion26, the PEA
generated forcé@ is defined with the following equation:

O 0 i 0f & i 42
whereOi i s the PEA6s f or c & isithe control®utpbpigpthea c e d o ma
ARA transfer function;and i s t he absorberds mass position
application the feedback corresponds to the acceleration measurement, the transfer

function0 { will contain the double derivative to relate the controller to the acceleration
(i ). The resulting equation, considering the ARA transfer function, can be expressed as:

bi Gf Q@ 0i i O Qei 9w 43
i Q Q oi 0i i Q&

"O i 44
with Q Q "Q as the absorber stiffness. Rewriting Equad@uand replacing
® i in Equation44the following is obtained:

" 0 i .
w1 - — W |
61 Of 45
" 6i Oi o |
(L) l vy 5 ) r 5o o © o I
6i O0i Oi 0i oi 0ofi 46
where 0 i i Q; o6 O0i oi Q; and Oi O i
® @i O Q .Therefored i is definedto obtai® i 0 i  mwhich
results in a couple of poles iny 1 Qhe transmission between the external force

to resulting vibration of the primary system at the given frequendy thereafter null
based on the numerator in Equatis) with the requirement of stability impaséy the
denominator.

The controller synthesi®) (i ) has been a core aspect in research for this kind of
devices. The initial approaches employed directly implemented delays which increased
the system complexity and resulted in several istuethe pactical implementation.

New approaches tend to employ industrial PI controllers, which have shown worse
results, or varying delay approaches: lumped or distribitgd,135,137] This study

was centred on thextended distributed delaptroduced in[134], defined with the
following equations:

66 “Q% OO " QMo 4

Q — 0 48
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T 49

-
o
q

"0 o
whered 0 is the control output force andis the disturbance frequency. The extended
approach implements thi@coefficient which serves to adjust with the controller the

absorber 68 taowa s €and hemcenodify its resonance t}g ~ ——.

As stated irf134], this control logic functions near the frequency resonance of the
absorberrf), with a corresponding containment window for the disturbance frequency
( ). This depends on the damping factor & #&ibsorber, which for this application was
below 0.1, increasing the span of frequency functioning. Furthermore, the controller
board determines a limit in the maximum sampling timexd01* s, which results in an
upper constraint for the frequency range of functioning for the lumped approach
[134,141,142] Indeed, the final frequency interval for the case study in the ideal
application, where no hysteresis was introduced and the ampléierasic limitation
was implemented as a lepass filter with a frequency band of 5 kHz (higher than the
value encountered for real applications), was of [H201,300Hz].

Test 1 implements a@um amplitude sinewave upon the primary system at 500
Hz. The controller parameters were obtained based on Equ&tibf, and a lowpass
filter was included to account for the amplifier limitations. The PEA model is linear
without any considerations of the creep nor of the hysteresigyuine22, three different
representations are presented: the output displacement plot, the PEA displacement, and
the control output voltage after the power amplifier (voltage input to the PEA). The
control dashboard limitation was neglected to ehedritial treatment and the results
considerations (minimum sampling time o®4p 1 ), nonetheless, this constraint has
a major effect wheti  p8wp 1 swhich is not this case. However, a decrement in the
containment capability is expected due to the delay approximeititve sampling time
imposed. InFigure22a, it is observed that the open loop (OL) output is contained from
the initial 3.0um amplitudeup to 1.2 um with the closed loop (CL) configuration,
resulting in a 60% containment. The PEA input voltage is presentédure22c while
its displacement is shown iRigure 22b, both figuresdemonstrate that the physical
limitation of the PEA, in terms of voltage (v i 150 V) and displacement
(Opum7T 40um) are both satisfied.
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Figure 22. Test 1:500Hz. (a) primary displacement, open loop (OL) and closed loop (CL);
(b) PEA displacement; (c) PEA voltage.
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Test 2 increases the frequency of the application300Hz, with an amplitude
of 2.8um, and he same configuration as in TessEmployed Figure23a presents an
OL output of 2.8um which is containedpto 1.3um with the CL configuration, a 54%
containmentFurthermore, té PEA input voltage is presentedHigure 23c while its
displacement is shown ifigure 23b, both figures dmonstrate that the physical
limitation of the PEA, in terms of voltage and displacement are both satisfied. Due to the
vicinity of the disturbance frequency with the absorber resonance the resulting control

output is more contained with respect to Test 1.
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Figure 23. Test 2:1,300Hz. (a) primary displacement, open loop (OL) and closed loop (CL);
(b) PEA displacement; (c) PEA voltage.

Despite the good results obtained in $dsand 2 there are several considerations
that require particular attention. First, the frequency interval for which this system would
be applicable is over the range of interest. Second, despite the advantage of the control
actiondefinition beingindepemlent of the primary vibrating structure, as o or
0 i contain other parameters than the absorber charactertiséamplexity of multi
frequency systems might arise several issues for this controller robustness, which
depends directly on a gd esteem of the frequency In fact, despite the possibility to
implement optimization schemes based on the hypothesis that the real frequency is near
the expected on@40], these must be within a certain distance. A first step of frequency
recogniton can also be employed, nonetheless, the possibility of unwanted vibration
appearances away from the main vibration frequency or its harmonics in machining
determines a problematic element for this controller employment.

To demonstrate the lack of robusss from the frequency recognition, a new Test
is carried out, Test 3. The controller is tuned to handle a disturbance Eiz568 for
Test 1, but the real disturbance is implemented atE5(3-10% difference). The results
are depicted ifrigure24a-c; differently from the good results obtainedrigure22a, the
output displacement for the closed loop is amplified with respect to the open loop from
1.8um to 2.4um as shown irdrigure24a. The amplitude difference from Test 1 is due
to the high values of the PEA displacement during this robustness tests which showed
overelongation and breakage for the amplitude in Test 1, hence its reduction.
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Figure 24. Test 3:550Hz with wrong frequency identification (5@4z). (a) primary displacement,

open loop (OL) and closed loop (CGl(p) PEA displacemen(c) PEA voltage.

55



CHAPTER 4 SPINDLE ACTIVE PLATFORM FOR VIBRATION CONTROL

In summary, the practical implementation of such controller would require high
cost electronics, a finesse disturbance frequency recognition method, and a hysteresis
control to limit its effects in theesulting sinewave, among other improvements.
Furthernore, the singldrequency disturbance imposes an important constraint for its
application in the industrial case stueence, in the following subsections two industrial
appealing controllers will be presented, which require a modelling/tuning initiaepha
but are independent of any forward optimization steps.

4.2.3Cascade Control

Considering the limitations encountered with the AR#gulator a cascade
scheme is implemented. This controller aims to handle the piezoelectric position in the
inner loop and therpnary system vibration with the external loop. In fact, the first is a
position loop whilst the second is a force loop (actuator output). Regarding the PEA
displacement, the incapability of a direct measurement requires the implementation of an
indirect path based on the inner mass accelerometers sighasdate observer is
implemented based on the linear model of diegice which employs both the inner
acceleration signal and the acceleration measurement of the spindle structure. The
importance of a d@acement measurement arises from the actuator force nature, as the
resulting force is inertial when the displacement of the piezoelectric actuator is near its
maximum and minimum displacements the nature of the force might create-putiush
behaviour whth could damage the actuator. The state observer tends to underestimate
the corresponding PEA displacement which increases the robustness of the inner
controller and contains the possible damage to the actudatrst will limit the
maximum achievable gplacement. Furthermore, a hysteresis loop is implemented to test
the robustness of the controller with a nonlinear disturbance. Finally, the passive
influence of the absorber utterly reduces the disturbed displacement, therefore, the
control validation i€arried out considering three different outputs: (i) the primary system
without the device; (ii) the primary system wittpassivedevice scheme; an(i) the
primary system with an actideviceschemeThe disturbance frequency range is defined
from 80Hz up to 0 Hz. The initial tests consider a single frequency single axis system,
followed up with multifrequency tests.

In absence of a primary system tihevicesingle-axis equation is derived based
on the electromechanical model of the PEA actudtateed, the acceleration of the
primary body and its corresponding influence in the PEA displacement is viewed as a
disturbance modelling. The corresponding transfer function from input voltage to PEA
displacement is represented by the following equation:
® i Y
o i 6'Ya i a4 S8Y®Li oYY & 6vYQi o S
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The numerical values are substituted within the equation and the resulting transfer
function presents a couple obmplex conjugate poles and a real pale depicted in
Figure 25. Regardingthe frequency interval of interest, the complete structure behaves
as a gigle real pole system, and hence the controller tuning can be performed based on
this approximationThe inner controller is synthesised based on a Pl structure with a
backcalculation scheme for saturation handling. Moreover, a filter is deployed to avoid
any highfrequency unreal activation. The controliqp is defined based on the control
margins, phase (58)and gain (12.6B), Ttis determined by the standard tuning for PI
controllers (0.97i), andTi is set to cancel th@pproximategrocess pole.
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Figure 25. Bode diagram for the direct actuatdelice (tf_complete) complete system model, (tf_:
single real pole, (tf_2yomplex conjugate poles.

The externalKp cannot produce an unstable behaviour due to the inner loop
actuated limitation. Without an inner controller the voltage limitation of the PEA
prevents the amplification of the structure, along with the absence of resonance peaks
within the frequency inteal of interest.

The initial tests carried out are employed to evaluate the minimum and maximum
frequencies of interest, 8@z and 300Hz respectively. InFigure 26a-b the results
obtained for an 8®z disturbance upon the primary structure are depictedidhee
corresponds to the controllekvice while thePassiveand Primary correspond to the
passiveschemeand the results withodlhe deviceregectively.
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Figure 26. Test 1:Primary (blue)Passive (red)and Active(green) (a) Time Plot, (b) Frequency Plc

Test 1 shows a disturbance in terms of primary displacement of |#8.8
amplitude at 80.81z, this value is contracted up to £JuB with thedevicestructure and
without any active component. Finally, the actuation permits to further improve the
primary structure displacement up to +{u, as depicted ifrigure26b. These results
are computed after the initial system dynamics end, however, it is important to notice
that in this interval (from 0.5 to 2.0s) the high amplitude dynamics of the system, and
even for the passive structure, is contained with the active controller deployed, as
presented ifrigure26a.

Furthermore, the hysteretic component of the piezoelectric actuator has an
influence upon the obtainable containment, as showrFigure 27a where the
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piezoelectric displacement is presented. Nonetheless, for théz 8fisturbance the
hysteresis component is smaller with respect to higher frequembiesesults obtained
without the hysteretimodel showea@ primary displacement of +0tBn, aspresented in
Figure 27b. The remaining displacement is highly influenced by the accuracy of the
feedback measurement and position conversion, obtaiitedain observer for the PEA
and a double filtered integration for the primary displacemeith a simulated noise
injection on both feedbacks.
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Figure 27. Test 1: (a) PEA displacement for the Linear Model (blue) and with Hysteresis (rec

(b) Primary displacement resultsthout hysteresis

A higher hysteretic component is observed for Test 2, with a 300Hz disturbance,
as the PEA is subject to frequerggpendent hysteresis. The difference betweendP&A
displacement produced with and without hysteresis is presentgglire28. Indeed, the
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limitatoni n t he PEAG6s displacement reduces the
proposed devigeand hence, obtains a worse result in terms of disturbance containment.
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Figure 28. Test 2: PEA displacement with (blue) and without (redjténesis.

o

The primary displacement for Test 2 is presentdtgnre29-b where the active
representation includes the hysteretic component. Thagelimit and theactuatod s
displacement containment reduce the difference betweepattsve and thective
application, nevertheless, the latter achieves a further 10% reduction with respect to the
passive application. Thective approachobtains a final displacement of +2#m
amplitude, with almost a 30% amplitude containment from the primary structure without
the devicg~+3.0um). Furthermore, an important containment for the transient phase is
observed irFigure29a.
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Figure 29. Test 2:Primary (blue)Passive (red)and Active(green) (a) Time Plot, (b) Frequency Plc

Similar results are obtained for a 26{ disturbance, Test 3, where thastive
systemshowed a final displacement of +4.,9m, improving the passive results of 15%
(£5.8um) and of 33% for the primary structure result 87m), as shown ifrigure30b.

As for the previous single frequency tests, the transient plvaggh might create issues
with the contact between tool and workpiecestuced in both amplitude and time lapse,
as observed ifrigure30a.
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Figure 30. Test 3:Primary (blue)Passive (red)and Active(green) (a) Time Plot, (b) Frequency Plc

Differently from the singldrequency limit of the active resonator scheme
presented before, this controller allows, through a known industrial applicable controller,
to counteract mukfrequency disturbances. Hence, even though the single frequency
tests permit to validate the deployed control schetoefurther demonstrate its
capabilitiesfour different multifrequency tests are preseniebardinghe limits of the
frequency intervieand the harmonic disturbances in a real machining, eado ease
the treatment and comparison between the different testamplitude at each frequency
was selectecccordinglyto obtain a £2.5um displacementt the primary structure
without thedevice As for the singldérequency tests, the hysteresis componeunses]
and its effect increases with the increment of the frequency component limiting the
resulting containment capabidt

The initial multi-frequency test, Test 4, considers the mimin and maximum
applicable frequency, in fact, the disturbance force has two componenittz 88d
300Hz. The primary structure displacement is presentddgare31, where the active
schemecontains the +2.5um peaks to +0.jum and +1.8um for the 80Hz and the
300 Hz componentsrespectively. The passivichemeshows worse results withn
amplitudeof +1.2 um (+140%) for the 80Hz componenand +2.0um (+11%) for the
300Hz one
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Figure 31 Test 4:Primary (blue)Passive (red)and Active(green) (a) Time Plot, (b) Frequency Plc

Test 5, depicted iRigure32, presergthe response of the primary structure under
two harmonics, 8(Hz and 160Hz, similar to the expected forced disturbance of the
machining process. In this scenario, the primary structure wittpdlssive scheme
contained the two peaks from 215 upto 1.2 um for the first harmonic and to +2.0
um for the second, a containment of 52% and 2@gpectively. These results were
further improved by the active controller, achieving a contraction of 84% (u0)4or
the 80Hz peak and of 52% (+1}2n) for the BOHz, assessing the controller capabilities
under harmonic disturbances.
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Figure 32 Test 5:Primary (blue)Passive (red)and Active(green) (a) Time Plot, (b) Frequency Plc

Finally, Test Gmplements a disturbance with the following components:H50
and its consequent harmonic at 30 as presented iRigure33. Regarding the primary
structure displacement, the actisypstemobtained a 48% containment of the 1980
peak, £1.3um, and a 28% for the 308z peak, £1.§im. The passive approach obtained
worse results, with a final displacement of i and £2.Qum for the 15(Hz and its
harmonic, respectively.

Tests 46 assess the control capabilities to handle rirdtjuency disturbances
for uncorrelated and harmornsgynals achieving a contraction of the primary structure
displacement from 28% to 80% in the frequency interval of iate8®Hz to 300Hz.
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Figure 33. Test 6:Primary (blue)Passive (red)and Active(green) (a) Time Plot, (b) Frequency Plc

The difference between the percentages is produced by the power limitation of the
piezoelectric actuator and the hysteresis behaviour. As the frequency components
increase the hysteresis has a graatlkrencein the finalactiveachievable displacement.

In fact, Test 6 shows a high contraction between the achievable displacement of the PEA
for the linear case without hysteresis with respect to the hysteretic model, as presented in
Figure34. The compelling effect of the hysteresis limitation for the PEA displacement
directly determines the amount of force the system can prpthecey composed of
inertial actuators thd e v i autpud ferce is determed by the achievable elongation

and contraction of the PEA. In fact, for the linear approach, and considering a mass of
1 kg, the resultant force difference for auth amplitude is of 3.58, a 10% contraction

for the total applicable force considering tmaximum PEA displacement.
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Figure 34. Test 6: PEA displacement with (blue) and without (red) hysteresis.

The controller showed promising results for the application of interest within the
frequency interval of interest, overcoming the faults encountered with the active
resonator approactHowever the inner loop, despite increasing the robustness and
protecton of the actuator, might create a containment of the final force based on the
saturation of the actuator with respect to the observed displacement obtained from the
hysteretic system. A more industrially appliable controllénéseforestudied, for whib
a simpler controller is deployed by removing the inner displacement controller of the
piezoelectric actuator and handling the complete structure as asfonaesystem.

4.2.4Industrial Rejection Scheme Controller

Differently from the cascade control, thisw structure relays on a single loop
scheme with a proportional controller which employs as feedback the position of the
primary structure, obtained through signal treatment from the acceleration with-a band
pass filter defined based on the frequency watierequested by the application.

This controller is easier to implement and modify with respect to the previous
application, nonetheless, lacks the capability of obtaining an indirect measurement of the
a c t u aisplacerdent and its consequent confrbe corresponding modelling scheme
for the system without nonlinearitiesuchas saturation or hysteresis represented in
Figure35. The controlledscheme presents worse results than those in the Bode diagram
for theactive scheme as the hysteresis, saturation, and feedback obtention will influence
the obtainable containment. Based on simulation studies and hysteresis evaluation it is
expected an umctainty of +2dB for the active response.
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To assess the synthesised structure the Te6taré repeated with this new
scheme. The results obtained for the passileemeare presented in the following
figures along with thective deviceand the free structur@onetheless, with respect to
the cascade control, this approach modified only the asthheme Test 1, with an
80 Hz disturbance produced a final displacement of 03from the initial £3.8um
obtained without thelevice as presented iRigure 36. The results were obtained with

the hysteretic model, and they overachieve the cascade control ones. The difference

between both schemes is due to th@eément in the external loop gain and the reduced
robustness for the inner loop control employed forathet u alisptacement.
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Figure 36. Test 1time dot: Primary (blue) Passive (red)and Active(green)
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Test 2 with @800 Hz disturbance, depicted Figure37, shows a 37% reduction
with respect to the free primary structure, with a final displacement of |#h.9As

before, the results obtaingaesenta further containment with respect to the cascade
scheme.
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Figure 37. Test 2time plot Primary (blue) Passive (red)and Active(green)

The final singlefrequency test, Test 3, correspenitd a 200Hz disturbance,
presented ifFigure38. The active approach managed to contain the initial gm3up
to £4.7um, a 35% contraction. This testerteda higher force anchence produced a
higher displacement which reduced the control capabilities due to the saturation of the
control action obtainingaworse percentual result with respect to Test 2.
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Figure 38. Test 3time plot Primary (blue) Passive (red)and Active(green)
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Thefirst multi-frequency test, Test 4, employs a disturbance with two frequency
components: 8Hz and 300Hz; for both peaks the amplitude of therresponding
sinewave was kept at £24im, as for Test5 and 6. The results obtained with the
proposed controller are presented Rigure 39; the active approaclachievedthe

following amplitudes for the two peaks: +Qufh for the 80Hz component and £15m
for the300Hz component.
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Figure 39. Test 4time plot:Primary (blue) Passive (red)and Active(green)

Test 5, depicted iRigure40, preserga disturbance with two harmonics ati89
and at 160 Hz. The amplitude of each peak remains the same as faor4Tekhe
contraction of the final displacement under the external disturbance shows a ~90%

containment for the 8z peak (£0.2um) and a ~63% for the second harmonic
(0.9 um).
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Figure 40. Test 5time plot: Primary(blue), Passive (red)and Active(green)
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Finally, Test 6 resulisdepictedin Figure 41, preserg another tweharmonic
disturbance with a 158z component and a 3z component. This test, as stated for
the cascade control scheme, has the highest hysteretic influence duehightre
frequency components, hence the reduction in the final performance. Nonetheless, the
activedevicereduced the amplitude of both peaks, with a final peak of gith 2or the
150Hz component, and of £16m for the 300Hz one. Indeed, the controllebtains a
52% contraction for the first peak and a 36% contraction for the second one.
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Figure 41 Test 6time plot:Primary (blue) Passive (red)and Active(green)

The PEA displacement for the last test is present&igure4?2, considering the
saturation of the control action for the exerted disturbance. Tistramed displacement
with respect to th€0 um, 28 um] span is due to the hysteresis effect. Furthermore, the
amplitude variations at steady state are generated by the position feedback and the
accelerometer noise employed to obtain this measurement.
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Figure 42. Test 6: PEA displacement for the passeeemgPassive) and the actigehemgActive).
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The performance obtained for the deployed controller assess its capabilities and
robustness in terms of external force amgktgontrol. Furthermore, despite the absence
of a direct control and limitation of the PEA displacement, the results obtained during
the different testsand the corresponding hysteretic behayishowed that the necessity
of an inner loop was not jusid.

Finally, the active approach reduced the displacement disturbances within the
frequency interval of interest (88z 7 300 Hz) of more than 30% in the worsase
scenario, assessing the active device capabilities.

4.3 Active Workpiece Holder Control

High-precision machining requires significant contribution to limit the inherent
disturbances and reduce the vibrational issues.attiee workpiece holdetevice is a
parallel kinematic machine with three vertical PEAs that are used to position the
workpiece holder and contain the process disturbances. The motion equatiens
introducedpreviously alongvith the corresponding approximations and considerations.

The controller is implemented for the MIMO (Multipleput-Multiple-Output)
system, employing the collocated measured position signal as feedback input for each
axis. The controller has two main configurations, internally linked through a bumpless
switching scheme to avoid sudden loads on the voltage input to the PEAs. The first
scheme corresponds to a-peint following tuned controller based on a PID, with both
a derivative and sgtoint weight and an integrator amtind up. The controller allows
multi-frequency disturbances containment, usually present in machivithgharmonic
disturbancesrelated to the rotation velocity of the spindi®l system,and norn
harmonic componentsuch as chatteBoth disturbances characteristics are employed to
validate the system capabilities in the simulated environment.

The detailedAWH model is implemented iIMATLAB (Simulink) environment,
the corresponding scheme for the piezoelectric actuator and the hysteretic component are
shown inFigurel7 andFigurel8. The mechanical structure that links the threaators
is implemented in a MIMO statgpace scheme to account for coupling disturbances and
multiple-disturbances. Such system degfined with a force input andan actuator
displacement as outpufor each line The containmenperformance taking into
consideration the positioning capability of this device, is compared to the open loop
scheme obtained without voltage inpoithe controller.

As before, the PEA actuator is first required to reach half its maximum
displacement to permit the maximum oscidas amplitudes whilst protecting the PEA
from overelongations/contractions.

4.3.1Coupling Effect and Nonlinear Considerations

The coupling effects of the platform is modelled through tleelopedstate
space model. The bode diagram for the corresponding transfer function is presented in
Figure 43. Despite creating a nemegligible disturbance bseen the actuators, no
specific decoupling scheme is implemented to avoid anymmigelling disturbances
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which wouldneeda further increment in the robustness requirement for the synthesised
controller.
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Figure 43. AWH coupling bode diagram: magnitude (top) and phase (bottom)

As the main task of this device is to correctly position the workpiece, the
controller will have to both position theorkpiece and handle the external disturbances.
Hence, for this case scenario is pararly important to take into account the influence
of the PEA inherent nonlinearities: creep and hysteresis.

Conversely to other applications where the hysteretic behaviour requires complex
and accurate models of the real system to develop feedforaamponents to linearize
the PEA motion, the goal of this research is to evaluate the controller capabilities under
this kind of disturbancesience, a standard parametrization was implemented to simulate
these characteristics and define the controller itoless. Both the creep and hysteresis
models outputs can be observedrigure 44, where he hysteresis was implemented
based on the Boti/en modifiedscheme. A frequency related component was designed
to simulate the hysteresis loop dependency upon the frequency va@atitthe non
symmetric component was also included.

The consequent plot produced by the hysteresis component lacks the creep
influence to permit the individual study and consideration of both characteristics. The
hysteresis obtained, shown Kigure 44, depicts a containment of the maximum
displacement due to the reduction in the voltage prodddesivoltage axis is obtained
based on the expected voltage, as stated before the modelled charactsiistitated
as a voltage inherent modification before the PEA structure. This association produces
the limited displacement and a simitation behaviour of the produced voltage
displacement curve.
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Figure 44. AWH nonlinear hysteresis curve for a 5@t 200Hz input voltage.

The hysteretic component is hence modelled as a major disturbance in the
obtainable maximum displacement of the PEA, constraining the corresponding device
performance. Both nonlinear distarices will be included in the following simulation

and are taken into account to synthesise the corresponding controller for the MIMO
device.

4.3.2Bumpless Switching PID Controller
The proposed controller for this application is based on the PID industrial

contoller and is defined in its standard ISA form as follows:

0 )] WYL W

vz WYL W YO ® 52
P V)

where Y Us the set poinsignal,®is the measured outpuit, is the proportional gairfyY
is the integral time constarily is the derivative time constambjs the set point weight,
and G is the derivative weight. Moreover, a baziculation scheme is provided
introducing an ad@n parameter, the trackitigne constant’y), that is obtained a¥

"Yt“Y . This factor supports the saturation avoidance by regulating the integral action.

Two different sets of parameters are defined to comply with the two process
phases: (1) tracking trajectory teachthe required configuration, ar(@) disturbance
rejection phase during which the machining process is executed and hence the controller
must maintain the initial sgtoint. Considering the usual approach for other applications,
astepinputisemployedéos sess t he controll erés trackimn
goal is to avoid an overshoot and contain oscillations. These requirements along with the

absence of motion during the machining process, allows to obtain the initial tracking
controller.
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Afterwards, the disturbance rejection scheme is tuned, which conversely will
avoid stegike as reference input or disturbance; however, an integrator is employed to
maintain the set poinTo evaluate the effectiveness of the synthesised controller, & serie
of singlefrequency and muHirequency disturbances are employed in simulation
accounting for harmonic forces and not, similar to what is expected from a machining
process. Furthermore, the disturbances
but will pursue a dynamic increment to simulate the tool initial interaction with the
workpiece. Considering the limitations due to the inherent hysteresis and creep
characteristics, along with the expensive electronics, the frequency interval of interest is
defined from 10Hz to L000Hz.

In summary, during the initial positioning phase the platform is affected by
limited disturbances, with static or lefrequency contributions as the interaction
between tool and workpiece is still null. Once the cuttind teaches the workpiece
higher disturbances appear, whose frequency contentdepend t he vi br at i
Hence, the two controllers require a bumplgs#tiching scheme to avoid a controller
disturbance during the control switchhe aforementioned osiderations were taken

into account for the parametersd tuning.

margins (phase margin higher than 75°) with a-foequency bandwidth to produce a
first-order response within the frequency of interestrtirssequent parameters obtained
produced the closed loop presentedigure45, where the magnitude is obtained with
micrometre displacement.

Figure 45. AWH closed loop bode diagram for tracking phase.

Conversely, the disturbance rejection

the containment in the frequency interval of interest. Due to the inner disturbance
produced by the simulated hysteretic component the final performance is lower than

expected. The initial approach has been to neglect any considerations upon the hysteresis

model whilst tuning the parameters, however, issues related to the inherent constraint
depicted the major influence of this disturbance in the stability of the final controlled

74

won ot

onods

T h €

pha


















































































































































































































































































































