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1 Introduction and motivation

In many components especially for aerospace ingugtito 90% of the material
is removed from the workpiece during cutting therefit is necessary to focus
the research efforts on the Material Removal Ratximization in order to
decrease the manufacturing time and the correspgrudists. The importance of
the Material Removal Rate (MRR) improvement canvie# understood looking
at Fig. 1.1 that depicts a cutting phase of anremrtical component.

Basically the MRR is limited by the spindle powesgability and/or by the
occurrence of the instability of the cutting pracestherwise called chatter
phenomenon.

Generally the first kind of limitation occurs dugifieavy roughing machining at
low cutting speeds while the second limiting aspleetomes very crucial
especially in high speed machining where the spimdiien plays an important
role.

Fig. 1.1: Relevance of the MRR maximization

Chatter is a problem of instability in the metattmg process. The phenomenon
is characterized by violent vibrations, loud sowamd poor quality of surface
finishing. Chatter causes a reduction of the lifetlee tool and affects the
productivity by interfering with the normal functimg of the machining
process. These vibrations can be very dangerous fals some important
machine tool components such as the spindle beaystgms.

The cutting process instability has affected thenufi@cturing community for
years and has been a popular topic for academidrahustrial research. The
regeneration phenomenon proposed first by Tobipardl Tlusty [3] has been
referred to by any researcher investigating chattability. A feedback model
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explaining chatter as a closed loop interactionvbeh the structural dynamics
and the cutting process was presented by Merrit [4]

The stability lobes diagram is used for any studycbatter, since it gives a
quantitative idea of the limits of stable machiniimgterms of two cutting
parameters that the machine tool user has to digfireny machining operation:
the width of contact between tool and the workpietteerwise called the axial
depth of cut and the spindle speed.

In Fig. 1.2 a typical stability lobe diagram hagbe&eported.

The lobes split the plane into two regions: in thiting operations that can be
located in the upper region the chatter vibratioouss while operations related
to the lower zone are stable ones.

Lobes Diagram

I I I I
i i i

Unstable region @ 7o

axial depth of cut [mm]

| | Stable region

200 400 600 800 1000 1200 1400
spindle speed [rpm]

Fig. 1.2: Lobes diagram — regenerative chatter aysik

In Fig. 1.3 it is possible to observe the chatibration effects on the quality of
the machined surface; a significant comparison eetwstable and unstable is
reported.

The milling operations were performed by meandadéch(built by Jobs, Italy).
The stability limit is strongly affected by the cplax dynamic behaviour of the
machine tool and in some cases also by the workgmde system. We can
roughly assert that each sequence of lobes of tdi®liy chart is generally
linked to a machine tool eigenmode therefore ireotd increase the MRR it is
useful to analyze and comprehend the complex maahynamics and moreover



1 Introduction and motivation 18

how each component affects the performance of ¥heal system. In Fig. 1.4 a

schematic representation of a machine tool systesnita main components is
presented.

In this thesis the attention has been focused enHigh Speed Machining

(HSM) thus, the chatter instability and the spindésformances are the most
critical aspects.

- \\\:‘m\\ RN = SRR
, unstable
¥ ', W4 BII v' V": 4',"' Ml
K. ‘"‘. VA S o

Fig. 1.3: Machined surfaces — stable cutting vs @aisle cutting

Fig. 1.5 explains the reason of the importancénefgpindle dynamic behaviour
in High Speed Machining: even if the machine stritestcould be the limiting

aspect for low cutting speeds its contribute, fer typical structure of the lobes
diagram, vanishes at higher cutting speeds andeqoestly the spindle

performance becomes crucial.

NUMERICAL CONTROL

c
motors DRIVERS displacements
torque measurements

MOTORS SENSORS

SPINDLE-MACHINE SPINDLE-MACHINE

INTERACTION
TRASMISSIONS | MECHANICAL INTERACTION

I GUIDES STRUTTURE 1
SPINDLE-TOOL

Cutting forces @ Tool displacements

CUTTING N CUTTING&PROCESS ::>
PARAMETERS WORKPIECE

Fig. 1.4: Machine Tool system — main components
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It is therefore very important to comprehend thenplex behaviour of the
spindle systems in order to test different desiglutens to get higher cutting
performances; this can be more easily done modetia spindle systems.

lobe i-1 lobe i

A I 1
lobes “low frequency” mode : j

. v
................... AN
1 :

lobes “high frequency”
mode

N

“spindle contribute”

Axial depth of cut [mm]

.........................

High Speed Machining I- o

v

Fig. 1.5: Spindle relevance in HSM

Having described the general relevance of the sopimore accurate description
of the regenerative chatter instability, the chadtgpression techniques and the
methods to analyze and to develop spindle systemsecessary in order to
obtain the desired enhancements. The main litexatworks linked to these
topics have been presented in this chapter.

Chapter 2 presents the results of an experimepiaoach that was used to
define some guidelines to create accurate spindigeis. An alternative spindle
design solution that uses a spindle shaft made dopposite material is
presented in order to show the importance and thigy wf the modelling
efforts.

Chapter 3 describes the role of the dynamic intemadbetween the spindle
system and the machine tool on the overall perfagcesa and it suggests how to
considers these aspects.

Chapter 4 deals with a chatter suppression tecknoplled Spindle Speed
Variation (SSV) that consists into continuously yag the spindle speed in
order to break the regenerative phenomenon thag$rio instability. Some
guidelines to select the more appropriate SSV patens will be defined.
Moreover, in Chapter 5 an active vibration contemhnique has been applied to
a spindle system in order to improve its perforneaghigring cutting.
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1.1 Chatter instability: state of the art

The machine tool chatter vibrations occur basicallye to a self-excited
mechanism in the generation of chip thickness. Qimsty this phenomenon is
caused by the machine/workpiece flexibility. Durithg cutting the dynamic of
the system is forced by the cutting forces, thesegnent tool vibrations leave
an oscillatory surface finishing on the machinedfasie. In this contest the
instantaneous chip thickness doesn’t depend onltheractual position of the
relative cutting edge but obviously on the tradk ém the workpiece by the last
cutter that formerly removed material as presemtdeg. 1.6.

Fig. 1.6 shows a dynamic milling model in whichuisderlined the regenerative
phenomenon. Obviously the instantaneous chip tes&mmodulation depends
on the spindle speed because it affects the tirfeey deetween two consequent
tooth passings. In the regenerative theory the talay plays the main role.

cutter i-1

cutter i-1 track

cutter i track

. feed
cutter i

X
Fig. 1.6: Dynamic model of milling — regenerativéfect
The regenerative phenomenon was studied first amgythe easiest orthogonal

cutting case: only some particular turning operstican be approximated as
orthogonal cutting case. A stability analysis canperformed in order to seek



1 Introduction and motivation 21

how the free depth of cut is affected by both thecihine parameters and the
cutting process ones.

The stability analysis is performed on the closeobl system depicted in Fig.

1.7 increasing the depth of cut, Merrit [4].

Tlusty [3], [30] and Koenigsberger [18] derived fli@damental stability theory

and they found that the free axial depth of cuniersely proportional to the

real part of the transfer function between the towl the workpiece.

Tobias [1] presented a similar stability analysigt Ine added the process
stiffness effect and moreover he studied the pkage between the inner and
outer tracks. He presented a method to generatgdhbdity lobes diagram.

F" | Structural Y
Dynamics
Cutting
Process

4

h(} }'\h(t) Kb u G(s)

| " ——1 Delay
] e <
w(&-1)

Fig. 1.7: Closed loop representation of chatter fiurning

The work done by Tobias [1], Tlusty [3] and Mer4] can be use to draw
stability lobes diagram only for turning operatidhat can be considered similar
to the orthogonal cutting condition where cuttirgcks and chip thickness
generation mechanism are time invariant.

In the case of milling the chip thickness, the iogttforces vary and are
intermittent so that the governing equation foreregrative chatter in milling is
a periodic delay differential equation, which canibe analyzed directly by
frequency domain techniques. Therefore, time domaimulations are
extensively used to demonstrate various aspeathaiter instability in milling,
see Ganguli [100].

Tlusty et. al. [3], [5] presented a method of gatieg stability lobes using time
domain simulations of milling operations.
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Moreover, they considered the velocity dependeontgss damping and the
basic nonlinearity in the chatter which arises wttentool jumps out of the cut
due to excessive vibration.

The velocity dependant damping effects are wellmanzed in Fig. 1.8.

RO
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~—/

v

Workpiece
Surface

Fig. 1.8: Rubbing of the tool — speed (a, b) andaveffects(c)

Altintas [6] incorporated the process damping ie time domain model and
moreover he predicted the surface finish obtainghd the occurrence of chatter
vibration.

This phenomenon was also considered by Lee in [28].

The influence of various physical parameters, sashthe type of milling
operation, the feed direction and changes in thectstral flexibility on the
stability of milling can be investigated by timendain simulations.

Haisel in [29] presented a method to identify adraitibration characteristics
from surface measurements.

Although time domain simulations methods (Smith @} quite powerful since
they allow the nonlinearities and various tool getmes a pure analytical model
is desirable in order to obtain a rapid and easynasion of the chatter free
regions.

Unlike turning, where a single tool is in contadthwthe workpiece surface,
milling involves a rotating cutter with multiple @#h cutting the workpiece.
Consequently the governing differential equationaisDifferential Delayed
Equation (DDE) with periodic coefficients. Frequgndomain techniques
cannot be directly applied unless some approximatare made in the system
formulations.

The milling chatter problem can be studied using tutting process model
depicted in Fig. 1.6. The first author that progbaesolution was Altintas et. al.
in [10] and [11] but the issue was formerly facgdShridar [7] that proposed
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the first detailed mathematic model of the dynamilting process and Minis et.
al. [8].

A brief explanation of the approach will be furtheesented.

Wherer is the time delay, n is the angular velocity ant fhe number of teeth.

Eq. 1.1; =

It is possible to express the instantaneous chdirkss:

Eq. 1.2: h(6) = t,sing +[ sing Com}g{x(t)—x(t—r)}

y(t) - y(t-1)

And using the Koenisberger et. al. relationshigsaf#l [18]:

cors [El[on Zamf ol
F, sing —cospy KrDKtUh((ﬂJ)Db

Where f, is the feed rateK; and K, are the cutting coefficients,; and F,

are the projections of the radial and tangentiahponents on the x and y
directions.
Considering the contributes of all the cutting esiyeand:

Eq. 1.4: X(t) = x(t—-7) =Ax, y(t)-y(t—-7) =Ay

F, N[Oy a, 0p %AX}
Eq. 1.5: =K, b o, + g|@
{Fy} t D;Haﬂ} t er]] azj Ay (2)

And when g(qal) =1 it means that the cutting edge is in the workpiece

And:
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That are, like reported in [10]:

g(wj)i%
]:
N
o ele) 2 an,

. Xy j=1

Eq. 1.7: =
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And consequently:

Eq. 1.8: F =T (t) [, K, b+[W(t)] (K, b x— X t-7))
WhereT (t) and[W(t)] are periodic functions with period.

The forcing function consists of two componentgegaiodic component arising
out of the feed force and a regenerative comporenming from a periodic

modulation of the chip thickness. The stabilityté system is determined by
the stability of the motions due to the regeneemttomponent of the forcing
function.

It is possible to system dynamic equatior| x y]T

Eq. 1.9 [M]x+[C] x+[ K] x=[ § OF
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Where [M], [C], [K] are respectively the generalized mass, damping and
stiffness matrixes ancﬂb] is the influence matrix containing the information

about the degrees of freedom where the force vegtof F, Fy]T is acting.
Eq. 1.9 can be viewed in a state space represamtati

Eq.
1.10:
x| 0 ! X[,
o LMK —[M]*[CJ W

i 0 0] [x-x(t-71) 0 .
|k mim] g o) o8 O}E{Lx—;x(t—r)HKEbEﬁM]lEWW} t

Eq. 1.10 represents a system of linear delay eiffieel equation (DDE) with
periodic coefficients. The solution for will consist of two parts: a particular
solution, due to the forcing function with periad arising from the feed and the
solution for the regenerative forcing function, ainidecides the stability of the
whole solution. The first part of the solution hhg same periodicity as the
tooth pass and therefore the Fourier spectrum efdieplacement signal will
always contain multiples of the tooth passing fextry. The second part of the
solution will decide the frequency of chatter atability, Ganguli [100].

A brief explanation of the approaches that can $&duo analyze the cutting
process stability follows.

The governing differential equation for a lineand invariant system is:

Eq. 1.11: q=[A

where A is a constant matrix. The general solutign of the form

q= éA]mt_t")_C(B), where q(t,) denotes the initial condition of the system. The

exponential term is called the state transition r'ma[CD(t,tO)] as it gives

information of the state of the system. For asyriptstability, the eigenvalues
of [A] should have negative real parts, which means ttleteigenvalues of
[®(t,t,)] should have modulus, less than 1.

For time varying systems, there is no general Eniudf the transition matrix.
However, periodic systems can be analyzed by tbguet theorem [19].
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In this case the state transition matri @t t,)] =[P(t,t,)] """ where[R]
is a constant matrix anfP(t+7,t,)] =[ P(t,t,)]. The system is asymptotically

stable if the eigenvalues fR], also known as the characteristic exponents have

negative real parts.
If the eigenvalues of R] have negative real parts, the eigenvaluepdt,t,)|

would have magnitude less than 1. Therefore, ifdigenvalues of the Floquet
Transition matrix are located inside the unit @dhe system is asymptotically
stable.

This theory can be extended to DDE with periodiefioients like in Eqg. 1.10.
Neglecting the contribute due to the feed we cdainb

Eq. 1.12: q(t) =[ A(W] (D +[ A(Y] O t-7)

Where[ A(t)] and[A,(t)] are periodic matrixes.
In this case the dimensions of the state transitiwairix for one period
[d)(r,to)] is infinite therefore an approximation is neceggarobtained a finite

sized matrix.
Minis [8] and Altintas [10], [11] proposed the exyson of the periodic function

[W(t)] with a zero-th order coefficiedt¥,]. This assumption makes the DDE

time invariant and it is possible to study the 8iigbof the characteristic
equation assuming the chatter frequengy

Eq. 1.13:
9] o)
(] ([ efa-e*) e ] §9) 1M 0

It is therefore possible to compute the chattex &eial depth of cut.

This introduced approximation is satisfying for ligadial immersion milling

operations in fact in these cases the coefficieaported in Eg. 1.6 can be
substituted by their mean values.

For low immersion milling operations this approxia is not suitable, this

can be appreciated in Fig. 1.9 as described in][100

The Floguet theorem has been applied by variousaiafter obtaining a finite
sized state transition matrix for one period “TtidBar et al [7] presented a
graphical method for stability analysis of millinBecently two methods, have
been proposed to obtain a finite sized state tiansimatrix for one tooth

passing period: the Temporal Finite Element Analysethod (TFEA) and the
Semi-Discretization Method.

det| sl - 0
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The TFEA method is proposed by Bayly et al [20] imv immersion milling
for a single toothed cutter in a SDOF milling opgena. The formulations are
extended to a 2 DOF milling operation by Mann dt.[A1], Gabor et. al.
propose the Semi-Discretization method in [22] gm@sent experimental
verification in [23] for a SDOF milling operatioithe method is extended to the
general 2 DOF milling operation by Gradisek etg]l24].
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Fig. 1.9: Milling coefficients

These approaches allow to study the cutting prostdslity problem in a more
detailed way than the zero-th order method.

The stability limits correspond to eigenvalueg £e'“’) of the Floquet

transition matrix that lies on the unit circle.
It is possible to distinguish different situations:

« When u is complex and|y=1-> the chatter frequencies are

w. i& and this instability is called Hopf Bifurcationdithe most
r

frequent stability phenomenon in milling.

*  When i =-1 the chatter frequencies afer 2km
T T

and is called Flip

bifurcation.
*  When y =1 the Bifurcation is called Saddle Node Bifurcatemd it
can not arise in case of milling.
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Gabor et al [12] discuss about the existence oftiptelchatter frequencies in
the milling process and the authors identified ¢hkands of frequencies : tooth
passing frequencies, Hopf Bifurcation ones thatchrse to the main resonances
and Flip Bifurcation frequencies that are odd nplés of half of the tooth
passing frequency. The TFEA technique and the $#suretization method
demonstrate both kinds of bifurcations and chareetehem by plots of the
evolution of the eigenvalues in the complex plaftee Flip Bifurcation regions
manifest as a group of high stability regions ie #tability lobe diagram, as
observed by Davies et. al. [25], Gabor et. al. [26]

The zero-th order single frequency solution prodase[10] cannot predict the
Flip Bifurcation regions accurately and thus thabgity lobes differ from the
ones obtained by the TFEA or the Semi Discretiratitethod especially for
low immersion milling operations.

Ganguli in [100] and in [97] presented an interggtapproach to study the
problem of chatter instability: the authors gaveraarpretation of the physical
meaning using the root loci both for turning opemd and milling ones.
Referring to turning operations Ganguli asserted tiot always the responsible
of the chatter vibration is a structural pole bomgtimes it is a poles linked to
the “delay” effect.

The author critically analyzed the relationship wes#n the inner-outer
modulation phase shift and the different regiontheflobes diagram.
Furthermore, Ganguli presented the results frome tolomain simulations in
order to verify the occurrence of different chattestabilities that depend on the
main cutting parameters such as radial immersiotheftool and the kind of
milling (upmilling/downmilling).

Faasen [17] proposed a method to perform the lolegram for high speed
machining in fact he considered the cutting coedfits and machine dynamics
dependence on the cutting velocity.

Recently also Movahhedy [27] et. al. analyzed tix@scopic effects due to the
spindle behaviour on the lobes diagram.

Park in [16] provided a novel method, based onrtieist stability theorem, to
predict chatter-free regions for machining proces$g taking in account the
unknown uncertainties and changing dynamics fortmaag.
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1.2 Chatter suppression techniques: state of the art

Analyzing the specific literature concerning thattér instability it is possible
to detect different strategies that can be usdddease the Material Removal
Rate and suppress the chatter vibrations. Thegwargnarized in Fig. 1.11.
Obviously the first effort have to be focused oe thachine tool and spindle
dynamic performance improvements. The goal is toreimse the dynamic
stiffness of the system.

A mechatronic approach can be used to make eag@esign procedure and to
let the designer to investigate multiple solutidasious authors dealt with these
topics: Albertelli et. al. [38], Bianchi [39], Brher [40].

Unstable

Asymptotic
level of stability

Axial width of cut

Stable 28(1+¥) I

Spindle Speed (RPM)

Fig. 1.10: Damping influence

In High Speed Machining (HSM) the spindle playsiraportant role so there is
an increasing necessity to model and analyze thelspbearing systems. A
review of the previous works has been reporteeatien 1.3.

Fig. 1.10 shows the role of the damping rafioon the increment of the free

chatter depth of cut, consequently different sg&® used to increase the
damping reveal themselves to be effective as MRtonement methods.

Many works concerning active and passive dampiolgrigues can be found in
literature. A comprehensive review of these worl be presented in section
5.1.

Another possibility to improve the performancestod spindle system consists
in the use of special materials. In literature vem ¢ind some applications in
which smart materials like electrorheological onese used.

For example Wang in [53] proposed a novel desigrihate for a tunable
stiffness boring bar containing an electrorheolabi(ER) fluid to suppress
chatter in boring. The ER fluid undergoes a phdsege when subjected to an
external electrical field and serves as a compging behaving nonlinearly in
the structure. The deformation modes of the ERdflaie dependent on the
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applied electric field and the strain amplitude. #sesult, the global stiffness
and energy dissipation properties of the boringumaler an electric field change
drastically at different amplitudes of vibration.id found that the amplitude of
chatter can be prevented from increasing by ushey rionlinear vibration
characteristic of the ER fluid. It is shown expegimually that the chatter can be
suppressed under a certain range of the eleceld fielated to the cutting
conditions. A further extension was proposed bystdr@e author in [54].

| NUMERICAL CONTROL |
EEEEEACTS Il

motors @ _§ displacements

torque measurements

SPINDLE-MACHINE
INTERACTION

Cutting forces

Tool dlsplacements

CUTTING PROCESS
&
WORKPIECE I::>

OPTIMAL INTEGRATED DESIGN:SPINDLE + MACHINE TOOL
INCREASE SYSTEM DAMPING

SMART MATERIAL

COMPOSITE MATERIALS

ACTIVE DAMPING & PASSSIVE DAMPING

CUTTING PARAMETERS SELECTION
SSSV

Fig. 1.11: Machine Tool system

Wang J. in [55] used a magneto-rheological (MR)dflin place of lubricating

oil in a traditional squeeze film damper (SFD). Ariable-damping SFD

controlled by a magnetic field was designed anchit be used to control the
vibration of rotor systems. The structure of an MRd SFD is introduced. The
mechanical properties of the squeeze film and tmbalance response
characteristics of the MR fluid damper rigid rotsystem are analyzed
theoretically.
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Wei in [56] demonstrated that the electrorheoldg{&R) sandwich structure
can be proposed for vibration control of the romgtiflexible beams with
variable speed/acceleration. A sandwich beam smaginvhich is treated with
ER fluid sandwiched between two aluminium surfaoeefs, is constructed.

The experimental results demonstrate that the wibraf the beam caused by
the rotating motion at different rotating speed aacdeleration can be quickly
suppressed by applying the electric field to the lB#am, and evaluate the
feasibility of ER fluid in attenuating the vibratiof rotating beams.

The use of composite materials for the spindle giresvill be presented in
paragraph 2.3.

Composite materials generally have an higher spestfffness compared to
metal ones so their use in the machine tool ingugr quite promising
nevertheless their high costs.

Choi in [62] used a carbon fiber-epoxy compositeéemal to design a shaft of a
ball bearing spindle system. The goal of the wodswo get enhancements in
the spindle dynamic performance. A comparison betwée new design
solution and the conventional steel one was prederiBoth simulated and
experimental results are reported. Meaningful perémce improvements were
found that is an increment of the natural frequen@ues and of the
corresponding damping ratios.

Chang [63] designed a composite air spindle systede by an high-modulus
carbon fiber composite shaft, powder-containingxgpmomposite squirrel cage
rotor, and aluminium tool holder is introduced. Fbe optimal design of the
composite air spindle system, the stacking sequemak thickness of the
composite shaft were determined by considering fimedamental natural
frequency and deformation of the system.

Kim [64] designed a composite boring bar in orademiprove the stability limit
during cutting. An analytical approach was proposedevaluate the new
solution performance.

Argento in [65] reported the experimental resultsrf the test performed on the
composite boring bar prototype designed in [64].

Lee [58] and [59] designed and manufactured aingaboring bar with high
stiffness pitch-based carbon fiber epoxy compdsiteeet the requirements of
boring at high rotating speed because carbon #pexy composite materials
have a much higher specific stiffness and highenglag than conventional
boring bar materials. The dynamic characteristicthe composite boring bar
developed were measured by the boring operati@iuohinium engine blocks.
From experiments, it was found that the dynamitfingss of the composite
boring bar was about 30% higher than that of timgdten carbide boring bar.
Also a 30% stability limit improvement comparedtte tungsten boring bar
was observed.

Another chance to obtain enhancements in the cha¢te axial depth is done
taking advance of the particular structure of thabisity charts: a proper
selection of the spindle speeds allows higher kalimit. Obviously in order
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to select the more appropriate spindle speedsngdégssary to accurately know
the machine tool and workpiece dynamics.

Some works proposed automatic cutting parametgustaty.

In Lian [50] an on-line fuzzy controller that autatically select the proper
cutting parameters (spindle speed and feed) inraodsuppress the chatter was
developed. Vibration energy and the peak value ofikaation frequency
spectrum are jointly used as chatter indicatorsiapdts to the proposed fuzzy
controller

A similar fuzzy controller was designed in ordeditoit the cutting forces to a
threshold value adjusting the spindle speed anéeda Harber [52].

In order to suppress the chatter vibration thedipispeed modulation technique
can be effectively used. A complete analysis of stee of the art has been
proposed in paragraph 4.1.
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1.3 Spindle bearing system modelling: state of the art

As formerly stated in many High Speed Machining HSoperations the
Material Removal Rate (MRR) is a key performancetdg limited by
instability of the milling process: cutting forceanation produce a poor
machined surface quality, can accelerate cuttirge @gkar and overload spindle
ball bearings.

Ball bearings

Spindle housing

Spindle shaft

Tool holder

Fig. 1.12: Spindle bearing system with a built iteetrical motor

Process instability has been associated to theneegive chatter phenomena as
described in chapter 1.1.

The stability lobes diagram can be preformed kngwire dynamic compliance
between tool and workpiece and estimating the raytfiorces considering
machining process data, like workpiece materialtantigeometry.

Chatter vibrations principally occur near the freqcay of the most flexible
eigenmodes of the machine tool-spindle system:hm rfange of frequency
involved in high speed machining, this dynamic cbamze heavily depends on
the spindle itself. In order to forecast the maleiemoval capacity and optimize
the design of a new spindle it is therefore necgsga correctly predict its
dynamic behaviour.

A spindle model allows the designer to investigayemeans of simulations
different design solutions and to understand incWwhway the performances can
be improved.

In this section a brief overview of the most meagfuih works from the specific
literature have been reported in fact many autfered with the prediction of
dynamic behaviour of machine tool spindle beariggteams, both analytically
and experimentally.
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Generally in order to be able to accurately prethet spindle bearing system
dynamic and static behaviour it is necessary toehddferent aspects such as
the flexibility of the spindle shaft and the spiadhousing, centrifugal and
gyroscopic effects of the shaft and of the disks, gtructural contributes due to
additional components (i.e. rotor of electrical onpt the flexibility of the tool,
the tool holder characteristics, the ball beariagd the spindle speed bearing
stiffness dependence.

In (Cao et. al. ) [31] a finite element model basadthe Timoshenko’s beam,
look at Nelson [41] and Cowper [34], consideringthbayroscopic and
centrifugal effects of the spindle bearing systeas wroposed.

Basics of rotor dynamics can be found in Genta.[42]

The test case spindle is depicted in Fig. 1.13s Bpindle is different from the
previous one shown in Fig. 1.12 in fact the las¢ dvas a built in electrical
motor and consequently doesn’t have the pulleyegsyghat is used to transfer
the motion from the external motor to the spindiafs Generally the electro-
spindle dynamic performances are higher than thbs®e traditional spindles.

Spindle Nose Displacement Sensors

\ \\ \ | \\\
\Q\ S L,
/ [/
ARNRNNSEy el kﬂg
Spindle Shaft llousing Hydraulic "Bearing Pulley
Fluid

Fig. 1.13: Spindle bearing system

The corresponding Finite Element model is repoitedig. 1.14. A beam
modelling approach was used to model the spindising.

ool bearings shaft pulley

R /A S

® * —&- ® & A - - f ® I;Iﬁ-
S CL/ load 9 o
L | opeoad L L
spacer housing outer ring

Fig. 1.14: Spindle system beam model

The following equations describe the dynamic betwavof the shatft.
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Eq. 1141 [M"] E{q} -alc?] E{q} +(ke]+ k] -2 dmeL )da) ={F*}

Where:

b]: is the mass matrix

M
M b]C ‘mass matrix in order to consider the centrifugedats
Gb] is the gyroscopic matrix

K

[
[
[
[ b]: is the stiffness matrix

[Kb]P IS the stiffness matrix due to the axial load

[Fb]: this matrix represents the external load
{dg}: is the vector containing the 5 degrees of freedifmhe Timoshenko

formulation andQ is the spindle speed.
Moreover, the equations that describe the rigi#d bshaviour are reported:

Eq. 1.15: [M“]E{'ti}—Q[G"]E{d}%F"}

[Gd}: is the gyroscopic matrix for the disk

[Fd]: and it is the unbalance force vector.

In Eq. 1.15 and Eq. 1.14 the damping contributesnat considered: generally
the damping can be introduced into the system byctimponents (i.e. the ball
bearings introduce damping in the system) or uaingpdal approach.

The ball bearing was modelled taking into accoutatronal speed effects on
the rolling elements and the furthermore the beastiffness depends on the
actual load that is the resultant effect due topifedoad and the operative load.
The used bearing model is a non linear one.

The implemented ball bearing model considers thedép speed effects and
how the contact geometry changes at different d¢perapindle speeds, like
depicted in Fig. 1.3 and described by Harris in.[43

Generally the ball bearings, in spindle assembig, axially preloaded. The
choice of the proper preload value is an imporissiie because there is a trade
off between the bearing stiffness and the beairfag |

Different systems can be used to preload the bgsran constant preload spring
system or a hydraulic one.
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= of jnner ring

¢ Ball centerT
%) ®
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\ Curvature cenfer
of outer ring

Fig. 1.15: Ball bearing contact geometry

In Fig. 1.16 it is possible to note the centrifuémice F, and the gyroscopic
momentM ,, acting on a singular ball bearing. Boky, and M, depends on

the rotational spindle speed, the contact geonatdythe ratio betweef and
the orbital ball speed.
Q,.Q, are the Hertzian contact forces respectively betwouter ring, inner

ring and the balls.
6,.6, are the contact angles referred to the outerrametr rings. These angles

vary with the spindle speed.

Mgy/D

Fig. 1.16: Forces and moments on the ball bearing

It is possible to write the equilibrium equatiors the balls considering the
relationships between outer and inner rings in otdecompute the contact
Q.. Q« during the operative conditions.

It is therefore possible to compute the barindreggs matrix.

Assembling the descriptive equations associatédealifferent components it is
possible to obtain the following equations:
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Eq. 1.16: M ]{x} . [c]{'x} R} ={F ()

Where:

Eq. 1.17: [M]=[M"]+[M]

Eq. 1.18: [c]=[c"]+[G']+[ c°]
Eq. 1.19: {F)={F}+{F}

And [CS] is the modal damping matrix that can be evaluatemeans of

experimental tests on the spindle bearing system.

Furthermore {R(x)} is the equivalent stiffness that depends on thdaho
coordinates, this is caused by the non linearitthefball bearings.

This modelling approach used by Cao et. al. [332] pnd [44] can be exploited
to analyze the influence of the axial preload dredgpindle speed on the bearing
stiffness and on the spindle natural frequenciggs,IF17 and Fig. 1.18.
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Fig. 1.17: Shaft speed effects
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Fig. 1.18: Speed effects and preload effects

Gyroscopic and centrifugal effects influence thenaiyic behaviour of the
spindle bearing system, Genta [42]. In Fig. 1.19 reported how the Frequency
Response Function (FRF) evaluated at the toolhanges due to the rotating
effects, Gangol [33]. The author moreover perforreeche experimental tests in
order to check the adequateness of the proposedimod

Basically we can observe a reduction of the valagghe spindle bearing
resonances. This can affect the spindle perforngadeeng cutting operations.

In [32] and [44] the authors introduced also a $eripeam model of the cutter
head.

In this work the thermal effects were not considere

In the specific literature there are some works, éfi. al. [45] and [46] that have
explained the thermal influence on the spindle ingdvehaviour.

In this kind of work the most critical issue is ttleance to accurately predict the
thermal field in the spindle, especially when tlecto spindles are considered.
Hypnotizing a thermal field it is possible to defithe following quantities:

T.°,T°,1,° are the initial temperatures respectively of théeoring, the inner
ring and the balls.
ConverselyT,", ", T, are the final temperature$,*, T, * are the temperatures

of the inner ring and the outer ring at genericetift’. P,, is the induced
thermal preload.
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Fig. 1.19: Rotating effects on tool tip FRF

From Fig. 1.20 it is observed that the axial thdrewgpansion difference is
mostly caused by the shaft and the spacer. Thigereint expansion can be
expressed as:

Eq 1.20: Al = aD(l mTll _Tio) -a |3(0 mTol _Too)

Eq. 1.20 considers the axial direction, Eq. 1.2 rddial direction and the Eq.
1.22 takes into account the expansion of the bgduafis.

Eq.121:  A,=afD,OTL'-T,9-0, AT~ T,9]

Eqg. 1.22: A, :%a D, {T,' - T.%)

And therefore the total deformation in the directaf line contact.
Eqg. 1.23: A=A +A,cos8-A, sind

And consequently the induced preload

Eq. 1.24: P, = kA

Wherek, is a constant that can be obtained from experiahéests.
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Fig. 1.20: Thermal preload

The thermal preload can be used to compute thenlgestiffness like described
in the following empirical relationships, Fig. 1.21

k., = Capal/ssz/s sin®’3 HEDbl/s
Eq. 1.25: k. = 064c,P,"°N,?*sin®® 9 [osh D, "*
Pa = Pa,i + Pa,t

Wherec, is an empirical constank, , k, ; are respectively the axial and radial

stiffness, D, the balls diameterN, the number of balls and,, the global
preload.
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Fig. 1.21: Preload and radial stiffness
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2 Spindle modelling and experimental
characterization

Chatter vibrations principally occur near the freqay of the most flexible
eigenmodes of the machine tool-spindle system:hi fange of frequency
involved in high speed machining, this dynamic cbamze heavily depends on
the spindle itself.

This work present a study performed to build aatdé motor spindle dynamic
model that can be used to forecast the machineonpeahce by the
corresponding cutting stability diagram.

In order to obtain reliable spindle models an ingotr model updating
procedure is recommended. The created model descrithe following
elements: tool cutter, tool holder, spindle shgfindle housing, bearings, tool
clamping system and bearing preload system.

Fig. 2.1: Spindle system during a milling operation

The analysis is based on a FE model and on aniegraal modal campaign on
several motor spindle setups in order to charasesome spindle components
and tune the model.

The influence of aspects such as bearing prelasd,ctamping force, cutting
forces on the spindle dynamic behaviour and orctheng stability lobes have
been also experimentally investigated.

The analyzed spindle, shown in Fig. 2.2, has a@-buklectrical motor and five
ball bearings in back-to-back configuration.

Bearing preload is applied to the rear bearing gackn hydraulic system that
acts on the outer rings of the bearings, the pdefoece is transmitted to the
front bearings through the inner rings and thetshaf

Tool holder is HSK 100; the tool is locked and whkied by a draw bar, pulled
by a set of springs.

Timoshenko beams are used to model the spindl¢ ahdfthe spindle housing
but also for the motor, the clamping system, ttot amd the tool holder.
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The Timoshenko beam formulation can take into asteoentrifugal forces and
gyroscopic moments acting on all rotating elemdiks,presented by Cao et. al.
[31]. The tool holder is modeled as a lumped coamue.

The spindle shaft and housing are therefore desttrily the matrix equations
Eq. 1.14.

Tool beam model

Spindle collar c/lamping system
RN AR R SRR
Al [
N T A A A A [

#a

: 3"33'23i345 : Biiﬁ SIELE T34

CS IR
[ ]

rotor _
~ hydraulic preload system

Fig. 2.2: FEM spindle model - components

In this work we generally have introduced dampimghie system using a modal
approach.

As described by Cao [31] and by Harris [43], a 3bmearing model is used.
This model considers elasticity of balls and ringstces and displacements are
computed using the Hertzian theory.

The model also takes into account speed effecth@molling elements, such as
centrifugal forces and gyroscopic moments as st in Fig. 2.3.

The bearing stiffness depends on the bearing gepmtite ball and ring
materials, the load condition, including the begripreload, and on the
rotational speed.

In this paper we have used the complete non-limeadel to produce a
linearized representation at a defined spindledped a specific preload value.
Experiments have been planned in order to providdetjnes useful to build
reliable virtual spindle prototypes, to be used, ilevhdesigning future
generations of spindles, to forecast the mateeiaaval capability, after having
taken into account its interaction with the wholaamine.

The model has been updated using the informatitmegad by an experimental
modal analysis [47] campaign, conceived in order doaracterize the
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contribution of the spindle motor rotor, the toolder, the clamping system and
the bearing preload hydraulic piston.

Outer
ring D

1

-y

A _l. Bm
inner ring

Fig. 2.3: Speed effects on rolling elements.

Experimental tests are also used to study the enfla of some important

operative parameters such as bearing preload ftwoé,clamping force and
cutting forces on the spindle dynamic behaviour.
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Fig. 2.4: Effect of rotor modeling on Tool Tip FRFs

As an example, Fig. 2.4 shows the effect on theadya compliance at the tool
tip of different modeling approaches adopted taespnt the motor rotor: (1) as
a steel element completely connected to the s{&gfgs a “mass only” element,
with null elastic module: the influence on the doamt mode, in terms of both
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frequency and peak height (i.e. modal mass) iseewidThe third intermediate
line has been obtained with the model updated erxiperimental data.

This underlines the importance of the model charagtion procedure in order
to get reliable information about the dynamic bebtavfrom the spindle model
and consequently to predict the cutting procedslgtalimit.

Fig. 2.5 describes the model updating procedursedan Experimental Modal
Analysis on the whole spindle and partial spinddups, also exploiting the
spindle assembly stages. The following functioresd heen minimized:

(h =)
Eg. 2.1: F=) —2—
iexp
Wheref; is the frequency of thi" simulated mode ant;exp the corresponding
experimental one.

Experimental Modal
—> Modal analysis > parameters
system *
Model updating
Model
parameters = optimization {;}
system model

Fig. 2.5: Model characterization procedure

In this work we have used a simplified updatingatgigy that considers only
simulated and experimental frequencies, rather tisarg all modal parameters.
We have tested four shaft-only setups and diffespiridle assembly setups.
The experimental tests performed on the shaft-biaye been used to obtain
data about the rotor behaviour, the clamping systedion the tool holder.
Tests performed on the spindle assembly have aflavgeto verify the overall
spindle model and to analyze the influence of tlearing preload and the
clamping force on the spindle performances.

The setups were defined in such a way following $ipéndle assembling
procedure, this approach made the characterizafite components we hadn’t
known their behaviour easier.

For each setup, impact tests and acceleration mezasuts were used to
identify system modal parameters and modal shapes.

All spindle setups were in free-free configuration.
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2.1 Rotating components characterization
2.1.1 Experimental shaft-only setup 1

In this section the results from experimental madats on different shaf-only
set ups have been presented.

The first experimental shaft setup, as depicteéign 2.6, consists of the spindle
shaft and the balancing ring only. The figure shotm acceleration
measurement points.

\\ D 4

Fig. 2.6: Experimental set up 1 (shaft)

In Fig. 2.7 the corresponding FEM model is preséniehis setup is used,
properly acting on model parameters (Young's Modamhel shear coefficient
[34]), to reduce the small inevitable geometriggbr@ximation due to the beam
model approach and to verify the shaft model.

-

T2 1516 17 g g @y tatar e 19 o0 21} 221 23! 24! 25126 27 132}
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Fig. 2.7: Model setup 1 (shaft).

The equivalent density has been computed frompghlke shaft weight.
In Fig. 2.8 the trend of the shear coefficient foollow circle section is
presented.
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Shear coefficient(CutPro),Hollow Circle, nu=0.3

] ] ]

Shear coefficient 1/K
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—— m lower model extreme -
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=1/K

Shear coefficient:
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Fig. 2.8: Shear coefficient — hollow circle section

In Tab. 2.1 the equivalent parameters obtained fiteenoptimization procedure
are reported.

# Material description E[N/m~2] | Poisson| D[kg/m”3] Igear cf.
Steel 1.984E11| 0.3 7718 15

Tab. 2.1: Parameters setup 1

The following pictures explain how the frequenc@sthe model change in
accordance with different parameters values.

These surfaces were used to minimize the functiepptesented in Eq. 2.1.

In Fig. 2.11, Fig. 2.12 and Fig. 2.13 the modalpgsainked respectively to the
first, second and fifth modes are depicted. Allsthenodal shapes refer to
bending modes.
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Fig. 2.11: Modal shape — experimental vs simulatechode 1
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Fig. 2.12: Modal shape — experimental vs simulatedhode 2

After the optimization stage a good agreement wighexperimental results was
found.
Differences on frequency values are limited up%a 1
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Fig. 2.13: Modal shape — experimental vs simulatedhode 5

2.1.2 Experimental shaft-only setup 2

The second experimental shaft setup is obtainezmbding the motor rotor to the
first setup

27.03. 2006 _ ¥ 26.03.2008

AL
X n“fb

Fig. 2.14 : Motor Rotor - zoom Fig. 2.15: Setup 2

The setup is used to evaluate the rotor structoatribution. In this work an

asynchronous motor rotor has been used. Fig. Buddrates the corresponding
model.

A rotor beam model is proposed. The goal is to defa homogeneous
equivalent material that approximates the rotoravedur.

The equivalento,,; was computed from the rotor weight.
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In Tab. 2.2 are reported the optimized modal patarse

# Material description E[N/m”2] Poisson D[kg/m~3]| I&ear cf.
1 Steel 1.984E11 0.3 7718 1.5
2 Disk_equil 1.984E11 0.3 7718 1.5
3 Rotor 5.98E10 0.3 6787 1.86

Tab. 2.2: Caratteristiche materiali SETUP2

motor rotor

—AII T 1

1'2':@4:5:5 :? :8:

Fig. 2.16: Model setup2 (shaft).

Fig. 2.17 compares experimental and simulated FRREBe spindle nose after
model setup updating. The agreement is good, edpefar the first two modes.
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Fig. 2.17: Shaft nose FRFs (setup 2).
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In Fig. 2.18 and Fig. 2.19 have been reported ¢#i3panse surfaces that show
the model parameters influence on the modal fregjaen

Obviously the most influent parameter is the Yosgngiodule compared with
the shear coefficient that takes into account ffeceof the shear on the system
flexibility.

1° Mode frequency interpolating surface[Hz]
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Fig. 2.18: Response surface — first mode (setup 2)
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Fig. 2.19: Response surface — third mode (setup2)
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A good matching also on the modal shapes was fdoneégxample look at Fig.
2.20 and Fig. 2.21. Only two modal shapes are tegor
3261.67Hz
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Fig. 2.20: Modal shape — experimental vs simulatedhode 3
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Fig. 2.21: Modal shape — experimental vs simulatethode 5

A small deviation (less than 4%) between the sitedlaand experimental
frequencies was noticed.
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Referring to shaft setup 2, depicted in Fig. 2485% Confidence Interval CI
was computed for the rotor model parameters, papagthe uncertainty of the
experimental frequency values using the Monte Caldorithm.

95% ClI E_rotor(opt)[MPa] Shear(opt)
upper limit 60100 1.867
lower limit 59500 1.854

Tab. 2.3: Equivalent rotor material properties.

Moreover in order to evaluate the repeatability tbé assembly operation
performed by rotor shrinking on the shaft, expentaémodal analyses on three
nominally identical components has been made: ERR illustrates the values
of the first natural frequency in the three diffgrésetups 2”.

We can observe a slight influence of the rotorrdtage on the first bending
modes.

Component Effects (setup 2)
95% CI for the Mean

976 5
972
T 968
o
964
960 - & _@_
1 2 3
rotor

Fig. 2.22: First mode setup?2 - shrinking effects.

Another important aspect has been evaluated: MOat® method is also used
to generalize the rotor characterization.

The equivalent material properties Tab. 2.4 camged to build a new spindle
model, obviously with asynchronous motor.

It is important to observe that the rotor motoraduces a significant damping
in the system in fact the relative modal dampingspd from 0.1% (setupl) to
1.7% (setup 2).
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Quantity E_rotor(opt)[MPa] Shear(opt)
Mean 60241 1.74
Standard deviation 741.2 0.15

Tab. 2.4: Equivalent rotor material — shrinking edtts.

2.1.3 Experimental shaft-only setup 3

The third shaft setup, as illustrated in Fig. 223 Fig. 2., includes the
clamping system, with the tool collect.

27.03.2006

Fig. 2.23: Clamping system - zoom Fig. 2.: Setup 3

This setup constitutes an intermediate step betwetrp two and four, focused
on the tool clamping stiffness. Fig. 2.24 shows ¢beresponding model. The
clamping system, composed by a tie rod, a sprind antool collect, is
represented by corresponding beams.

clamping system

_r I | I I| —

_L I : — 17 I T ; .!l i o

T2 :5:6 (7 8 lq i qgild TAARETS 19090 A1 22 23 20 igi‘;}z?:zg:M-
ST LI L L LI ]

Fig. 2.24: Model setup 3 (shaft).
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A sensitivity analysis on the model shows that dlamping system equivalent
material properties lightly influences the globayndmic behaviour. Not

deserving an updating procedure, nominal values baen used to describe it.

This can be appreciated in Fig. 2.25 and Fig. 2.26.
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Fig. 2.25: Response surface — first mode (setup3)
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Fig. 2.26: Response surface — second mode (setup3)
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Fig. 2.27: Modal shape — experimental vs simulatedhode 3
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Fig. 2.28: Modal shape — experimental vs simulatedhode 5

From shaft setup 3, model errors on frequency sadue less than 5%.
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2.1.4 Experimental shaft-only setup 4

Adding a tool (an hollow boring bar) to the prewscaetup we obtained the forth
shaft setup, Fig. 2.29.

boring bar

IEN
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L G | I T O 74
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24 76, RTE30 |
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Fig. 2.30: Model setup 4 (shaft).

Fig. 2.30 shows the associated model.

The tool holder is modeled using a beam elemeatlasiped compliance.

From a sensitivity analysis on the free-free nuoarimodel this local
compliance doesn't significantly alter the setumayic properties so nominal
values for an HSK 100 tool holder, reported in RA@1 and [35], are used in
the model.

Fig. 2.32, Fig. 2.33, Fig. 2.34 compare mode sh&pesetup four.

The matching between experimental and simulatedneigctors seems very
good and as in other setups errors are limitee 4p3%.
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Fig. 2.31: HSK 100 tool holder stiffness
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Fig. 2.32: Modal shape — experimental vs simulate@mode 2)
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1563.78Hz
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Fig. 2.33: Modal shape — experimental vs simulate@mode 2)
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Fig. 2.34: Modal shape — experimental vs simulate@mode 4)
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2.2 Spindle assembly experimental characterization

Having characterized and verified all rotating etens, we passed to the
assembled spindle.
Some phases of the experimental modal analysiepogted in Fig. 2.35.

Fig. 2.35: Experimental Tests - spindle assembly

Fig. 2.36 illustrates the measurement points onsghiadle, where the colour
corresponds to various spindle components.

el

Fig. 2.36: Measurement points on the spindle.

This setup is used especially to verify the beasitiffness estimation.
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Experimental modal analysis on spindle assemblyatse useful to study the
bearing preload effects, the clamping force effectd the cutting force effects
on the system modal dynamic properties.

Fig. 2.37 points out a comparison between simulateti experimental results:
the updated model well reproduces basically tret find the second mode (the
more flexible eigenmodes). A significant deviativom the experimental FRF
is notable closeness to thé? 3node and mostly to the™5mode. The
comprehension of these differences will be the gufaffuture research. A

different and more complex updating strategy based-RFs fitting will be
investigated.

FRFs (free-free): spindle nose

— experimental

mod [m/N]
5@

1 0—10

b=

Fig. 2.37: Spindle nose FRFs.

The optimization procedure on the spindle assemindgel has shown that the
rear bearings, mounted on a ball bushing used tdufate the preload by an
hydraulic piston, present a reduced equivalenafdmtaring stiffness (-28%).
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Fig. 2.39: Modal shape — experimental vs simulate@mode 3)
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Fig. 2.40: Modal shape — experimental vs simulate@mode 4)
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Fig. 2.41: Modal shape — experimental vs simulatethode 6
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2.2.1 Bearing preload, clamping force and cutting forceffects

Clamping force effects and the efficiency of theirsp based clamping system
have been studied. Three force levels for thedt@mhping were investigated.

In Fig. 2.42 experimental results are reported:dfiect (at 290 Hz) of a local

compliance at tool holder already appears withntleelium force level (37,6kN).

Only small flexibility increments have occurred nd# other modes .
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T
|
|
J
|
I

T

L\ "IN < 2 T T am
L L V- __L___ -l __ 4 ____d_____1_

| | | | | |

| | | | | |
E-o-zchk-czczczozhkc-czzzozktz-z-zzc bE-zz-z ootz -czzocodz-c-c-ozodz-z-cozoz-dz-zz-z-z-dz-4
F-Z-C-E-C---C-b--C-C--t-C-C-C-C-fCZC-coC C-C-C-C-fC---C-C-f-C-C-c--d4-----d---z--dZq
-————-Y¥----- +-—— == +-—-——= 4 - ———= 4-—-—-—-= = -4
W~ T- T T~ T- T T~ TT T T T AT T T T~ a7
r-—-——fr-~~—""~""~"f"-~~"~"""~“""°"+~"~“"~“""“"°" ¥ “~"“"~“""“"“"§“~ " “~"“~“"~“"“"717°""“"""97 " """"i°~ “~"“~ "~ "~/ °°""~"“~" "~ "~/ 7977
T~ T~ To T AT a7

\ \ \ \ |

200 400 600 800 1000 1200 1400 1600 1800 2000
freq [hz]

Fig. 2.42: Experimental FRFs - clamping force effex

290Hz

Fig. 2.43: HSK local dynamic compliance.

To get a first rough estimation of how cutting fesccan alter the dynamic
behaviour of the spindle during machining, a sinipkt was performed.

Fig. 2.44 describes the experimental test: a mé&88N) was hung by a soft
suspension to the tool tip, in order to simulatec¢htting force mean value.
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Fig. 2.44: Load effects — experimental tests

A slight dynamic flexibility reduction can be nodid.

Measured FRFs are shown in Fig. 2.42.

FRFs spindle toal tip (free-free) - tool load effects

oX 108

1500 2000 2500 3000 3500 4000 4500
freq [hz]

Fig. 2.45: Tool load effects
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The effect of bearing preload has been investigatedsuring the dynamic
compliance at the tool tip with spindle directly smbed on a machine, as shown
in the Fig. 2.46.

Two bearing preload levels were used: 9kN and 12kN.

Fig. 2.46: Test case motor spindle . compliance s@@ments
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Fig. 2.47: Experimental tool FRFs - bearing preloaeffects.
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mod[m/N]
o ® &

N

Fig. 2.48: Bearing preload effects — zoom.

Fig. 2.48 shows the 95% confidence interval of e&chquency Response
Function.

The Confidence Interval has been computed fromgugia Coherence function
as described in Ferrar [48], Bendat [49] and regubim Eq. 2.2:

Eq. 2.2: (ny(w)D W ey )‘
0’( phaS{ny“(a))D =sin™ E/lxz(f))x‘yé/a%))

Where y, (w) is the coherence function and, (w)is the generic transfer

function.

Bearing preload slightly influences the spindle awics : passing from 9kN to
12kN we have noticed a small frequency increasesxample referring to the
first spindle mode (from 436.4Hz to 448.6 Hz) anch@dal damping reduction
(from 3.9% to 3.3%). Similar results were found®go in [32] and [44].

Fig. 2.49 shows the bearing preload effects oningutstability lobes. The
preload increment reduces the chatter free stalifitit, due to the associated
modal damping reduction. So we can conclude thab#aring preload can't be
used to improve the spindle performance as welhjithad though.
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In this paper we haven’t experimentally investigatee spindle speed effects
because simulation forecast a reduced influencehtspeed range of interest,
on the spindle dynamic behaviour Fig. 2.50 and trusutting process stability.
Movahhedy [27] dealt with the influence of the gseopic effects on the
stability lobes diagram.

It has been considered only the speed effect linke¢kde ball bearing behaviour.
It seems that the bearing stiffness weakening dobedtrongly affect the
frequency response function and consequently dimlisy limit.

We can conclude that the accuracy in dynamic mode$ a real critical issue
while developing innovative spindles so that insthiork a spindle modeling
methodology has been proposed.

Stability Lobes - preload effects

Ecgut bsgmmé 5

S,

axial depth of

&

104

| | |
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Spindle Speed [rpm]

Fig. 2.49: Bearing preload effects — stability lahe
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FRFs (fixed spindle): Spindle speed effects
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Fig. 2.50: Tool tip FRFs - spindle speed effects
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2.3 Composite spindle shaft design

In this section a shaft made by carbon fiber-epoxyposite has been designed
in order to exploit the high specific stiffness ahd intrinsic damping properties
of these materials as a mean to increase the spdetlign performances and
consequently the chatter free stability limit.

Various applications of the composite materialsat@ating elements design can
be found in the specific literature, see sectién 1.

A composite carbon fibre-epoxy composite materglition moreover allows
getting enhancements in the unbalance issues.

The defined modelling guidelines will be used t&t the new design solution.

It is necessary to state some preliminary consisgrmaassumed in this work:

* The spindle dynamic behaviour was simulated by medra beam
model thus an equivalent isotropic material haddusedescribe the
composite fiber material.

« In this first analysis the manufacturing aspectgehd been taken
into account. The proposed solution was going taluate the
extreme enhancements due to the use of compositziatls and the
spindle shaft wasn’t redesigned.

We have decided to use laminated long carbon fibpoxy composite.

In order to study an orthotropic material [57], [&édnd [61], the following
relationships need to be used:

These are suitable for a plane model.

Eq. 2.3: {0} =[Dfe}
- - Al
ﬁ U21D22 0
12~21
E
D(=| u,D —2 _ 0 .
[ ] 1222 (1—U12U21) >
0 0 G

And it is possible to compuie;:

Eq. 2.5:

Eq. 2.4: D matrix

I/21 l:El = I/12|:E2

Fig. 2.51: Plane model



2 Spindle modelling and experimental characteopati 71

Where g; is the young’s module, direction 1 ang, ks the young’s module,
direction 2.

If we rotate the coordinates system (Le.2 as reported in ) it is possible to
define the T matrix as reported in Eg. 2.6.

14 4
V< a/>(/J
2 m=cos@)
n=sin(a)

Fig. 2.52: Coordinate system rotation

A

m® n®> 2mn
Eq. 2.6 {@=fat [r]=| n* m* -2mn

-mn mn m?-n?

Eq. 2.7: [D] =[r]o]TT

Furthermore if we consider different laid upon lesye

Eireq

‘1_ j U21eq D22eq O
U12equ 2leq

E,,. 1
.28 [Dlu=| VireDrag 1_U22q2 0 =h[—Z([D]m-h)
12eq” 21e ot i=1
0 0 ’ G

€q

Where [D]; is the matrix [D] for each layer,ishis the overall laminated
thickness and;hs the thickness of the single lay&r

Once computed the [R] it is possible to determine the equivalent praperof
the composite material using the following relasioip:
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2.3.1 Composite material design

It has been chosen a pitch based “URN 300" from @&emicals© whose
properties are reported in Tab. 2.5.

Different solutions have been evaluated varying tthiekness of the layers in
order to obtain a good compromise from the contelinked to each lying.

We have selected the configuration that maximiZes bending stiffness
increment:

» 85% of the overall thickness wittn =0
* 5% of the overall thickness withh =5

* 5% of the overall thickness witlh = -5
* 5% of the overall thickness witlhr =90

In Tab. 2.5 the proprerties of the composite prgpne reported

Property Value
E; (GPa) 380
E. (GPa) 5.1
G12 (GPa) 5.5

V12 0.29
p (kg/n?) 1750
¢ 20.7e-3

Tab. 2.5:prepreg properties

And using the Eq. 2.9 the following equivalent pedes have been obtained:

Uppeq = —B“’m =0.31
tot22
Uyioq = Dotz - ¢ 27
tot22
Eqg. 2.10:
| Ereq = Dmm(l——Dtot12 —DtomJ 030500MPa
tot22 Dtot22
Eseq = Dioezz 1-Denz Dar | 131 000vpPa
Dtot22 Dtot22

2.3.2 Numerical simulations

The undamped modal frequencies of the spindle thigrsteel shaft are reported
in Tab. 2.6.
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The model used to evaluate the spindle performaiasebeen depicted in Fig.
2.2.

#mode Freq.[Hz]
507,1
622,1
1007,96
1297,83
1571,34
2145,26

o g B~ W N -

Tab. 2.6: Undamped modal frequencies — steel versio

Substituting the shaft properties with the composites reported in Tab. 2.7.

Property shaft material | Value
Eyeq MPa] 305000
4 0.3
p[kg / n?] 1750
shear 1.5

Tab. 2.7: Shaft material properties, carbon-epoxgneposite

#mode Freq.[Hz] Increment%
1 609,67 20,2
2 762,9 22,6
3 1116,33 10,8
4 1582,15 21,9
5 2023,8 28,8
6 2519,3 -

7 3101,8 44,6

Tab. 2.8: Modal frequencies — increment — undampaathlysis

The modal frequencies linked to the composite shafsion, having considered
the properties reported in Tab. 2.7, are reportedab. 2.8. Moreover the
frequency increments have been underlined.
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There is a modal flipping between the two alterr@solutions. In sixth mode a
local compliance occurs, in the steel shaft spinldée analogous eigenmode is
located at higher frequency.

In order to evaluate the stability limit it is nesary to compute the tool tip
dynamic compliance of these two design solutions.

An important preface regarding the model used &luate the tool compliance
is indispensable: for this purpose it isn’'t possilh set modal damping ratios
because they would alter the physical behaviouthef system; the damping
needs to be introduced into the system by an apptep matrix. In
SpindlePro®©, a software suitable for the spindledeiling, this can be done
introducing the damping through the “bearing” elatsein fact a damping
coefficient can be associated to each bearingiesf.

In order to tune the modal damping ratios estimdtedh the experimental
modal tests formerly reported, a fictitious intethae bearing has been
introduced. This fictitious bearing has a very letiffness but can be used to
adjust the modal damping of the system. The dampiigpduced by the
intermediate bearing can be thought as linked & damping that is really
entered by the rotor.

A first tuning stage was hence performed on thedipiwith the steel shaft.
Using this approach it is therefore possible torexity evaluate the dynamic
behaviour modification due to the use of the contparaterial.

In the performed analysis the intrinsic damping tdbote just related to
composite material hasn’t been considered becdusepbssible to evaluate it
only by experimental tests. Not even in the spediterature accurate data
kinked to the damping increment can be found.
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Fig. 2.54: Spindle model — fictitious bearing

The compared FRFs have been reported in Fig. 2.55.

The result is very interesting: nevertheless theamafiber composite has a
higher specific stiffness than the steel,it hadoring to a better dynamic
behaviour and consequently this tested design isnligeems absolutely not
promising. An interpretation will be provided.
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Basically it depends on the effect of the stiffneéssrement and the mass
reduction on the modal parameters especially omibeal damping ratios.

In Fig. 2.56 are reported respectively the effédhe stiffness increment and the
mass reduction on the asymptotic dynamic compliance

FRFs: matrix damping — steel Vs composite

static stiffness behaviour

[N
v N

1
—
K

M1:>,/£T
N M
\

\ inertial behaviour

Y

\Freq.[Hz];

Fig. 2.56: Stiffness increment and mass reductidifeets — single dof system
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If we consider the relationships reported in Figo72for a single degree of
freedom we can assert that the compliance peakndspmmn the modal stiffness
and the damping ratio.

contribute “mode”

i

Dynamic compliance [m/N] - magnitude

»
»

=, Frequency [rad/s]

Fig. 2.57: Modal parameters — 1d.o.f.

L rad
W, = — . natuaral frequengy—
m s

§=rt

2Jm o

Eq. 2.1L k :stiﬁnes{%}

m :mass [Kg]
C: dampin{&}
m/s

So it is necessary to evaluate separately the ffeate even if the spindle case
is more complex than a single degree of freedortesys

:damping ratio

#mode | Freq.[Hz] | Modal mass [kg]| Modal stiffness [Nh] | ¢ 9

1 508,2 7,9 80939243,5 3,3
2 621,4 9,3 142123240,6 3,1
3 1101,2 80,9 3264343204,2 1,8

Tab. 2.9: Modal parameters, steel version
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Considering the same damping introduced in theesydiy “bearing elements”
the identified modal parameters linked to bothgbkitions are reported in Tab.
2.9 and Tab. 2.10

#mode | Freq.[Hz] | Modal mass [kg]| Modal stiffness [Nh] | ¢ 9

1 610,9 4,8 71671602,7 2,4
2 762,9 18,3 421659475,7 4,8
3 1116,1 279,3 13739681910,5 5,8

Tab. 2.10: Modal parameters carbon-epoxy composite

Using the modal parameters it is hence possibi@pfroximately evaluate the
height of the first resonance peak in both thetgmis. Fig. 2.58 shows that the
first peak is mostly influenced by the first modaintribute so we can outline
some conclusions directly from the modal paramdieked to the first mode.

tool tip compliance - 3 modal contributes - steel Vs composite
3r-—-——- S

| | |

conmposite

contribute mode#1(conmposite)

- - contribute mode#2(conposite) -

contribute mode#3(composite)

— steel

--| = contribute mode#1(steel)
contribute modet#2(steel)

— contribute mode#3(steel)

omega [rad/s]

Fig. 2.58: Tool tip compliance - modal contributes

It can be observed that the damping reduction ésrttost responsible to the
increment of the resonance peak.

It is interesting to understand which contributgpiedominant in the observed
behaviour that is if this effect is more influendey the stiffness increment or
mass reduction.
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Fig. 2.59: Tool tip dynamic compliance

In order to draw some outlines two hybrid and fictis spindle models have
been created: in the first one the shaft has theposite density and the
Young's module of the steel, conversely the secbghrid model has the
density of the steel and the carbon-epoxy stiffness

These two hybrid models allow to evaluate separdle interested contributes.
Fig. 2.59 underlines that the observed incrementhef first and dominant
resonance peak is basically lead by the mass rieduatked to the introduction
of carbon-epoxy composite.

#mode | Freq.[Hz] | ¢ %

561,71 2,37
729,1 4,86
1106,39 5,99
1530,4 3,41
1933,8 4,96
2475,84 7,36
2798,99 2,03

N O O A W N B

Tab. 2.11: Fictitious case — composite density/bstéfness
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#mode | Freq.[Hz] | ¢ %

547,51 3,39
650,18 3,02
1031,75 1,43
1340,73 3,51
1678,95 2,11
2278,29 5,36
2494,08 1,66

N o O B W N P

Tab. 2.12: Fictitious case — composite stiffnessédtdensity

This can be appreciated also in Tab. 2.11 and Z4R: the damping reduction
is basically caused by the mass reduction.

The following tables shows the properties of thaitfous materials used to
obtain the results depicted in Fig. 2.59.

Shaft material properties | Value

E,eq [MPa] 198400

[z 0.3

p[kyg} 1750
m

shear 15

Tab. 2.13: Hybrid shaft material p composite/E steel

Shaft material properties | Value

E:Leq [MPa] 305000

v 0.3

p[ky 3} 7718
m

shear 15

Tab. 2.14: Hybrid shaft material p steel/E composite
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3 Spindle-machine dynamic interaction

As formerly explained in High Speed Machining thesign of high speed
spindles is very important, because it often hastrang influence on the
resulting tool/workpiece compliance and, thereaftarprocess stability. Several
CAE software packages are available to build spirsdtuctural models, based
on the finite element approach, but even with thesghisticated tools, the
estimate of spindle behaviour in operating conditan be quite unsatisfactory,
because modeling information on appropriate boundaronditions,
corresponding to the specific machine tool, arevaiable, because spindles
and machines are usually designed separatelyirdtes modeled considering
the connection flange as restrained to an idealrgtaGangol [33], Cao [31],
Movahhedy [36], Erturka [37], while, in typical nf@ne tool structural models,
the spindle is represented as a lumped rigid maissrilli [38], Bianchi [39]
and Brecher et. al. [40].

In this work the issue has been studied like suggeim Cao [32] and [44] by
building a machine simplified structural model theproduces two eigenmodes
that are mostly involved in the coupled dynamicthwhe spindle. Assembling
this modal model to the spindle one, a good repmtoo of the coupled
dynamic behaviour experimentally identified hasrbebtained.

Fig. 3.1: Motor spindle test case and model — tesse A

Moreover, in the present work the problem has beeestigated developing a
full finite element model of a machine tool, inclng the spindle, and
performing experimental dynamic testing on machirmesl spindles. The
obtained data has been evaluated exploiting thetechtheory in order to
quantify the significance of the phenomena.
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Toal Tip FRFs. BExperimental VS Simulated

[ [
— simulated - fixed spindle
—experimental X axis | |
experimental Y axis

|
1400
Fig. 3.2: Tool tip dynamic compliance — experimehte simulated - zoom

The test case motor spindle, depicted in Fig. Bak, a built-in electrical motor
and five preloaded ball bearings in back-to-badkfigoiration. Bearing preload
is applied to the rear bearing pack by an hydrasystem. Tool holder is HSK
100; the tool is locked and unlocked by a draw palled by a set of springs.

In order to evaluate the cutting process stabdifyinite Element spindle model
has been developed as described in the previotisrs@c

The model has been updated, as formerly explainsohg the information
gathered by an experimental modal analysis campgnconceived in order to
characterize the contribution of the spindle matator, the tool holder, the
clamping system and the bearing preload hydraisitop.

In order to evaluate the cutting process stabiilityt it is necessary to define a
boundary condition for the spindle model: lackingrerealistic information on
the machine tool, two possible opposite constraamiditions are flange fixed to
an ideal ground and free-free conditions.

Even if the real boundary condition, when the sj@ng assembled on machine,
can be considered as an intermediate case, thalspdynamic is often
evaluated by restraining the spindle model to gdoas depicted in Fig. 3.1 that
shows the updated model overestimates the mosblieegigenmode frequency
and the corresponding dynamic compliance.

In order to quantify how these discrepancies woumliuence the material
removal analysis, it is useful to investigate thalmpart of the same FRFs, Fig.
3.3, that is roughly inversely proportional to timaximum stable depth of cut.
In the simulated data the two most significant nsoddow higher modal
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compliance and nearer eigen frequencies, produbergfore higher interaction
between them and a lower absolute minimum of takpart.

The approximation illustrated in Fig. 3.2 and RBg3 has been then transferred
on the cutting process limit estimation.dynamic pbance at the tool tip for the
mentioned spindle, obtained by the described nwalermodels and by
experiments conducted with the spindle mounted ogaamachine. The limits
of the considered modelling approaches can be atauby the difference
between simulated and measured tool tip Frequemspéhse Function along
the X axis and Y axis: the fixed

Tool tip FRFs: experimental VS simulated

le- T T T T T
0 S
o |
S R -

| | | [ | |
2
5 10
x10’  ~ |
e
g-l — simulated - fixed spindle
= | experimental X axis
experimental Y axis
i NN U R R
10°

Fig. 3.3: Tool tip FRFs - real and imaginary part

The corresponding analytical lobes diagram haven lmemputed considering
face milling machining with radial tool immersioh@&b5%, by a 80 mm diameter
tool with 6 cutting edges. The diagrams, computesihgt measured and
simulated tool tip compliances, are depicted in Big. Differences on both the
value of the unconditioned stability axial depth @it and the frequency
structure of the plot are clearly visible.

The presented results have detected some impdirtatations in the traditional
spindle design approach. It is necessary, in orexorrectly evaluate spindle
performances in operating conditions, to take adcount the machine tool role.
In this paper two different scenarios are presernteal first suggests to build a
simplified machine tool model to be used as boundandition for the spindle
model (mostly suited for spindle designers), wiile second one proposes to
mount the beam spindle model on machine FE modeast{sn suited for
machine designers).
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Stability Lobes
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= N
g N o

=
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Fig. 3.4: Analytical Stability Lobes - experiment&S simulated

3.1 Simplified Machine model

As presented in [32], a simplified machine moded baen developed. For test
case (A) this simplified machine, depicted in R3¢, has been proposed. The
beam spindle model is connected by spring elemengsflexible ram, with a
lumped mass at one end.

Operating on mass and spring values and on beapenies, a fitted spindle
model has been obtained. It is a sort of modahtyras done in [32].

Fig. 3.6 illustrates how the simplified model capnoduce the dynamic spindle
behaviour when the spindle is mounted on the macdhéaad.

Using this updating strategy we have fitted the esxpental Frequency
Response Function both for X and Y axis. Certainfyture development of this
approach will be to investigate if it is possibtedstablish simple rules to build
the simplified model starting from typical machito®l specifications, like static
stiffness, first resonance frequency etc.
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spring connection
V' A

== g

FEM spindle model (beam)
flexible beam

== e y

4
\

added mas

Fig. 3.5: Spindle and simplified machine model

Using this modelling approach it is necessary tidbtwo different simplified
models (for the X and Y axis respectively) duehte asymmetry introduced by
the machine structure.

,£x10” | | |
Tool tip FRFs:Experimental Vs Simulated —simulated - semplified machine
Vi B — experimental - X axis -
| —simulated - fixed spindie

Fig. 3.6: Tool tip FRFs - fitted semplified machinmodel
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3.2 Full machine model

To evaluate the machine tool influence on the dpimtynamics, a full FEM
machine model has been used, assembling on ietdm@ Bpindle model. Fig. 3.9
describes the three axis machining centre used “@@DULA” machine,
produced by Linea srl, Italy). The spindle haslsad bearings in back-to-back
configuration and an ISO 50 tool holder.

Fig. 3.7: Test case B Fig. 3.8: Electro spindle & spindle head

In the following figure the finite element model tiie whole machine is
presented. The beam model of the spindle, Fig. @49 added to the machine

model.
The beam model has been created following the fdymefined modelling
guidelines.

Fig. 3.9: FEM machine model (machine+spindle)
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Fig. 3.10: Beam spindle model

The complete machine and spindle model has beesdtusing data from an
experimental modal analysis campaign. The compafisiween simulated and
experimental spindle nose Frequency Response Buascts depicted in Fig.
3.1: the updated model shows a good agreement wkperimental
measurements over a wide range of frequencies.

By adding the beam model of the spindle to therhdichine model it is possible
to investigate (see Fig. 3.12) how the spindle fireslithe dynamic behaviour at
the tool tip, especially in the higher frequenaiegion.

From the cutting process stability point of viewnsidering a low speed high
torque milling operation, and referring to this gjfie machine (test case B), the
dominant eigenmode that limits the Material Remdvale is the 65 Hz one.

Spindle nose FRFs: experimental VS simulated
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Fig. 3.11: Spindle nose FRFs - simulated/experimahtomparison

It is important to notice that the 18 Hz mode, whaeems the most flexible
mode (see Fig. 3.11) doesn’t limit the cutting s stability because the
whole machine moves on its supports to ground hackfore is not excited by
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the relative forces applied to tool and workpiegethe cutting process. The 65
Hz eigenmode instead provokes a relative displanerbetween tool tip and
workpiece (see Fig. 3.12) and can be easily ex&ijecutting forces

6 S|mulated Tool tip FRFs

10 Ecco==J-zE=E o O e e e S S e e
F ”;”735535—madme+sp|ndle(Xax|s) &
S B R i i
= ! . - - - - - = — [ T T ey e
| | | |
| | | |

14- ~-machine + rigid spindle (X axis)

Fig. 3.12: Simulated tool tip FRFs - X axis

In this specific test case the spindle dynamic teha only slightly influences
the stability lobes diagram and the cutting stablimit.

In order to study the influence of the machine fwa gpindle dynamic behaviour
we have focused on the higher frequency range, #0tnHz to 1000Hz, where,
as shown in Fig. 3.12, the spindle role is pred@amin

AN AN
VAR 20 2007 | NODAL SaUTION MAR 20 2007
16:37:51| | STEP=1 16: 08: 44
SUB =8
FREQ-65. 18
UM (A
=0
DMVX =. 023008 DWX =. 055507
SMX =. 055507

— — vy
0 . 005113 . 010226 . 015339 . 020452 0 . 012335 . 02467 - 037005 . 04934
. 002556 . 007669 . 012782 . 017895 - 023001 . 006167 . 018502 . 030837 . 043172 . 055507

Fig. 3.13: Machine modal shapes
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In Fig. 3.14 the tool tip Frequency Response Fonetiof the spindle fixed to
ground and in free-free conditions are shown.

The MODULA (produced by Linea) machine realizegifi Boundary condition
for the spindle that would be difficult to reach aififferent machine
architectures, e.g. in machines with the spindl@ omoving ram or with a tilting
head. In order to make a first analysis of thedéerdint cases, a fictitious
machine with a more compliant spindle head has lgesrrated, just dividing
by two both the material density and the elasticlohas of the head material.
The resulting effect on the dynamic spindle behavis depicted in Fig. 3.14
and in Fig. 3.15.

x10 " Simulated Tool tip FRFs

— machine + spindle (X axis)

1

-=-machine + rigid spindle (X axis)
0.8 free-free spindle (X axis)

fixed spindle (X axis)

|| —fictitious: machine + spindle (X axis)

-=-fictitious: machine + rigid spindle (X axis)

< ST =
B ettt

300 400 500

Fig. 3.14: Simulated tool tip FRFs — boundary cottidin effects

The different influence of the machine on the atiedy stability lobes is shown
in Fig. 3.16. It is important to remind that thealstity lobes have been
computed considering the dynamic behaviour oveH2008ecause, for the aims
of this work, low frequency machine eigenmodes, netike spindle dynamics is
not involved, are not considered.

It is useful to physically interpret the phenomewhy the spindle mounted on
the machine, with lower static stiffness, can aohibigher axial depths of cut
than the spindle fixed to ground, that posses hdrigtatic stiffness?
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Fig. 3.15: Simulated tool tip FRFs — real part
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Fig. 3.16: Analytical stability lobes

The spindle mounted on the machine, because ofdifierent boundary
conditions, exhibits a different dynamic behavioun. particular, the eigen
modes near to the first resonance frequencies efsghindle fixed to ground
involve now a larger motion of the spindle housisgme movement of the
machine in general and of its head in particulage(Fig. 3.17). As a
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consequence, even if the spindle shaft and theaimoving at much larger
amplitudes than the rest of the machine, givemtheh larger masses involved,
the resulting modal mass at the excitation pointmsch larger. Modal

parameters referred to a single degree of freedemegorted in Fig. 2.57and in
Eq. 2.11; the can be useful to understand the dinbemaviour change.

In Tab. 3.1 the identified modal parameters of ithest flexible eigenmodes,
that mostly influences cutting stability, are regedr Passing from the fixed
boundary condition to the machine mounting an imenet of modal mass and
modal stiffness has occurred: this explain the masoe peak shifting and the
correspondingly increased cutting capacity.

Going back to Fig. 3.15 and considering the idesjuence starting from the
spindle fixed to ground through the “stiff” and fsomachine down to the

spindle in free-free conditions, it is interestitg note that there are specific
boundary conditions that assure the maximal matenmoval capacity.

AN
NODAL SOLUTI ON MAR 30 2007 NODAL SOLUTI ON
STEP=1 16: 22: 30 STEP=1
SuB =7 SUB =148
FREQ=717. 498 FREQ=777. 885
Usum (AVO) USuM (AVG
RSYS=0 RSYS=0
DX =. 312564 DK =. 273445
SMK =. 312564 SMK =. 273445

X —Ltlt o __—— )

Fixed spindle

—
. 069459 . 138917 . 208376 . 2778:
. 034729 .104188 . 173646 . 243105

34 0 . 060766 - 1215
. 312564 . 030383 . 001148

/ . 060766 L1p : 207 . 243062
030383 .091148 . 21268 . 273445

Fig. 3.17: Modal shape comparison

In order to roughly comprehend the interaction leetv machine tool and
spindle a simple 2 dof system has been analyzgd 3Hi8.
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This analysis is presented to show the complexitthe issue nevertheless a
very simple 2 degrees of freedom system has bessid=red.

The simple system depicted in Fig. 3.19 represantsughly model of the
spindle-machine head system.

modal parameters fixed spindle machine + spindle
Frequency [Hz] 718 760

modal damping [%] 2.8 3.1

modal stiffness [N/m] 2.08E8 2.95E8

modal mass [kg] 10.24 12.95

Tab. 3.1: Identified modal parameters of the domirtanode

The analysis shows the influence of the “machinfiness K’ on both the
modal frequencies and on the modal shapes of tid &ystem.
If the spindle is mounted on a rigid machir€, (- «) only a resonance peak

can be observed (Fig. 3.20), the other eigenmodevsry high frequency.

A -

frequency / o0

Ml _W MZ Ml _W M2 Ml 'Wf M2
Ks Ks Ke K
Costrained

Fig. 3.18: Constraint conditions — effects on a ?fdsystem

When the machine is get softened the high frequenoge appears and the
frequency of the first eigenmode decreases likevaha Fig. 3.20.
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This is very similar to those happened in test dasensidering the first spindle
mode, Fig. 3.6.

In this case we haven’t considered the modal mhasge due to the spindle
mounting.

Obviously if we consider a more complex systenssitiore degrees of freedom)
both for machine tool and spindle it is very diffic to predict the overall
dynamic behaviour.

Ry
="
Rarr
Rl R2 Ml RZ
S,
K St S 1 é?Ks
Spindle
M, S,

Fig. 3.19: Spindle - machine system - mass/springdal

frequency
4 LEGEND -7 o0

fixed ‘///,/’
intermediate- mode

intermediat — mode

Fig. 3.20: Constraint conditions — machine stiffnesnfluence
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The two proposed approaches used respectivelysincéese A and B can be a
valid support to develop a high performance spimiéehine system.

The analysed models, with the help of experimantsurements, have pointed
out the relevance of the dynamic coupling of the subsystems: it is therefore
important, both for spindle and machine tool designto take into account this
interaction during the corresponding design stages.

Interesting developments have been identified camog both approaches. For
the first one, it would be interesting to develogemeral methodology to define
the simplified machine model using only the mostparant machine
specifications, such as the static stiffness, itlsé fhachine resonances and some
indicative mass value.

For the second approach it would be interestingetfine a design strategy to
profit by the spindle - machine interaction in artie maximize cutting process
stability.
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4 Spindle Speed Variation

The Spindle Speed Variation is one of the techrighat have been studied to
suppress the regenerative chatter both in turrmagnailling operations.

Many scientific works were published about thisttdrasuppression strategy but
any meaningful industrial application to millingdmet been revealed.

A complete analysis of the state of the art an@taikkd study of the technique
will be further presented. The goal of this study tb comprehensively

understand how the spindle speed modulation irteratth the regenerative

effect that can bring the system to instabilityidgrthe cutting. The importance
of the parameters selection on Spindle Speed \amiaffectiveness will be

moreover presented.

4.1 State of the art Spindle Speed Variation

In order to suppress the chatter phenomenon otigegbossible strategies is to
continuously vary the spindle speed during theimgifprocess.

The Spindle Speed Variation (SSV) has been weldlistl in literature by
different authors.

These works have revealed that the modulation efstiindle speed, breaking
the regenerative effects, can be used in some dasefabilize the cutting
process.

Application with different speed modulating lawsvhabeen studied but the
most promising one seems to be the sinusoidal 888Y or 8V Sinusoidal
Spindle Speed Variation), this is due basicallyhie capability of the spindle
drive to track the sinusoidal speed profile. Trialag and square profiles were
also analyzed Lin [66], Takemura [69].

The first studies were focused on the capabalslié the SSV to suppress
chatter in turning machining.

The idea was introduced in 1972 by the Stoferle@rab [67], later, Sexton and
Stone [70] argued previous works showing that #sults obtained with the
SSV were not as good as predicted before. De Camnateal. [71] showed that
the speed modulation was mostly equivalent to tleutation of the time lag
between the cutter and the previous one.

Tsao et al. [73] proposed a methodology to analyee stability of $v
machining by using spindle angular position asraependent variable. A finite
difference scheme was used in analyzing the stabilithe system.

By using spindle angular position as the independemiable, the system
dynamics are modelled as a linear periodic timedngr system with fixed
delay. This representation is proven much easi@ntdyze and to numerically
simulate than the time-varying delay representatich traditionally uses the
real-time as the independent variable. This approawkes possible the
quantitative characterization of system stabilisyaafunction of variable speed
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profiles as well as other system parameters sushifizess and damping of the
cutting process and the tool/workpiece structungpl&ations of the method to
milling operations were proposed but introducingpartant simplifications on
the machine dynamics; for example only one degfdeeedom case has been
considered. Simulations and experimental tests \weréormed to validate the
proposed approach but no general rules were detmedlect the proper values
that describe the speed profile.

An analytical model to predict the chatter stapilif variable spindle speed
machining is presented by Jayaram et. al. in [Tt tdeveloped a Fourier
expansion of the turning process equations. Thigrageh is quite similar
approach to the sophisticated multi-frequency smhufor constant speed. This
model is based on transforming the linear diffeeénéquations with time
varying delay to the solution of an infinite ordemaracteristic equation. The
model has been validated using the results of nigcaléime domain simulations
and through experimentation, turning operationseverformed. The analytical
model employs normalized parameters which perntstsuse in studying the
stability of variable spindle speed machining systewith a wide range of
parameters without having to solve the complexesystf differential equations.
The analytical model is also used to design optineiable spindle speed
machining parameters in the presence of known figedarying machining
dynamics. Contour plots are used to map the effertiss of the SSSV varying
the spindle speed parameters considering also ribertainty of the machine
dynamics.

As formerly mentioned the®8 has been the more widely adopted spindle speed
modulation technique even if some author have megaoparticular solution
[84] for turning machining. Using a sinusoidal spg®ofile tracking troubles
can be reduced because infinite jerk or infiniteederation are not required like
in case of the triangular and the square ones.

___— SSV —
NN Al A

sinusoidal triangolar
(SSSV=8v) square profile

Fig. 4.1: Analyzed spindle speed profiles

The sinusoidal modulation strategy has generallgnbdescribed with the
following parameters that represent respectivetyaimplitude and frequency of
the sinusoidal profile: RVA and RVF. These quaestiare non-dimensional
ones, typical used values are RVA=0-40% and RVF3®%-474], [75].
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Fig. 4.2: Sinusoidal profile description

Eq. 4.1 Q()=Qp+(Qo-RVA)-sinQo- RVF-t+y)
Eq. 4.2: RVE = 27t

QO
Eqg. 4.3: RVA= A

0

Using a sinusoidal profile it is possible to linthie tracking error: experimental
tests revealed that the error is limited to 5%ckirag different profiles can
generate higher error (up to 22%) Lin et. al. [@86]the same work and in [72] a
milling cutting process model was developed in orde investigate by
simulations the powerful of the SSSV as chatterpsegsion technique. The
machine dynamic was lead by three dominant eigeesiodime domain
simulations reveal that the RVA has higher stainigzeffect than RVF on the
vibration reduction goal. Generally when the ingigbis brought by an high
frequency eigenmode the RVF parameter doesn’'t glyoinfluence the
vibration suppression. If the dominant mode isoat frequency referring to the
nominal cutting speeds, the RVF parameter caniida®l to enhance the spindle
behaviour. Moreover the SSSV proper parameterstimeseems more crucial
for high frequency dominant modes.

Finally authors have stated that an increment ofARMd RVF generally
produces a vibration level reduction.

In [74] Radulescu et. al. analyzed how the effegtass of the SSSV in milling
operations is influenced by the tool-workpiece dwyiws. A model of cutting
process that considers the tool-workpiece dynamimiance was developed.
Test cases with different dynamic behaviours wexayaed: a structure with a
single and fixed dominant eigenmode, one that cbsuig dynamic behaviour
during the machining and the last one that has @& ncomplex dynamics.
Experimental results were performed only for theiest analyzed case. Some
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conclusions have been drawn. The VSM (Variable @pinMachining)
generally flattens the stability lobes so the prog@ndle speed selection is not
as crucial as in Constant Speed Machining. CSMbmamore convenient than
VSM if the nominal spindle speed is close to thab#ity pocket regions of the
lobes diagram. Moreover the VSM is especially dffec when the tool-
workpiece dynamic behaviour has different non-cedpéigenmodes or when
the dynamic proprieties change during the cuttingsecond part of the work
[75], the authors tried to physically understandwhthe cutting speed
modulation is effective to suppress the vibratiod o increase the depth of cut.
An energetic approach was proposed for a non tigabgthogonal cutting and
the work done by the cutting forces was analytjcaedliculated. This shows that
the forces in VSM generally introduce less enenmgythe machine tool than
during the CSM cultting; this could be the reasothefenhancements due to the
use of the SSSV technique. Some milling simulatiese done to analyze the
effects of SSSV on the regenerative phenomena aridreed vibrations that
correspond to different position on the stabilipbés diagram. Some other
interesting conclusions have been outlined: the MSM robust technique that
can be used to suppress the vibration during thtenguespecially when precise
information about the system dynamics and the ce#ting conditions aren’t
available and the RVA parameter is more effectv@ntthe frequency of the
speed profile.

An extension of the method introduced in [76] hasrbdeveloped by Sastry et.
al. in [77] and [78] for milling operations. The thed has been validated by
means of time simulations. Few experimental cuttesis were also performed.
The results underline the capabilities of the SS®Vsuppress the chatter
vibration especially when the milling operationgotve complex dynamics.

In [79] Al-Regib et. al. have developed an enemeipproach based on the
minimization of the work done by the cutting fortceselect the RVA and RVF
parameters in turning operations. Experimental stestveal the chatter
suppression capabilities of the VSM. The heuristiethod is suitable also for
the on-line chatter suppression implementation.

By adapting existing mathematical techniques, atupeative method is
developed in [80] by Namachchivaya to obtain firdtmensional equations in
order to systematically study the mechanism of dipirspeed variation for
chatter suppression. The results indicate both stoderease of stability and
complex nonlinear dynamics close to the new stgliloundary. The approach
allows to select, for one-dimensional cutting pss;ethe optimal parameters
that of the sinusoidal speed modulation.

Recently, Insperger et al. [86], [87] and Long &alachandran [15] adapted the
semidiscretization method to investigate the eftéotariable speed machining.
These works are focused basically on the numesigptoach to the solution of
the one-dimensional cutting process problem: DDEag&gns.
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Kubica and Ismail proposed the on-line determimatb the parameters of the
sinusoidal spindle trajectory by a set of fuzzyesubased on experimental tests
[82], [83].

Recently Bendiaga et.al. [85] presented the resilgsr experimental campaign
on a milling machine tool. The reported results vehihat the SSSV is a
promising technique to suppress chatter esped@liow spindle speeds where
better vibration reduction properties were observed

A lot of studies have been developed in the paatsyen the Spindle Speed
Variation as a technique to suppress the chatteaton but up to now no one
has address in a satisfactory way the problem bhidg some guidelines to
select the proper RVA and RFV values referring &pacific milling operation
and a tool-workpiece dynamic behaviour.

In fact the optimum choice of®8 amplitude and frequency must take into
account cutting geometry and dynamics, while somestraints raise from
spindle performance such as bandwidth and availpblger, or machining
issues. Moreover the®8 technique implementation, especially if it is dse
during a stable milling, can impair tool life anarace quality.

The key of 8V efficacy is the phase shift between inner anceoutodulation
when chatter is impending. Chatter can be suppdessenlarged by provoking
different phase shift [88]. Concerning the optimyinase shift, literature is
sometimes unsound and a definitive clear treatmseimidoubtedly opportune.

In the work that will be further presented, theatinship between phase shift
and spindle speed is pointed out: it will be shotrat the phase shift
corresponding to the worst condition is not constauat it depends from cutting
geometry (end mill entry and exit angles) and frantomplex relationship
between the dynamics along the two orthogonal Ddé&®ning the milling
plane.

Considering the basic case of a single dominanttidn mode, for the planar
displacements dynamics, a function proposed to umeasa heuristic distance
between the phase shift between inner and outerulaimoh that would be
occurred if the instantaneous value of cutting dpsas kept constant and the
worst phase shift condition previously identified.

The functional depends on the speed variation laemcé, the optimum
parameters can be derived solving the followinggitzal optimization problem.
The functional J that will be properly describedimes the "distance" from the
least stable cutting condition.

This approach allows a fast computation of diagr#émas point out the stability
increases due to S3V implementation (with varioomiloinations of amplitude
and frequency) comparing them with constant speeiting. Using these
diagrams is furthermore very easy to select thd ladable speed cutting
solution.

The reliability of the proposed methodology hasrbealidated by means of a
DoE based on numerical time-domain simulations iratl&b/Simulink©
environment.
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4.2 SSSV and time domain simulations

As previously mentioned the time domain approachlieen selected in order to
analyze the SSSV technique and to investigateapallities in regenerative
chatter suppression during milling operations. gbal of the work is basically
to understand in which way the cutting speed mdthracan break the
regenerative chatter limiting the vibration and &mting the axial depth of cut.
An energetic method has been proposed and it hexs bged to define some
guidelines that help to select the more converith and RVF parameters of
the sinusoidal profile considering a specific midji operation and having
defined the tool tip/workpiece dynamic.

4.2.1 Test case description

The analyzed case is taken from a real industagec The machine CLOCK
TANK MP10 fromm.c.m Spa. (ltaly) is depicted in Fig. 2.14 and in Rgl5.
The tool tip dynamic compliance has been measusdguan instrumented
hammer and an accelerometer. Details on the proeeased to perform the
tests are reported in the Appendix A.

Fig. 4.3 : FRF measurement Fig. 4.4: Machine tool - spindle

The estimation of the tool tip dynamic complianees tbeen computed and it is
reported in Fig. 4.5. The dynamic behaviour ofrrechine tool is dominated by
two main eigenmodes: the first one at about 45@iktk the second one at about
750Hz. Both modes can be associated to the spiratiaviour because they are
two high frequency modes and they can be obsenvdxbth directions even if
some light differences can be pointed out due ¢onttachine-spindle dynamic
interaction as explained in the chapter 3.

The main eigenmodes are non coupled ones becagighytiamic behaviour of
the spindle is almost symmetric considering twiagbnal directions.
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The analyzed milling operation is a face millinghwa full tool engagement as
reported in Fig. 4.6.

%107 FRF

10

™ 560 1000 1500 2000 2500

<o I L

1 |
; ]—Cap Tool X Teflon AccSens]
———
-2 500 1000 1500 2000 2500
hz

Fig. 4.5:Measured FRF - tool tip dynamic complianeeeal & imaginary part- X axis

It is important to underline that the dynamic babav of the workpiece-table
system has been neglected because it reveals a mach higher dynamic
stiffness compared with the one measured at tHdifoo

The cutting parameters used are reported in Tdh. Phis face milling is
actually used by Capellini S.r.l (Italy), a compatmat produces electro motor

spindle.
Cutting Condition

Feed direction (X)

Fig. 4.6: Milling description — cutting geometry
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The analyzed test case presents high frequencyndmmimodes and thus the
milling operation described in Tab. 4.1 can be tedaclose to the high order
lobes of the stability diagram.

Cutting Parameters Value
Nominal Spindle Speed | 830 rpm
cutter diameter 80 mm
radial immersion 100%
tool length 200 mm
n° cutters 6
feed rate 0.24 mm/tooth/revolution
material Steel C40

Tab. 4.1: Cutting parameters — steel face milling

4.3 Cutting process model description

A dynamic model of the cutting process that conrsidiee dynamic behaviour of
the machine tool has been developed in Matlab-Sink@l environment.

The cutting process model takes into account tlgenerative effect so the
instantaneous chip thickness related to each cdgpends not only on the
instantaneous position of the cutter that is waykaut on the position assumed
formerly by the previous cutters.

previous
cutting
edge(T,,)
istantaneous istantaneous force (T;)
position(T, ;) position(T,)
cutting
=) | condition
check

I:r = Kr |:hi |:ﬂ)i + Krs |:ﬂ)i
cutting force calculation ” F =K, [h b + K, b
Fz = Kz |:Ihi |])i + Kzsl:ﬂ)i

WORKPIECE_PROCESS i

Fig. 4.7: Cutting process model linked to each a@rtt
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A cutting process sub-model for each cutter hasnbeensidered so the
regenerative effect can be easily modelled, Lean/dsl] and Liu [14].

As described in Fig. 4.7 the sub-model computes ittetantaneous chip
thickness and consequently the cutting force coraptanusing the Kroenenberg
model reported in Eq. 4.4.

F =K, [h(t) b+ K_ b
Eq. 4.4 F. =K, (h(t) b+ Kb
F, =K, Ih(t) b+ K (b

F., F,, F, are respectively the tangential, the radial amrdakial component of
the cutting force.
Moreover h(t) is the instantaneous chip thicknésthe axial depth of cutk,,

K,, K,, the cutting force coefficients anll, K., K, the cutting force

coefficients that allow to compute the componenthed force related to the
sliding of the cutters on the machined workpiece.

Each sub-model needs the actual position of thdtifhgu edge i” and the
formerly position of the “cutting edge i-1” . This obtained using a delay block
for the position of the previous cutting edge.

Moreover the sub-model checks the “cutting conditithat is it verifies that the
cutter is really in the workpiece and thus it isnowing material from the
workpiece.

In order to obtain a desired cutting process mdadel necessary to assembly
different sub-models, one for each cutter.

Fig. 4.9 explains the methodology to assembly dbfie sub-models and Fig.
4.10 shows the Simulink© implementation for a fawtters cutting process
model.

Any desired face milling, slot milling or edge nmij operation can be obtained
assembling the right number of sub-models.

rs?

.

Cutting forces

Cutting edge
displacements

Fig. 4.8: Machine tool — cutting process interactio



4 Spindle Speed Variation 104

Cutting edge positiol

Workpiece-
Process |

Workpiece — Process Model

Fig. 4.9: Sub-models connection

Obviously the model can impose to the tool a ddsamregular speed, in this case
a sinusoidal profile has been used to modulatectitiing speed. In this case a
sinusoidal modulation of the delay occurs.

The model considers the dynamic interaction betwberspindle-machine tool
system and the cutting process like describeddn4B.

The data related to the dynamic behaviour of thehim& tool are introduced in
the model as modal parameters thus an identificatechnique has been
performed to extract the desired parameters from rtteasured Frequency
Response Function, Fig. 4.5.

Some simplifications have been introduced in thedehothe spindle drive
dynamics and the axis drive dynamics haven't bemrsidered furthermore a
simplified geometry of the cutters has been modelle

The developed model can be used to analyze thiaguyttocess instability and
to understand how the spindle speed modulation icéeract with the
regenerative phenomenon.

Assuming that each point of the stability lobegydten corresponds to a specific
choice of spindle speed and axial depth of cutledng fixed the other cutting
parameters, the stability diagram can be computedn fa time domain
simulation campaign. It is possible do establish dpecific milling operation is
stable or not by analyzing the spectrum of theimgitforces and the spindle
vibrations. From literature it is well know thatetlthatter instability manifests
itself at defined and known frequencies that arpr@agmately close to the
dominant resonances.
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Zinit

Tool kinematics

o 8
9 &

[0} >

@j

ModelParametersm

E

18

Initial Rot Ang

a

H

3
[
3
@

1

:
¢

!

g
s
9

!

g
g
&

Cutt3 Cuttd

Spindie Speed
Tool Center Forces ————| Modulation1
Forces
Nominal Tool Center Position Modulation2
Tool Center Position Moddiaions
Initial Tool Rotational Angle
| Tool Center Position
Workpiece Limits Cuters Positi »| Cutters Position
I Tool Center Position
Cuting Coefficients
Tool Animation
Cutter Force modulating signal |——
Modulation
Nominal Depth of Cut
Chip Thickness —
Tool Radius Chip Thickness
‘Global Cutiing Process

Fig. 4.11: Overall model - cutting process and nmae tool model

7

(&D)
Cutters positior



4 Spindle Speed Variation 106

Lobes diagram — time domain simulations
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Fig. 4.12: Lobes diagram — Constant Speed Machinf@SM )- time simulations

4.4 SSSV —time domain simulation results

In Fig. 4.13 a stability lobes diagram for Const&pted Machining (CSM) and
for the milling operation defined in Tab. 4.1 igoeted. The diagrams have
been computed by the well known frequency domaipr@xch proposed by
Altintas [10]. It can be observed that the chattstability is due basically to the
main eigenmodes that can be noticed in the toaldippliance.

The goal of the time domain simulations is to cotepa similar diagram for
VSM (Variable Speed Machining).

A limited spindle speed range close to the nomsapeed has been considered
due to the high computational cost of the simuleim time domain.

According with different works from the specificbtiography, the RVA-RVF
combinations reported in Fig. 4.14 have been ugeéavestigate the capabilities
of the SSSV technique.
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Qutting Stability Lobes

axial depth of cut [

chatter frequency [Hz]

Spindle Speed [rpm]

Fig. 4.13: Stability diagram lobes — CSM

Before introducing the results of the simulationsitnecessary to state some
preliminary remarks about the delay that occursvbeh two consecutive cutters
during VSM.

In many bibliographic references the expressiord usecompute the “delay”
T is reported in Eq. 4.5:

Eq. 4.5 1) =2 oft) = o, (1)

Q(t)

The above relationship is only an approximatiorwas observed in [73]. The
reason of the approximation is graphically expldime Fig. 4.15. The correct
time delay can be computed by solving Eq. 4.6.

ty

Eq. 4.6: [ :%

t
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Fig. 4.14: RVA — RVF analyzed cases

Considering the range of SSSV parameters used én simulations the
approximation can be considered valid. The timayl&lill be used to compute
the phase shift(t) as expressed in Eq. 4.5. This quantity will bec@aiufor the
optimization procedure that will be proposed.

The first time domain simulation campaign has beerformed considering
only a single dominant eigenmode: the one @ 450He.reason of this choice
is to understand the effects of the speed modulatidhe simplest case, further
the results obtained with more complex dynamics valreported.

The lobes diagram reported Fig. 4.16 is obtainetthénway that was previously
described.

It is necessary to observe that the spindle spegrand the axial depth of cut
step used for the simulations are respectivelyp2® and 0.5 mm.

In Fig. 4.17 the stability lobes diagram obtainesing the classical frequency
approach is added to the ones obtained from the #imulations: there is a
good agreement between the two diagrams obtaineth WISM. This
comparison has been used to validate the developediomain model.

Some important but preliminary conclusions can bawd. The SSSV is
confirmed to be a valid technique to suppress tagter vibrations and it can be
used to increase the axial depth of cut.

If the unconditioned axial depth of cut limit isnadered we can underline that
the SSSV brings, in the worst case, an increme25e4.

The SSSV flattens the stability lobes, these resalé very similar to the ones
reported in [74].

Basically two different zones of the lobes diagrean be individuated: the first
one is close to each minimum of the lobes diagrdu®,other one, where the
behaviour of the SSSV seems completely differemtini proximity of each
stability pocket.
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Fig. 4.15: Time delay modulation
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Fig. 4.16: Lobes diagrams — CSM vs SSSV — time datians (960runs)



Depth of Cut [mm]

4 Spindle Speed Variation 110
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Fig. 4.17: Lobes diagrams - CSM Vs SSSV - time dations & frequency analysis

In milling operations performed close the first gowe can observe that the
SSSV provokes an increment of the stability lim@ntrary in the second region
a decrement of the stability limit can be observed.

From the lobes diagrams obtained with VSM it carobserved that the spindle
law that uses the highest speed modulation (RVA=R¥A) is not the better
SSSV. This result contrasts with some previous oepsrted in literature [75],
[74].

If we neglect the small offset between the case RW¥F=0.4 and the
RVA=0.4/RVF=0.2 we can affirm that the RVF paramédtenot very influent
on the trend of the lobes diagram. This strengthieasesults reported in [73].
The SSSV seems very promising especially for lottiroy speeds, for milling
operations that can be located in proximity to thigh order lobes of the
stability diagram. In fact in this region of thebks diagram is very difficult to
select, assuming to know with a reasonable pretigie machine tool dynamic,
a proper spindle speed in order to take advanteecdtability pocket regions.

It is interesting to understand in a more detaie what is the behaviour of
the system during VSM.

In order to comprehend the non uniform effectivenalsthe SSSV considering
milling operations in different regions of the Iebdiagram some results from
time simulations are reported.



4 Spindle Speed Variation 111

The cutting forces and the tool tip displacemerit be diagrammed for all the
milling operations depicted in Fig. 4.16 and desediin Tab. 4.2.

Milling Axial depth of cut Nominal spindle speed
operation [mm] [rpm]
A S 830
B 5 910
C 9 910
D S 1030

Tab. 4.2:Analyzed milling operations

4.4.1 Milling operation A

Considering the milling operation A: we can nottbat the introduction of the
SSSV allows to stabilize the cutting and to redileevibration.

This can be well observed in Fig. 4.18: the cutfioges have been limited by
the cutting speed modulation and the process hhemright to instability.

By anMme AN MWMW i
S WA

Fy - 830 rpm - 5 mm - vel var - RVA=0.2, RVF=0.4
I T T T

L L L L L L L L L
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time [s]

Fig. 4.18: Cutting force comparison — CSM vs SSSV

A more clear comparison of the cutting forces mef@érto the different cases can
be observed in Fig. 4.19.
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Fig. 4.19: Cutting force comparison

Even if both reported SSSV trajectories (RVA=RVREABRVA=0.2/RVF=0.4)
have the same stability limit the correspondindiogtforces are quite different
considering both the maximum value and the frequeoatent.

The RVA=0.2/RVF=0.4 presents furthermore a moregutar force profile, Fig.
4.20.

These aspects can be also deducted looking at dee Hourier Transforms
(FFT) of the cutting force reported in Fig. 4.21.

These differences probably affect also the tooldigplacement and thus the
finishing of the machined surfaces.

It can be observed that the RVA=RVF=0.2 can be idensd the preferable
combination of parameters and generally not alwhgsSSSV that stresses the
speed modulation is convenient. Moreover high spaedulation involves an
high consumption of energy.

From this first analysis some general consideratibave been outlined but
these notes start from the analysis of a speciticatton. More general
guidelines and a deeper comprehension of the sffeét VSM on the
regenerative instability is needed.

The simulated tool tip displacements have beenralisorted.

Fig. 4.22 shows the frequency spectrum of thetipalisplacement of CSM: the
chatter frequency that is very close to the resomari the system can be easily
observed as in the first subplot of Fig. 4.20.
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Fig. 4.20: Cutting force comparison — zoom — RVAZ20.
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Fig. 4.21: FFT cutting force Fy — SSSV effects — R¥0.2
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In Fig. 4.23 the time simulation of the tool tipspgiacement (RVA=RVF=0.2)
has been depicted.
We can notice that the SSSV can stabilizes theingutbut introduces a

modulation of the tool tip position (amplitude20>mm), this effect probably

can be captured also on the machined surface anthraay some problems if
the considered milling is a finishing operationeTabtainment of specific marks
on the machined workpiece using VSM was also regart [79] but referring to

turning operations.

It is important to state that VSM has dramaticaltguced the vibration level
occurred with CSM.
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Fig. 4.22: CSM — tool tip displacement frequencyesprum

Analyzing the Fast Fourier Transform (FFT) of tleelttip displacement, Fig.

4.24, we can notice a quite important chatter fesgy component but this one
in not enough high to bring the instability. | gees$ depends on the time
window used to compute the FFT.

To complete the analysis of the “case A” the restdferred to both RVA=0.4

speed modulations are reported in Fig. 4.25, FR) 4nd Fig. 4.26.

From the lobes diagrams reported in Fig. 4.16 it ba pointed out that the
RVA=0.4 modulations, considering the nominal spindpeedQ,= 83Pm,

should get a higher stability limit than the RVA2@ne.
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Analyzing the diagram reported in Fig. 4.25 it seethat the RVA=0.4
modulations involve a higher cutting force than tR&A=0.2 ones. An
important cutting force increment can be pointetd @bviously the high level
of the cutting forces gets a corresponding high tipaforced displacement, this
could be critical for the surface finishing and fbe wear of the cutting edges.
Therefore we can deduce that for the analyzed nygilbperation and for the
investigated speed modulations the best SSSV iRW&e=RVB=0.2 one.
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Fig. 4.27: Tool tip displacement RVA=0.4
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4.4.2 Milling operation B

It would be interesting to analyze a milling operatthat can be located in
proximity of a stability pocket on the lobes diagrdCSM). From the stability
diagram lobes reported in Fig. 4.16 it is cleat the CSM allows higher axial
depth of cut than VSM.

It has been states that VSM, especially for low maincutting speed, flattens
the lobes diagram so an higher asymptotical stglitnit occurs.

We are interested to understand the behaviour efsystem during VSM
considering a milling operations similar to thdidfled as “case B”
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25xlO
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Fig. 4.28: Cutting force frequency spectrum - CSM

Considering a stable cutting at constant speed;sgiectrum of the cutting

forces, Fig. 4.28, includes components that haequiencies multiple of the

tooth passing frequency.

In Fig. 4.29 the comparison between the analyzesscdave been reported:
VSM involves higher cutting forces than CSM.

During CSM the cutting forces vary into a limitezhge of values as depicted in
Fig. 4.30, the introduction of SSSV causes an itgmdrincrement of the

variability range therefore a consequent incredgbeocutting edge wear and an
increment of the tool tip displacement.

In Fig. 4.31 the spectra of the cutting forces atersng VSM have been

reported: the power of the cutting has been distedd over a wide range of
frequencies and the single components can’t bedfioun
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Fig. 4.31: Cutting force frequency domain — VSM (RA%0.2) vs CSM - B

This can be observed also in Fig. 4.34, for difiéralues of RVA/RVF.

A similar behaviour is reported also in [75].

Increasing the amplitude of the sinusoidal speeddutating profile
(RVA=0.2->RVA=0.4) an increment of the cutting forces candbserved as
depicted in Fig. 4.32 and Fig. 4.33 so it is neapss$o select the RVA/RVF
parameters that allow to increase the stabilitytlimit is necessary at the same
time to limit the speed modulation in order to abtan acceptable surface
finishing and to reduce the power consumption.

In Tab. 4.3 are reported the extreme force valwesiroed during the analyzed
VSM cases.

Spindle Speed | Axial depth of cut RVA/RVF Fy RVA/RVF Fy
(rpm) (mm) (%) (N) (%) (N)
910 5 0.2/0.2 1100-1600 0.2/0.4 1100-1800
910 5 0.4/0.2 1000-2500 0.4/0.4 1000-3700

Tab. 4.3: Cutting force range — RVA/RVF effects
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4.4.3 Milling operation C

The milling operation C clearly involves cuttingstability even if the SSSV
technique has been introduced. This can be appedoeking at cutting forces
diagrams reported in the following pictures.
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Fig. 4.35: Cutting forces — RVA=0.2 - C

As formerly described the speed modulation distebuhe cutting energy over a
wide range of frequencies and this can be obseesgcially for instable

cutting, like reported in [75].

Higher is the speed modulation, basically considethe RVA parameter, more
distributed is the cutting energy. This can be panout comparing Fig. 4.36
and Fig. 4.38.
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4.4.4 Milling operation D

It is interesting to analyze the effectivenesst® §SSV considering another
nominal spindle speed. The chosen nominal spingéed is Q, = 103(pm.

This milling operation should be very similar tolimg A and it is interesting to

investigate if the VSM shows the same stabiliziagabilities shown in 4.4.1.

In Fig. 4.39 and Fig. 4.42 the cutting forcgs(6rthogonal to the feed direction)
are very similar to these reported in Fig. 4.20 Bigd 4.25.

In Tab. 4.4 the comparison among the chatter fregpu&€omponents at CSM
has been reported.

Spindle Speed Axial depth of cut Chatter frequency Amplitude
(rpm) (mm) (Hz) (\)
830 5 455 1.558*10
1030 5 463.3 1.452*F0

[N]

[N]

Tab. 4.4: Comparison - A vs D milling - CSM

Fig. 4.39: Cutting forces — RVA=0.2 - D
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Fig. 4.40: Cutting forces — RVA=0.2 — D — zoom

Moreover, Tab. 4.5 points out the force rangesakdeduring the simulations.
It seems that milling D involves a smaller forcedeand probably this justifies
a slight increment in the stability limit that tbae found in case A.

Spindle Speed Depth of cut RVA/RVF Fy RVA/RVF Fy

(rpm) (mm) (%) (N) (%) (N)
830 5 0.2/0.2 1200-1800 0.2/0.4 1200-2000
1030 5 0.2/0.2 1000-1400 0.2/0.4 1000-17Q0

Tab. 4.5:comparison A Vs D milling — VSM - cuttirfgrces — RVA0=.2

In Tab. 4.7 and Tab. 4.6 the capability of the SSB\suppress the chatter

vibration can be observed.

We can conclude that the speed modulation has iasiaffect both on the A

milling and D milling.

The same considerations can be presented alsbdmspeed modulations with
RVA=0.4 as reported in Fig. 4.25, Fig. 4.26, Figt3} Fig. 4.65 and Tab. 4.1.
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Spindle Depth of cut | RVA/RVF displacement Frequency Amplitude
Speed (mm) (%) (mm) (Hz)
(rpm)

1030 5 0/0 +8 463.3 1.546*10
1030 5 0.2/0.2 0.016-0.025 449.2 0.4412
Tab. 4.6: SSSV effects — milling D

Spindle Depth of RVA/RVF displacement Chatter freq Amplitude
speed cut (%) (mm) (Hz)
(rpm) (mm)
830 5 0.2/0.2 0.02-0.03 455 0.6178
1030 5 0.2/0.2 0.016-0.025 449.2 0.4412

Tab. 4.7: Comparison A vs D milling — VSM - chattiEequency component

Fig. 4.41: Cutting force - frequency domain — VSNRYA=0.2) Vs CSM - D
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Velocita Profondita RVA/RVF | Ampiezza | RVA/RVF Ampiezza
(rpm) (mm) (%) Fy (%) Fy
(N) (N)
830 5 0.4/0.2 1000-2700 0.4/0.4 1000-400
1030 5 0.4/0.2 800-2300 0.4/0.4 800-340(
Tab. 4.8: Comparison A vs D milling — VSM - cuttirigrces — RVA=0.4
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4.4.5 Time simulation results: complex dynamic

From the previous reported analyzes it has beemgubiout that VSM increase
the cutting stability limit if the nominal cuttirgpeed is close to the minimum of
the lobes diagram obtained at CSM.

In this region of the lobes diagram the regeneegptikenomenon strongly affects
the stability limit thus modulation of the cuttirspeed breaks the regenerative
effect therefore enhancing the stability of thetiogt For milling operations
located in a region close to the “stability pocket® can observe an opposite
effect: the regenerative phenomenon is very lowhsoe isn’t the possibility to
excite the structure and therefore the introducbbrthe modulation in such a
way disturbs this good cutting condition bringingeuction of the stability
limit.

Lobes Diagram - Mode 451 Hz —— RVA=0, RVF=0

——RVA=0.2, RVF=0.2
RVA=0.2, RVF=0.4
RVA=0.4, RVF=0.2

Depth of Cut [mm]

——RVA=0, RVF=0
Lobes Diagram - Mode 747 Hz ——RVA=0.2, RVF=0.2

RVA=0.2, RVF=0.4
| | | RVA=0.4, RVF=0.2
——RVA=0.4, RVF=0.4

Depth of Cut [mm]

Spindle Speed [rpm]

Fig. 4.44: Spindle Speed Variation — contribute different eigenmodes

The bottom subplot of the Fig. 4.44 shows the 8tgdobes diagram (VSM)
obtained only considering the dominant mode @ 750Hz

The formerly reported comments can be considerdid adso for this latter
case.

It is very interesting to analyze the results régbrin Fig. 4.45 obtained
considering both eigenmodes (@450Hz and @750Hz).
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It seems that the Sinusoidal Spindle Speed Vanatias brought more
important stability enhancements to the CSM stigbibbes than in the single
mode analyzed cases. Analogous considerations alsvereported in [74], the
authors stated that the SSSV is promising when rfachine-workpiece

dynamics is very complex.

We would like to interpret this statement. Thiseetfis due to a sort of dynamic
interaction between each single mode.

Moreover this phenomenon is quite evident in thedyared test case.

CSM General SSSV
--------- Lobes (450 Hz) ececceses Lobes (450 Hz)
AD [mm]
“ Lobe j-1(450Hz)
Lobe i+1 < < '
(450Hz) R
* ---------- ®eeecc®’®
Lobe j (450Hz) n [rpm]

Fig. 4.47: SSSV effects on single mode stabilityagh

Referring to a schematic and generic lobes diagram,example obtained
considering the mode @450Hz, Fig. 4.47. We haveloded that the SSSV
technique can’t improve the Material Removal Rabe milling operation
located into the underlined regions because theimanoutting speeds already
minimizes the regenerative effect so any modulatizelkes worse the ideal
situations.

Considering a more complicated dynamic, for exampteoducing the mode
@750Hz, as depicted in Fig. 4.48, the analyzedingilloperation isn’t still
allowed due to the regenerative effect that isomhiiced by the added mode.
Considering the mode @750Hz, the nominal cuttingedpinvolves the
maximum regenerative contribute for this mode.

Fig. 4.48 shows how the dynamic interaction betwdiffierent eigenmodes can
produce a positive effect on the cutting stability SM is used.

Obviously in the analyzed situations this aspegagicularly evident because
the considered modes have an antithetic behaviour the regenerative point
of view so that the minima of the lobes linked teeanode corresponds to a
stability pocket for the other mode.
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Generally we can conclude that more the machindqvece dynamic is
complex higher is the effectiveness of the SSS\abse the probability to have
two antithetic modes is higher.

CSM General SSSV

......... Lobes (450 Hz) = « « LObes SSSV
— = == LObes (750 Hz)

Lobe j (750Hz)\

Ab [mm] Lobe j (450Hz)

Lobe i+1 * .

) (fsc?l T !
\ I
\\ /

/ K
4 \ J Lobe j-1(450H2)s

Lobe j+1 (750HY) \M “/ X

n [rpm]

»
L

Fig. 4.48: Dynamic interaction between eigenmode&SV

In Fig. 4.46 the results obtained considering 4£m®godes, obviously for each
axis or degree of freedom, have been reported.
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4.5 Energetic interpretation of the SSSV technique

Some important conclusions on the effectivenesthefstabilizing mechanism
introduced by the use of the SSSV technique haea lbeawn in the previous
paragraph of this chapter.

In order to study in a more detailed manner howdiing speed modulation
interacts with the regenerative phenomenon it iseggary to approach to a
simple dynamic system with only one dominant moBerther conclusions
regarding complex dynamics can be outlined consigethe “contribute” of
each single eigenmode.

Basically we have asserted that system during V@&kabes in different ways
depending on the nominal spindle speed that carrelgpto a specific position
on the stability lobes diagram.

In this section an energetic approach has beeropeaito analyze the problem.

=)

-kinetic energy I

Dissipated energy

-potential energy I

process

II Mechanical energy from the cutting
f(cutting conditions)

Dissipated energy:
process damping

Fig. 4.49: Energetic approach

The energetic approach has been applied to theingatdol system depicted in
Fig. 4.49. The cutting instability mechanism canelyplained in a very simple
way proposing an energetic interpretation: duringrestable milling operation

the mechanical energy from the cutting processdltowards the machine tool,
in those conditions the system can’t adequatelgigkde that energy so the
stability occurs and the vibrations grow up to aaeceptable level.
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The proposed energetic analysis has been focugpediaby on the energy that
comes from the cutting process.

Some simplifications have been introduced in otdeteal with the SSSV effect
on the regenerative mechanism (i.e. the cuttingcgs® damping has been
neglected, this damping effect is particularly evidat very low frequency and
it is due to the sliding of the back of the cuttiedge on the machined surfaces,
see 1.1).

When the process damping occurs higher axial deytbst are allowed.

The first consideration that is necessary to inioadis that the energy that flows
from the cutting process to the machine dependgdipsboth on the cutting
forces and the corresponding tool kinematics indisfined cutting conditions.

Eq. 4.7 En =J‘;Z;:g(¢|)[é€ B?) [dit

Where?T is the cutting force linked to a generic cuttemd &ransported to the

tool centre,\7i is the speed of the tool centre agflp,) is a (0-1) coefficient

that points out if the cutters is working:

If oin < @i < eout 2 g(@i) = 1 otherwise gfi) =0 and the cutting edge is not still
working.

An important key to approach to the problem is talgze the cutting forces
trend during different cutting conditions.

We have firstly decided to study the CSM cases ¥ary interesting to analyze
the worse condition from the stability point of wieor rather the milling
operations that can be placed close to the minimeach stability lobe.

The key to forecast the cutting force trend linkbé worse condition is to
analyze how the instantaneous chip thickness isutatetl by the “time delay”
that is which is the relationship between the datugter position and the track
left on the machined surface.

For the CSM it is possible to define a phase $f@ftveen the tracks. This phase
shift can be computed using the relationship Ef. #he previous relationship
is also approximately valid for VSM and in this edke ¢g(t) can be considered

as the phase shift that would be occurred if tetamtaneous value of the cutting
speed was kept constant.

It is important to state that for the analyzed fau#ing (full tool engagement)
the phase shifts corresponding to the two most rapb regions of the lobes
diagram are reported in Fig. 4.50.

The phase shift corresponding to the worse cuttmdition from the stability
point of view is® = 7.

From the analysis of different milling operations vinave noticed that the
critical phase shift is not always equal to an lehltter vibration period hence
we will further present a comprehensive study a$ iesue that so far hasn't
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been satisfactorily dealt with in the specific lgire. Both [88] and [89] have
analyzed only turning operations from this point/w.

Stability Lobes (Experimental FRF) /\
1207 A \

I

9.5 \ﬁ’j\ A /
R VAV V
** \
N

M d=x
A / A\ A
RV ANV

NG

600 700 800 900 1000 1100 1200
Spindle Speed [rpm]

Fig. 4.50 : Generic lobes diagram and phase shifiadysis - CSM

As previously stated we are interesting in the ysialof the worse stability
condition that is the region where each lobe shitsuniinimum value.

From the performed time simulations in this lowbgity zones a particular tool
centre behaviour has been observed: the trajeofdhe tool is approximately a
circle (an ellipse in the more general case). is thtting condition a phase shift
of 77/2 between the orthogonal (X-Y) tool displacementsuss. The analyzed
behaviour is well illustrated in Fig. 4.51.

Having described the behaviour of the system arntidumore considering both
the chip thickness modulation due to the delayot$fand the kinematics of the
tool tip it is possible to describe the mechanisiat the cutting process uses to
introduce energy in the machine tool system.

It is important to assert that only the energy ttuthe chatter vibration has been
considered because this energy is strictly relatetthe regenerative effect and
therefore to the cutting instability.

In order to simplify the analysis the work, donetbg force, of a single cutting
edge has been considered. Moreover the contrilugette tangential force has
basically taken into account.

Looking at Fig. 4.51, we can pointed out two impatt phases labelled
respectively with the letter A and C.

During phase A the maximum positive modulatibp,, (x axis) of the chip
thickness occurs hence the tangential componetheoforce F, (y direction)
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introduces the linked energy into the machine byoineans of a tool movement
along the orthogonal degree of freedom (y diregtiwhere we can notice the

maximum value of speeq,,, : a positive quantity of energy therefore flows
from the process to the machine tool.

Fic y(t) . y(®)

y(t)

A
\/

hmaxc <0

A . A ' 2
VoA
dEA<O SzhmaxA>0

Z00m

vt

X(t) X
X(t)

feec

Fig. 4.51: Regenerative effect — energetic explaoat
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On the contrary during phase C the chip modulaisomaximum and negative

(Nnay, 2 F.) but the tool centre speed of the tool along Ysa&in% has

changed verse so a positive quantity of energydltawards the machine tool.
During phase B the regenerative effect doesn’pahice energy in the system
because both the chip modulation and the y speedualt: this is true if we
consider only the contribute of this cutting edge.

Other cutting edge contributes amplify this effect.

This mechanism brings the system to instability sredtypical frequency of the
phenomenon isy. .

The described mechanism is very similar to the ttéii phenomenon or
instability due to a modal coupling. This unstaplenomenon is well known in
Aerospace Engineering.

We can state that the regenerative effect generdtag forces that introduce
energy in the dynamic system doing work by the meaha coupled and
synchronized movement of the tool tip in the plXR¥.

The condition shown in Fig. 4.51 correspond to wWwse situation from the
stability point of view, this has been also gatderfom an energetic
interpretation.

It would be interesting to understand how the S$&ddifies this mechanism,;
this could be useful in order to define some gumds to maximize the
effectiveness of the VSM.

Considering the face milling operation depicted-ig. 4.6 and using the notes
formerly presented, an energetic analytical evadnahas been proposed in a
similar way as done for turning operations in [75].

The issue has been approached considering theibahat the tool in the plane
X-Y as reported in Fig. 4.52.
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v

Fig. 4.52: Plane model of the cutting process

The following relationships, Eq. 4.8 and Eqg. 4.%a#es the tool kinematic:
the generic cutting edge (i) and the previous o118 kave been considered.

X, (1) = X, (9 + Rco{ﬂi tfo (t)dt}

Y ()="()+ Rsin(ﬁi +jQ(D dﬂ
Eq. 4.8 ° o
Xia(t=1) = X (t=7) + RCO{ZZ_ﬁ [o (t)dtj

YL (t-1) = Y (t-1)+ %in(zﬂ-ﬁfﬂ(odﬂ

But if we refer to the situation illustrated in Fi¢.52 , Eq. 4.9 can be written.
Moreover it's necessary to observe that sinusdigtattions have been used to
describe the chatter vibration in X-Y plane.

It is important to assert that if we consider a VSNe chatter frequency varies
during the speed modulation thus = w,(t). This aspect wasn’t considered in

[75]. Definitely we can write the following relatiships:
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t
X, (t) = Valt+ Asin( 2 dt—’—sz

t
Y. (1) = Bsin[jwcdtj

Eq. 4.9: °
e T
X (t-7) =Valt-7) + ASln(J' W, dt—EJ

Yo (t-7) = Bsin[tjrwcdtj

Where:

* Va: feed [mm/sec]

e t:time [sec]

* o chatter frequency [rad/sec]

* A, B: vibration amplitudes of tool tip centre (X carY direction)
[mm]

e R:tool radius [mm]

e Q(t): spindle speed [rad/sec]

e 1 time delay [sec]

» J,:initial angular position cutter (i) [rad]

« J;:initial angular position cutter (i-1) [rad]

We can assume? =0 and obviouslyz?i_l:—z—”where z is the number of
z

cutting edges.

Xi(t) contains a term linked to the feeda), a term related to the vibration of
the tool at chatter frequencyd and finally a term connected to the angular
rotation of the tool.

Yi(t) contains only two terms: the first one link@dvibration of the tool tip and
the second one related to the rotation of thedbQ\t).

Xi.1(t-t) and Y.,(t-t) take into account the same contributes but a telayt
has been considered in order to model the regeveefttect.

Furthermore the composition of_xt-t) and Y.;(t-t) describes the shape of the
track left by the cutting edge (i-1) that is theeypous one, on the machined
surface.

It is so possible to write the expression for bibitl tracks but it is necessary to
consider the radial projection of both the cuttaugje coordinates.

This can be done using the following relationships:
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Track = X Dy + YOy + Z00Y
Eq. 4.10:
Track = X, 0y + Y,[y+ Z,0V

where \, Vy, V; allow to project the cutter coordinates to thaakdirection.
Eq. 4.10 is the more complex relationship becauseonsiders the 3-
dimensional problem.

The third contribute has been neglected

We can write the following relationships:

Vv, =cos{z9i +jQ (c)dtj
Eq. 4.11: t°
v, =sin[z9i +jQ(t)dtj

Hence Eqg. 4.13 can be written.
WhereQ(t) is the sinusoidal profile used to modulate spandle speed.

Eq. 4.12 Q(t) =Q, +Q, [RVAGIn(Q,ORVAIt¢) [rad/sec]

dove Qg is the nominal spindle speed, RVA and RVF arepghmmeters that
describe the spindle speed modulation techniqderaserly described.

Eq. 4.13:
Track {Vam AsinUa)c dt—gj+ R:o{z?i +jQ (9 dﬂ DCOE&} +jQ (t)d)+

{Bsin“wcdt}+ Rsin[z?i +jQ (t)dtﬂ Dsir{ﬂi +jQ (t)dﬂ

Traclg_lz{VaEﬂ 1)+ Asin[Ta)c dt—’—zT]+ Ftcs[a_l+tfg(t)dtﬂ [Co{zz_1+j9 ()jt]+

{Bsin[ljrwcdtj + Rsin(é’i_l +TQ (t)dtﬂ ESir{ﬁi_l +jQ (t)d'g
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We can consider only the terms related to the eh&ttquency:
Track = { mm(jwc dt—gﬂ Eto{z?i +[Q (t)dtJ+
o 0
{Bsin(]%dtﬂ [sm(zsz +fat )dtJ
Eq. 4.14 ° 0

Track_, = { Asinuja)C dt- ]_ZTH Eto{ﬂi + j; Q (t)dt) +
+ { Bsin[T a)cdtﬂ E&sin{ﬂi + j' Q(t)dt]

Eq. 4.14 has been obtained only admitting a phlaed 77/2 between the Y

and X vibration of the tool centre. This considiemathas come from the
performed time simulations in chatter condition.

It would be interesting to verify the phase shétvween the tracks and if it is
possible, after having computed the energy intredum the machine tool,
optimize the parameters of the SSSV.

Considering the easiest “Constant Speed Machini§jVi:

Eq. 4.15 Q(t)=Q, [rad/sec]
t t-r
Eq. 4.16: ja%dt:wcﬂ ja%dt=wctﬂt—r)
t
Eq. 4.17: jQ(t)dt =Q,
0

The following can be obtained, assuming moreover A=B

Track = -cos(w, [¥) Ccogd +Q, ) +
+sin(w, @) Bin(F, +Q, )
Eq. 4.18:

Track_, = —cos(w, [{t-7))Ccodd, +Q, 1)+
+sin(aw, [t - 7)) Bin(J, +Q, @)
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If we consider a milling operation like that repgated on the stability chart we
obtain the tracks pointed out Fig. 4.54 that adce¢he ones obtained in time
domain simulations.

Axial depth of cut [mm]

Spindl'e
Fig. 4.53: Milling operation — worse stability coritibn

track

1

.

»

/ 4
R: Tool Radius

Fig. 4.54: Tracks due to the chatter vibration compent

And using some trigonometric relationships:
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Track = —cos(w, 3+Q, [+5,)

Eq. 4.19:
q Track, = —cos{@ [{t-7)+Q, 1+3,)
So the instantaneous chip thickness

h(t) O Track2 - Track = coq w, Ot Q, Ot J,) - ..
Eq. 4.20:
—cos(w, k-7 )+ Q,[1+3,)
And finally the
Eq. 4.21: (D:(a)c[ﬂ+Qo[ﬂ+792)_(a)c[qt—f)+90[ﬂ+l92):a)cz'

The previous expression was obtained also usingcthssical frequency
stability analysis, Altintas et. al. [11].

And for CSM:
21T
Eq. 4.22: & =2rf, — [rad]
z[DQ

0

Where the chatter frequency values depends onndtantaneous value of the
spindle speed is the number of cutting edges.

For milling operations close to the minimum of eéalbe the® = 77.

It is also possible to analyze the phase shift idensig the speed modulation
technique but the relationship is approximatedas&rly mentioned.

Eq. 4.23: Q(t) =Q, +Q,[RVAGIn(Q,ORVAIt¢) [rad/sec]

Substituting d(t) in Eq. 4.21, the following can be obtained

2T
Eq.4.24: ®=q(t)3
q @) z[1Q, +Q,RVASIN(Q, RVAIty) |

Starting from an energetic approach for turningppsed in a previous work
[75] we have decided to extend this approach tdingibperations. The goal is
to use this approach to choose the SSSV parammii@rghat maximize the
chatter suppression effect of VSM.

The goal is to minimize the energy that comes fithwn cutting process and
flows towards the machine tool system.

In this first analysis, the full engagement facdling has been considered.

Eq. 4.23 describes how to compute the work dona tiee cutting process.
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It is possible to further simplify the issue by s@ering the single cutting edge
contribute and we can take into account, even isnft a realistic cutting
condition, that the selected cutting edge is cgttor all time considered T.

Bzl (Fr W)t

Eq. 4.25:

i ——
- -

-

Vi

Fig. 4.55: Cutting force plane resolving

Wheren is the number of cycles of the tool tip vibration.
In order to compute the quantity described in EQ54t is necessary to resolve

the cutting forces into their components as replrig-ig. 4.55
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It is important to remember that only the forcestba plane X-Y have been
considered because the regenerative mechanisnmsdeasically in that plane

The Kt can be resolved using Eq. 4.28:
Eq. 4.26 Fir =Fix tFv tFirz [N]
Where:

Firx = Fuix +Frix

Eq. 4.27: Firv =Fuiy +Friy [N]
Firz =0

And

t
Fox =—F, Bin@ +[Q)dt)
0

F.v = F,; [€0SE, +jQ € xt)
Eq. 4.28: ° [N]

I:r,ix :_Frj EOS@ +'t[Q()jt)

t
Fy =—F, Bin@ +[Q()dt)
0

As described in 4.3 the cutting forces can be etall using the following
relationship:

Eq. 4.29: F,=K, bh(h+K b [N]
Eq. 4.30: F, =K, DbhH+K, b [N]

The instantaneous chip thickness depends on howdbks left by the cutters
are modulated:

Eq. 431 h(t)=(X, - X_,)(€0s6,+ [Q ()dD- (Y- Y, )sinG,+ [ (9dt

As formerly explained we are interesting only i tomponents linked to the
chatter vibration.
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h(t) =| varz + Asin(twc dt—’—T]— Asin(t_rwc—]—THDcosﬂ +[a t)dt
Eq. 4.32: { J; 2 J; 2 J;

~[Bsin(w, @) - Bsin(w, Ot~ 7)) | Csin@, +jQ ¢ Xt)

And differentiating the tool tip position:

dX (t
= CCI:,[():VC,X Viy = =Vcy [m/s]

Eq. 4.33: Vi x

So we can compute the power and the correspondiegy e

Eq. 4.34: PIN = ( I:t,ix + Fr,iX )D/c,x +( Ft,iY + Fr,iY) D/(:,Y [VV]
Eq. 4.35: E, = [(Ry)dt [J]

Considering the Functiondt,, = f(RVA RVB it has been observed that is not

possible to minimize it in an explicit way and dhtahe best RVA/RVB
combination becausey). depends omQ(t) so only a numeric method can be

used to compare different SSSV profiles.

We have decided to approach this issue using dirg cutting process model
formerly described because this model can deal withre general cutting
conditions. The relationship that have been usedcdmpute the energy
introduced into the system are EqQ. 4.33, Eq. 4.Qdviously only the
component of the cutting forces due to the vibratias been considered.

The different RVA/RVF parameter combinations of 88&SV will be compared
using the energy from the cutting process.

Moreover some further considerations about the wm@sm the speed
modulation uses to change the relationship betwkentracks left on the
machined surfaces and consequently the introdudfoenergy in the system
will be presented.

In Fig. 4.56 the energetic interpretation of théting instability that considers
also the nominal component of chip thickness has lpeesented.

It is necessary to observe that the analyzed gutondition is similar to that
presented in Fig. 4.53 that is a high order lolsel®en considered.
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Fig. 4.56: Regenerative effect — energetic explaoat— nominal chip thickness contribute
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4.6 Energetic simulations analysis

As formerly stated there is a relationship betw#enmechanism that modulates
the instantaneous chip thickness and the vibrdtienargy that flows from the
cutting process trough the machine-tool dynamitesys

In this paragraph the effects of the Sinusoidah&ei Speed variation on both
the vibrational component of the instantaneous thigkness and the related
cutting energy will be investigated comparing déiet RVA/RVF parameters
combinations.

Furthermore a more detailed analysis of the intema®etween the eigenmodes,
obviously considering the case of complex machinmachics, will be
interpreted.

4.6.1 Instantaneous chip thickness modulation — SSSV etfes

In order to analyze the effects of the SSSV ondhip shape modulation a
meaningful milling operation was simulated.

The analyzed milling is represented on the stgbdhart obtained from time
domain simulations.

Lobes Diagram [—RVA=0 - RVF=0
[ —RVA=0.2 - RVF=0.2
RVA=0.2 - RVF=0.4
RVA=0.4 - RVF=0.2

9

8 —RVA=0.4 - RVF=0.4/ |
Cutpro V08 - FRF
=3 | /
£7
5
O
o6
<
o
()
T ) T N e . W A A

750 900 950
Spindle Speed [rpm]

Fig. 4.57: Stability Lobes diagram — VSM —four eigmodes

The nominal spindle speed, =830pm and the axial depth of cit=  GrBn

are the used cutting parameters.
The stability lobes diagrams have been obtainedidering four eigenmodes
for both the axis (X-Y).
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Vibrational tracks — 830rpm — 6.5mm —track i
—track i-1
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Fig. 4.58: Instantaneous chip thickness modulatierfCSM
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Fig. 4.59: Cutting force spectrum — CSM
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Vibrational tracks — 830rpm — 6.5mm |
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Fig. 4.60: Instantaneous chip thickness modulatienSSSV — RVA=0.4 — RVF=0.4
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. 4.61: Instantaneous chip thickness modulatienSSSV — RVA=0.4 — RVF=0.4 (filtered)
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From the stability chart we can deduce that thilimgi operation originates a
instable cutting if a CSM or a RVA=RVF=0.4 combinat are selected. The
other analyzed SSSV parameters combinations cateae cuttings.

Lobes Diagram - Mode 451 Hz —— RVA=0, RVF=0

—— RVA=0.2, RVF=0.2
RVA=0.2, RVF=0.4
RVA=0.4, RVF=0.2
RVA=0.4, RVF=0.4

Depth of Cut [mm]

Spindle Speed [rpm]

—— RVA=0, RVF=0
Lobes Diagram - Mode 747 Hz ——RVA=0.2, RVF=0.2
RVA=0.2, RVF=0.4
RVA=0.4, RVF=0.2

| . | | |
| . | | |
P [ O I o —— RVA=0.4, RVF=0.4
—/\ : |
~ L4 RS {
- I ) I

Depth of Cut [mm]

Spindle Speed [rpm]

Fig. 4.62: Contribute of the two dominant modes SSV effects.

It is necessary to premise that stability charbregd in Fig. 4.57 has been lead
basically by the behaviour of the mode at @450Hzt @inthe one at @750Hz,
other two modes aren’t so important.

The effects of the SSSV on each mode have beeargeskin Fig. 4.62.

In Fig. 4.58 the tracks related to the actual ngtiedge and that linked to the
previous one have been reported.

We can observe the chip thickness modulation. WlBng involves instable
cutting. The chip modulation corresponds to thaskel to the worse cutting
condition as formerly explained by Fig. 4.51.

This means that the responsible of the instabitityhe eigenmode @450 Hz
because the nominal spindle speed corresponds nanianum of the lobes
diagram due to this mode.

This has been confirmed by a Fourier analysis efctitting forces, Fig. 4.59.
Simulating the milling using a RVA=RVF=0.4 we hagktained Fig. 4.60 and
Fig. 4.61.
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FFT Fy — SSSV -830rpm — 6.5mm — RVA=RVF=0.4
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Fig. 4.63: Cutting force spectrum — SSSV — RVA
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Fig. 4.64: Cutting forces— SSSV — RVA
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We can note that the milling is instable, Fig. 4.4t it is important to observe
that the chatter frequency has changed value congptr the CSM case so we
can deduce that the SSSV can modify the contrilmiteach mode to the
stability chart.

So we can conclude that it is possible to pretiietidiehaviour of a system with a
complex dynamics by considering the contributeseath single mode also
using a VSM.

This topic hasn’t been adequately analyzed in pleeific literature.

CSM A[N] SSSV (i.e. RVA=RVF=0.4)
— — =Lobes (750 Hz) 450Hz(CSM) — — —Lobes (750 Hz)
......... Lobes (450 Hz) I veeeeenss LoObeS (450 Hz)
m———— Lobes (750Hz & 450 Hz) _| fTH | — (750HZz & 450 Hz)?

z
ADb [mm] . Lobes(450Hz) } . '
' COR Y S ! ¢ .0. 1
\ Lobe\(750Hz) . ] | | \ : Y
\ \ '... -_‘: I \ : ; Lobe j (450Hz) !
\ ‘_ 5..\ ...‘.co ...*"ql l
- o] X I
\ ,..."."\ ~ /1 9 \ '/
\ t 1™ | - «I '''''
/ SRy i
s \ . 'I I
l \ '.. 1 1
Lobe i+1 \, /Q
(750H2) ) ! Lobe i (750Hz)
| I
n [rpr?]]
--------- Stabilizing effect (on the linked mode)

mmm) Overall SSSV effect?

== == == Destabilizing effect(on the linked mode)

Fig. 4.65: SSSV effects on each single mode

The interaction due to the presence of differege®modes mechanism is
graphically explained in Fig. 4.65 and Fig. 4.66.

As previously described in CSM the limiting contribs to the cutting stability

is provided by the mode @450Hz.

In Fig. 4.65 the effects of the SSSV (RVA=RVF=00f) both modes have been
presented. The VSM has a stabilizing effect forrttugle @450 Hz (the nominal
speed is in proximity of the minimum of the lobei blestabilizing effect on the

other dominant mode.

The global effect of the SSSV on the cutting precasability probably depends
on the weight linked to each contribute.

For the analyzed case (RVA/RVF) the destabiliziffgats has lead the global
behaviour.
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CSM AN] SSSV ( RVA=RVF=0.4)
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== == = Destabilizing effect(on the linked mode)
Fig. 4.66: SSSV global effect on the cutting prosegtability

In Fig. 4.67 and Fig. 4.68 the simulated resultstaioled using the
RVA=0.4/RVF=0.2 SSSV are reported.

This parameters combinations has stabilized thengut

We can observe an important low frequency compobentany component
linked to the regenerative effects.

Referring to the considerations formerly reportadthis case the stabilizing
effect provided on the mode @450Hz by VSM predomeisia

Probably for this axial depth of cut and for theediSSSSV parameters any
contribute linked to corresponding eigenmode dddsecome crucial and thus
the cutting is stable.
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Vibrational tracks — 830rpm — 6.5mm
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Fig. 4.67: Instantaneous chip thickness modulatienSSSV — RVA=0.4 — RVF=0.2

3 Vibrational tracks — 830rpm — 6.5mm
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Fig. 4.68: Instantaneous chip thickness modulatienSSSV — RVA=0.4 — RVF=0.2 - zoom
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FFT Force — SSSV -830rpm — 6.5mm — RVA=0.4 RVF=0.2
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4.6.2 Vibrational Energy computation — SSSV effects

In this section a energetical interpretation of theting instability will be
presented underlining the effects of the speed matidg technique.

This analysis strengthens the observations dragm the 4.6.1.

We can state that there is a strong relationshipvden the energetical
interpretation of the phenomenon and how the vhriéime delay affects the
instantaneous chip thickness.

In this section a comparison between the analyz8&\S profiles will be
presented analyzing the results from an energeimal of view.

Force — 830rpm — 6.5mm - CSM

0 0.2 0.4 0.6 0.8 1

time [s]

Fig. 4.71: Vibrational energy - single cutter coribute — CSM

Fig. 4.71 shows the vibrational energy that flowsf the cutting process to the
machine-tool during a unstable cutting. The comghgrergy is referred to a
single cutting edge. In this cutting condition ttegenerative effect introduces
energy in the system that can't sufficiently dissg it so the system is
inevitably brought to instability.

In Fig. 4.72 the work introduced in the system bg tutting forces during a
tooth passing has been underlined.

If we consider that more cutting edges are simelbasly working this effect

will be obviously amplified.
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Fig. 4.72: Vibrational energy single cutter — CSMzoom
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Fig. 4.73: Vibrational energy — SSSVs comparison
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Analyzing both Fig. 4.73 and Fig. 4.74 it can besated that during the
unstable milling the energy is obviously growing twapa very high level (i.e.
RVA=RVF=0.4 and CSM).

Moreover during stable cutting the vibrational eyeintroduced in the machine
tool system is limited but we can observe differémtels that have been
occurred depending on the SSSV trajectories used.

Vibrational Energy — RVA=0, RVF=0

] — RVA=0.4, RVF=0.4

| o o RVA=0.4, RVF=0.2

012+ -+ RVA=0.2, RVF=0.4
: : — RVA=0.2, RVF=0.2

01 J. . v 8

0.08_ e ——
oo 4 i+ - r
004 o ST

002 i

Fig. 4.74: Vibrational energy — SSSVs comparisoncom

Looking at Fig. 4.57, if we consider the analyzednmal spindle speed, we can
conclude that the cases (RVA=RVF=0.2, RVA=0.2/RVE=0 and
RVA=0.4/RVF=0.2) seem equivalent if we focus on stability. It is necessary
to recall that the step we used as axial deptlement in the time simulations is
equal to 0.5mm.

We can assert that if we consider basically angateal point of view the
stable cutting milling operations are not completeuivalent so this analysis
would suggest to choose the SSSV profile that mzenthe energy introduced
in the system. In this case the better analyzed VSS&re both the
RVA=0.2/RVF=0.4 one and the RVA=0.4/RVF=0.2 onertkermore we can
state that (RVA=RVF=0.2) SSSV stabilizes the cgttiand minimizes the
spindle speed modulation but it doesn’t minimize #ork done by the cutting
forces.
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Vibrational tracks CSM — track
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Fig. 4.75: Chip thickness modulation and vibratiohanergy - CSM

Nevertheless the results reported in Fig. 4.74reeige principle that can be used
to select the most proper SSSV profile, choosirfgpin different stables one is
the minimization of the speed modulation. Usings tluriterion a minimal
excursion of the cutting forces, tool tip displaeerm and spindle power
necessary for VSM have been guaranteed. We know tta tool tip
displacement strictly affects the quality of the cmaed surfaces so it is
necessary to limit the amplitude of the low frequemromponent that SSSV
introduces.

As formerly mentioned we have found a dualism betwthe instantaneous chip
thickness and the energy introduced in the dynaystem and consequently the
stability of the cutting process.

Comparing following pictures it is possible to urde how the speed
modulating instantaneously changes the relationsatveen thettack i” and
the ‘track i-1" and thus the mechanism explained in Fig. 4.51 r@viewed in
Fig. 4.75.
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Despite the (RVA=RVF=0.4 — maximum modulation) SS&ltérs the worse
chip thickness modulation pattern we can individudie critical phase shift in
some portions of the sub-graph, Fig. 4.76.

The alteration of the worse chip modulation patterachanism has been got
more effective by the other analyzed RVA/RVF conalbions.

Vibrational tracks — SSSV — RVA=0.4 — RVF=0.4
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Fig. 4.76: Chip thickness modulation and Vibratiohanergy — (RVA=RVF=0.4)

In Fig. 4.77, Fig. 4.78, Fig. 4.79 we can’t cleargcognize the critical phase
shift. In some points of the tracks diagram we datect that the instantaneous
phase shift is equal tar but this condition doesn’t endure for long timedan
moreover the vibration amplitude is very low so thigrational work done by
the cutting forces is not critical for the stalyilit

The idea to optimize the selection of the SSSV mpatars could be based on
how the speed modulation changes the critical plsasieé pattern. The best
parameters selection criterion could be the minatnan of the time interval in
which the worse phase shift occurs during the speadulation.

For the analyzed full engagement face milling openathe worse instantaneous
phase shift is equal tar but if we want to generalize the optimization @dare

a detailed analysis of the critical phase shiftesessary. It will be proposed in
the following paragraph.
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Vibrational Tracks-RVA=0.4-RVF=0.2
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Fig. 4.77: Chip thickness modulation and Vibratiohanergy — (RVA=0.4,RVF=0.2)

3 Vibrational Tracks-RVA=0.2-RVF=0.4
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Fig. 4.78: Chip thickness modulation and Vibratiohanergy — (RVA=0.2,RVF=0.4)
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3 Vibrational Tracks-RVA=0.2-RVF=0.2

0.415 0.42 0.425 0.43 0435 0.44 0.445 0.45 0.455
[s]

Fig. 4.79: Chip thickness modulation and vibratiohanergy — (RVA=0.2,RVF=0.2)
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4.6.3 Inner and outer modulation at critical depth of cut

A detailed analysis of the critical chip thicknessodulation due to the

relationship between the actual position of tbetter i’ and the track left on the

workpiece by the cutting edge i-1will be proposed. The goal of this analysis
is to understand which cutting parameters modtlgcathe worse inner-outer

modulation condition in order to define guidelints select the best SSSV
parameters.

So far this analysis hasn’t been reported in tieei§ip literature.

The reference case used for the analysis is thet@uanSpeed Machining.

This analytical analysis has been based on theept®iaeported in Altintas

Altintas and Budak [10]

It is necessary to recall them in order to expthm analysis that will be further

reported.

Eq. 4.36 describes the relationship between theefoon the tool tigf, and
F, ) and the tool tip displacemem\{ andA, ) as shown in Fig. 4.80.

Obviously the A(t) matrix introduces the informaticabout the cutting
geometry: number of teeth, radial immersion, arttirgyi coefficients.

Eq. 4.36: {F ) = ark, fAv]4ac}

But it is possible to consider only the average ponent as explained in 1.1:

¢ 2m|a, a,,

. 1T Kr _ N axx ax
Ba. 4372 [A]=g[[ o] = &(%X,%,?j { }
So the dynamic equilibrium can be written, Eq. 4.38
Eq. 4.38: {F}eiw:%aug[l- e hAlf qw)g 7§ &

And G(iw)is the transfer function matrix

So that the Differential Delayed Equation that déss the milling chatter
phenomenon has non trivial solutions the deterntinaads to be zero,

Eq. 4.39: defl + A A | G(w)=0
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Fig. 4.80: Cutting geometry

Assuming:

. __ﬁ _ Aidl (=€
Eq. 4.40: A= 4ant(1 )

Where £ = ¢ is the phase shift between inner (track “i-1”) ander modulation
(track “i").

N\ that is the opposite of the inverse of the tradii eigenvalues is generally a
complex one. So we can write:

Eq. 4.41: A =NAg +iN,

But we are interested in the axial depth of cubbtgs necessary to impose a
real value for b.

In order to obtain the axial depth of cut we caitemhe following relationship
Eq. 4.42: alad-e)?)=0

But using the Eulero’s relationship for complex rian
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D(l—( Ag +il\, j:O:

code)-isin(¢))

_ D((/\R +iA, J1-code) +i sin(s))j C0m

(1-code)y +sin?(e)
Eq. 4.43: = O((Ag +iA, )J1-code)+isin(e))) = 0=

= A, (1-cod¢))+ Agsin(e) =0=

But if we knov{%j the phase shift = ® can be obtained:

Eq. 4.44: E=m- 2tan‘{%}

This approach is slightly different from the oneedigo study the regenerative
phenomenon in turning where the characteristic tiquas solved directly,
having fixed a real dept of cut, by imposing thatithe real and imaginary part
are equal to zero.

After this briefly review of the traditional apprda used to study the cutting
process instability in milling operations it is mssary to analyze the
relationship between the minimum depth of cut amel ¢orresponding critical

phase shift.
The following expression can be written:
— 2
Eq. 4.45: b, =min ZmR(w) 1+ /\2I (w)
“ NK; /\R(w)

And we can obtain:
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0 :mm(—sz(w)(Aa(w)w(w)D_

min p NKt Az}; (C())
Eq. 4.46.
. —zﬂ[/\é(w)ﬂ\?(w)j
=min
© | NK, Mg (w)
But b, >0 so we can rewrite the Eq. 4.46:
2 2
Eq. 4.47: ma{/\R(w)H\' (w)j conA, <0
o\ A(@)

Considering the more comprehensive case with 2edsgof freedom (2dof)
used for milling operations:

The eigenvalues can be analytically computed becdneseelated equation is a
second order one:

In order to simplify the solution we consider tlase in which:

Eq. 4.48: G,=6G,=0

Xy yx

This simplification doesn’t affect the generalitytbé results.
Using the 4.49 we can evaluate the eigenvalues:

Eq.
4.49:
_ ( oGO T anyyy) t \/(axxGxx + anyyy)z - 4(GXXGW)(axxayy B axyayx)
- Z(Gxxny )(axxayy - axyayx)

Where the transfer function matr&(ic) is:

Eq. 4.50 G(iw) {GXX GXV}
g. 4.50: iw) =
G, G,

And:

GXX:GXX(C"))

G, =G, (w)
Eq. 4.51: yor

ny_ny(a))

ny = ny(a))
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And defining[ A] as done in Altintas we can underline the dgt(A

(aXXGXX + anyyy) i \/(aXXGXX + anyyy)z - 4(GXXny)det(A))
2G,.G,,)defA,)

EqQ. 4.52: A, = —

When the de#)=0, two solutions can be computed:

/\1 =g o'e} (+)
A, indeterminate (-)

The second solution can be found by solving thiefohg limit:

Eq. 4.53:

im A, = lim (@.6,+0,6,)-(0.6,+4a,6,) -4G,G,)de(A)
det(A)-0 det(A,)-0 Z(G G

XX yy)det(AJ) [@(O’XXGXX + anyyy) + \/(aXXGXX + anyyy)z - 4(GXXny)del(%))
-2 1

[(axxGxx + anyyy) + \/(axxGxx +a,G, )ZJ (aXXGXX " anyyy)

And now we are going to give a physical interpiietato the obtained results.

If det(Ag)=0 it means that the matrix pAhave two columns that aren’t
independent and thus a force in the plane genedatpacement only along one
direction depending on the x and y compliances. dinection at right angle
shows an infinite stiffness.

We can make the following assumption (in ordergbagsymmetric behaviour):
This simplification doesn’t affect the generalitiytbe results.

Eq. 4.54: G,=a,6G,; G, =a,G,;

XX XX 1 yy yy=yy!

Hence the eigenvalues are:

6.+6,)= 6.6, F 6.6, ) EA)

XX Yy a a

26,6, )5

XX
Y aXX ayy

When ay«ay,=0 the two solutions can be computed solving atlimi

Eq. 4.55: Ny, =~
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We can obtain:

Eq. 4.56: N, =t———

It is important to observe that in this case th&utgmns correspond to two
eigenmodes at the same frequency. This is thealyehaviour of the mode
coupling mechanism formerly described.

It is possible to compute the phase shift linketh®analyzed situations:

First and foremost we can consider the case intwtiie modal coupling is not
present.

Introducing a further assumption:
Eq. 4.57: GGy
So we can obtain:

Eq. 4.58: A= 1 1
s (0,1, )B,@)  6,(w)

If we consider a single pole transfer functin

~ k@ - ) + eave?)
1 - o) - 2iccn,w)

Eq. 4.59:
w

where w, is the resonance frequencl, is the modal stiffness and the
damping ratio.
We can write the Eq. 4.60:

Eq. 4.60: B, e () A (j‘\’) ’Ec/d\).z(a))

, Ay <0

It is possible to verify that the frequency linkeal the minimal depth of cut
corresponds to the minimum of the real part of dy@gamic compliance as
reported in [3].

Eqg. 4.61: wminD(G(w)) =w = w, A1+ 2¢

max Bl polo ((,4))
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Soif w () We can write:

maxB, ,,

EQ.- 4620 Agpaso = —2KE 5 A e = 2KEY1+2E

In Fig. 4.81 the real and imaginary part/fw) have been diagrammed

Lambda(omega) for 1 pole system

real part

imaginary part

Lambda [N/m]

[Hz]

Fig. 4.81: Real part and imaginary part of Lambda

In order to compute the minimum b it is necessaryansider theB,,(w)
function. It is depicted Fig. 4.82 and its maximuffor the frequency

a)maxBlpolo(w)) has been underlined.
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Bipole (0OMega) function for 1 pole system

[w/N] ssauyns

frequency [Hz]

Fig. 4.82: Function Bype

In this ideal case the phase shift can be compuget) the following equation

Eq. 4.44:
Thus:

- 2taﬁ1(—«/ ¥ 2) 0

Eq. 4.63:

2

Om-2tan* (-] Dén

But it necessary to recall that the phase shifeddp on the damping ratio as
shown in Fig. 4.83. Generally typical values of gamy ratio for mechanical
system are very low (2-4%) so the phase can baedsresl approximately equal

to 377/2.
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Fig. 4.83: Phase shift and damping ratio

The analyzed case is typical in turning operations.

If we consider the case in which the modal couplisgnaximum, that is
OOy =0

We can use the following expression obtained froendigenvalues solution:

[
G, (@)
But if we consider theﬂl; it would be equal to the eigenvalues reporte&dn
4.58 if a phase shift, introduced by the imaginamt, was neglected so

Eq. 4.64: A,=2

Eq. 4.65: I = e

And the phase shift:

Eq. 4.66: " g /_\eizj
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This is the case we have formerly analyzed: fufjagyrement face milling.

So we can conclude that the coefficient that camuder to describe different
cutting conditions and thus how vary the most caitiphase shift is reported in
Eq. 4.67:

def
Eq. 4.67: L= de(a)
axxayy
When:
Eq. 4.68: L=0 - &pmir=3/2r

L=OO 9 Sb minzﬂ:

These analyzed cases correspond to the two exisguations: respectively no
modal coupling and maximum modal coupling.

Obviously there are infinite intermediate cuttingpnditions. For these
intermediate conditions is not possible to comgurtalytically the critical phase
shift but is necessary to solve numerically therabiristic equation.

When ayay,=0:

It means, Eq. 4.69, that a generic displacementek@mple along x doesn’t
produce a force in the same direction.

cq. 460 {FX}D[ %]E{Ax([el)Haxx axyHAX([G])}

Ry A([e])] Lo an] s, (6])
Face milling operation with a full engagement of thol in the workpiece and
an high ratio between the tangential cutting ceedfit and the radial one can be
considered a case in which the modal coupling isimmam.
If we consider the case in whidh=0 the mechanism that the process uses to
introduce energy in the system is different and éxplained in Fig. 4.84.
In this case the cutting forces introduce energhesystem acting on the same
direction of the tool vibration that origins theighhickness modulation. This a
very interesting result because a detailed andrgemmalysis of the critical

phase shift hasn’t already proposed in the speliifiature. Only some studies
referred to the turning case can be found,.[88].
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Fig. 4.84: Regenerative effect — energetic expldaoat— L
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4.7 An analytical approach to optimize SSSV in Milling

A relationship between the inner-outer tracks matioih and the energy
introduced in the dynamic system during the cuttivag been analyzed. A
critical chip thickness modulation for Constant &beMachining has been
figured out and moreover a detailed analysis of hbww condition is strictly
connected to the characteristic of the milling sashradial immersion, number
of cutting edges and cutting coefficients has h@esented.

If this critical chip thickness modulation linkeal & well known nominal spindle
speeds endures the system is brought to instability

The Sinusoidal Spindle Speed Variation allows toticmously vary the inner-
outer tracks modulation and consequently it bre#ks mechanism that
introduces energy into the system.

The effectiveness of the SSSV in the chatter sigspya depends strongly on
the RVA/RVF parameters so the selection of the @raggpindle profile is an
important issue.

For the planar displacements dynamics, we have ogexp a function to
measures an heuristic distance between the phdsbetiveen inner and outer
modulation that would be occurred if the instantarsevalue of cutting speed
was kept constant and the worst phase shift camdgreviously identified.

The functional depends on the speed variation laemcé, the optimum
parameters (RVA and RVF) can be derived solving fiiiowing classical
optimization problem, Eq. 4.70.

t+T
Rrvrl%F(J = ! (lo(t IRVA RVA-®,,) d}

Eq. 4.70: _
st:a< RVAK 3 Ix RVK b

DQO |j[fzinf; qup]

And n_is a number of period considered for the integratio

Eq. 4.71: T= j Q(t)dt

0

And the “instantaneous phase shift” or better thase shift that would be
occurred if the instantaneous value of cutting dpeas kept constant has been
computed using the approximate relationship Eq. 4.5

Obviously the dependence of the chatter frequeadhé instantaneous spindle
speed has been conside®d= w.(Q(t)) .
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It is necessary to assert that this optimizatiom loa performed only using the
data from a traditional stability analysis in theduency domain.

Maximizing this functional for each nominal spindépeed is equivalent to
select the Spindle Speed Variation trajectory thabduces less energy in the
machine tool system because we have attestedhigrat is dualism between the
instantaneous chip thickness modulation and thekvamne by the cutting

forces.

A graphic interpretation has been provided in B@5 considering a defined
nominal spindle speed and a specific RVA/RVF patansecombination

Range spindle speed Qutting Stability Lobes

E
I S N | S TR A S |
ko] _
: )
B : (| (t|RVA RVA - waorst) d\
% PN - |
\ - Spinde Speed [rpm]
Jemerll) i 1
A RVF . Chiatter Freguency
1000 ‘ : 1 :
B — ;

chatter frequency [Hz]
8
$
N
N

Spindle Speed [rpm]

Fig. 4.85: Optimization procedure — graphical explation

This approach has been applied to the test-casgefty analyzed. The milling
operation is described in Fig. 4.6 hence the @aliticondition is® =77 as
explained in 4.6.3.

The simplified case whit only one pole has beeryaed firstly.

Fig. 4.85 presents the obtained results.

A discrete matching between the results obtaineth e approach that
considers the worst modulation condition and theetsimulations results has
been obtained.

It is therefore necessary to state some furthesiderations.
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Fig. 4.86: SSSV trajectory optimization — time dom&omparison (@450Hz)
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Distance from maximum input energy(SSSV)
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The described approach allows catching the zon#seastability chart in which
the SSSV is more convenient than CSM.

Moreover the method well reproduces the trendshef different analyzed
parameters combinations.

An aspect that that hasn’'t been reproduced is iffereht stability limits
obtained using the RVA=RVA=0.4 one and the RVA=RMF=0.2 one.

From the time domain simulation we have deduced tthe&a RVF parameter is
less influent than the RVA one. Using the analyteaproach this aspect has
been stressed.

This can be pointed out observing the trends ofathedyzed SSSV trajectories
especially focusing on higher nominal spindle sgeed

Moreover we can conclude that the VSM techniguensesonvenient also in the
right part of the stability chart even if in thesgions would be easy to select
the right constant spindle speed.

Analogous conclusions can be drawn from the amalysthe results reported in
Fig. 4.88.
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In this latter case the different sinusoidal tregees don’t manifest evident

different performances: all the RVA/RVF combinasdmave given comparable
stability limits also from time domain simulations.



4 Spindle Speed Variation 182

Another aspect that can be observed from the predersults is the shapes of
the CSM stability lobes obtained with the proposesthod: they look different
from the ones obtained by the traditional frequesggroach or by time domain
simulations.

We guess that this effect is due to the fact thathe optimization procedure
only the “critical phase shift” has been considebed we haven't taken into
account that each inner-outer modulation is linkeda corresponding chip
thickness so the work done by the cutting forcgsedds both on these two
contributes.

The results obtained considering two poles have begorted in Fig. 4.90: also
in this more complex case the method seems to ibe mpliable even if it is less
effective and precise than the cases in which ong/pole has been considered.
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4.8 Discussion and future works - SSSV

The goals of this study were to investigate theabdpies of the Sinusoidal
Spindle Speed Variation to suppress the regenerahuatter and to define some
basic guidelines to select the more effective spegectory.

A first analysis of the problem was made by timendon simulations; an
industrial case with a complex machine tool dynanhias been considered.

The SSSV technique is particularly effective fowlnominal spindle speeds. In
this region of the stability chart it is difficutb select the more convenient
spindle speeds linked to the stability pockets.

We have also observed that the SSSV flattens thessldiagram so the choice of
the nominal spindle speed is not crucial.

We have noted that the VSM is convenient especialgn the corresponding
nominal spindle speed is close to the minima of ltdies because the speed
modulation more effectively alters the regeneragéffect that reaches maximum
levels close to these regions.

It is necessary to remember that the SSSV neederp@guirement from the
spindle drive and moreover the speed modulatiorairmghe surface finishing
and the tool wear.

Moreover a more detailed energetic interpretatibthe mechanism that brings
the system to the instability has been proposed.

A dualism between the inner-outer cutting edgeksamodulation and the
energy introduced into the machine-tool by theiggtsystem has been studied.
A critical analysis of the worst inner-outer trackedulation has been proposed,
studying the influence of the geometrical properbéthe milling operation.

The effects of the spindle speed modulation onwbek done by the cutting
forces and thus on the stability of the cuttinggess have been analyzed.

A fast method to select the more effective spirgileed trajectory based on an
analytical approach has been proposed.

The method seems to give correct tips comparinthéoones from the time
domains simulations.

Nevertheless some interesting results an experahergmpaign would be
necessary to verify the effectiveness of the pregagpproach and to verify the
effect of the SSSV on the quality of the machinedazes.

Moreover it would be necessary to apply the progosesthod to different
milling operations.

A more general optimization approach could be psepoin order to consider
also the power consumption, the quality of the aeffinishing and the tool
wear.
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5 Active chatter suppression

In this chapter an active damping control stratedlybe presented as a solution
to increase the spindle performance during cutésgecially focusing on the
suppression of the regenerative chatter phenomenon.

An exhaustive review of the previous literature kgnas been reported first.
The effectiveness of the designed control stratedjybe pointed out basically
using simulated results. Moreover, a first impletaton stage of the active
controller on the physical prototype has been priesk

5.1 Vibration control in spindle systems: state of theart

The presence of vibrations in machining processasahnegative effect on the
quality of the machined surfaces. As formerly diésxt these vibrations are
sources of machine fatigue, tool damage, highrayitidge wear, machine tool
damage, wear of machine tool components and angdyyn noise levels.
Spindle is considered one of the most crucial nreetool components
especially in high speed machining and its perfeorreas often strictly related
to the quality and the surface finishing of the maed workpieces.

Vibrations can be reduced via an active or pasgpgoach or a semi-active one
as comprehensively explained by Preumont in [99].

In Fig. 2.14 and Fig. 2.15 a passive and an adareping solution for a generic
flexible structure are respectively depicted.
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Fig. 5.1 : Dynamic vibration absorber DVA  Fig. 5.2: Active mass damper AMD

The DVA is purely passive but operates only ontdrget mode on which it is
tuned leaving the other modes unaffected.

On the other hand AMD is fully active and operadesall controllable modes
but requires an adequate sensor and actuator.
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There is also the possibility to combine these approach in what is called
“hybrid control” in order to achieve the advantagéboth the techniques.

A lot of vibration control applications in machigjprocess have been proposed
and analyzed in the specific literature.

Generally active vibration reduction methods amefgared to passive ones (i.e.
Benning [123]) because allow do damp different gty components of the
system.

Tarng et. al. [108] implemented a tuned vibratibsaber on a lathe for chatter
suppression and reported a meaningful increasetimg stability.

Knospe et. al. [126], Knospe and Tamer [125] dgwedban adaptive open loop
control algorithm for active magnetic bearings (AMBo suppress rotor
unbalance response. The algorithm takes advancin déct that the unbalance
disturbance can be predicted and the control actian counteract the
disturbance.

The unbalance disturbance is very important in wamthining because its
contribute, if the spindle speed is very highsithe most important one.

In these cases Iterative Learning Control (ILChteques can be proposed to
suppress the vibration.

Some works from different fields can be suggeste®, et. al. [145]and Lee et.
al.[144].

Nonami et. al. [128] developed a controller foitde rotor. The controller was
designed whit a reduced order model [99], [115),6]1 however the spillover
phenomenon, which usually occurs due to un-modelfigthamics, was
significantly reduced due to controller robustnedtonami et. al. [127]
implemented a controller for milling spindle supigar by active magnetic
bearings. Experimental tests showed good perforenahthe controller.

Chen in [93] presented an active control strategynprove the performances of
a wood-cutting circular blade. In this work magoegictuators and a Linear
Quadratic Gaussian control were used. Meaningfsulte were caught in
surface quality.

Different types of actuators are particularly sbi¢afor machine tool control
applications: the Active Magnetic Bearings (AMB)daPiezo Actuators.
Especially the dynamic capabilities of piezoelectactuators make them
suitable for active vibration suppression inclugiactive chatter suppression
and for active error compensation.

A number of researchers have investigated the @gimn of piezoelectric
technology to turning, and boring machine processHse piezoelectric
actuators are used basically to actively contrbtation and to compensate for
machine tool inaccuracies, obviously if these cameasured.

Piezo actuators have been used in some millinggainding applications. The
amount of research works done in this area is denably lower than the
amount of work focused on the enhancement of baimjturning machines.
The reason for this is that AMB are usually thefgmed choice for active
vibration control of rotating machinery even if yhare very expensive.
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Nevertheless some researchers explored the useezdetectric actuator for
active control of rotating systems, pioneering war&s done by Kascak et.al.
[129].

Andren et. al. [130] designed an active tool holiderlathe. The holder has an
integrated piezoelectric actuator and accelerométex goal of the work was to
reduce the vibrations. A meaningful enhancementh@fsurface finishing due to
the vibration reduction system was obtained.

Kim and Nan [132] and Kim and Kim [133] have devyd a similar system for
ultra-precision lathe. They use a force feed baotontrol the depth of cut. The
feedback signal is obtained from the piezoelechgtuator that controls the
cutting tool. Feed table error is measured priorthe machining. This
information is then used to control the positiontleé cutting tool so that the
feed table position error is compensated for.

Xu and Han [134] developed another machining toibh v@rror compensation
for turning. The tool uses two piezoelectric acbusit one for active error
compensation and the other for ultrasonic vibratmriting. Experimental
cutting tests shows that roundness is improved wibit enhancements in
roughness when the error compensation is used wtitth@ aid of ultrasonic
vibration.

Ganguli in [98],[100] dealt with the regenerativhatter in turning and in
milling via numerical simulations. The author prepd some applications based
on active control. In order to avoid a lot of cagfitests to tune the controller and
to study the technique effectiveness a chatter detretor “hardware in the
loop” for turning operation was introduced.

In [97] Ganguli presented a comprehensive analysibe regenerative chatter
phenomenon using the root loci. It was found that instability of the cutting
process is not always due to a structural polesbatetimes to a poles linked to
the delay effects. An interesting interpretationtioé various regions of the
stability chart was given.

Min et. al.[135], developed a smart boring tool fiae boring in the automotive
industry. The boring bar is fixed to the rotatinginglle at one end with a
roughing cutter and finishing cutter attached te fitee end. A piezo-electrical
actuator controls the finishing cutter. A non ca@hgaower transformer provides
power. The non-contact power transformer also temsslata between the smart
tool and machine tool itself. The smart tool iseatd measure the cutting forces
and allows lower error positioning.

Chiu et. al. [136] presented an overhung boring d&wo system for on-line
correction of machine errors. The control of théting tip is obtained via level
structure with a piezoelectric actuator. A 40% ioy@ment in roundness was
observed.

In Tewani [109] the use of an active dynamic absptb suppress machine tool
chatter in a boring bar was studied. The vibratiohthe system are reduced by
moving an absorber mass using an active device asielpiezoelectric actuator,
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to generate an inertial force that counteractsdibtirbance acting on the main
system.

Another work on the control of a boring bar was gmsed in [111] by
Browning: this industry-ready system consists akéhprinciple subsystems:
active clamp, instrumented bar, and control eleits For the described
system, cutting performance has extended existiragter thresholds (cutting
parameter combinations) for nickel alloys by as muas 400% while
maintaining precision surface finish on the mactipart.

Jang and Tarng in [112] the use of a piezoeleeiricator to act as an active
vibration damper on a cutting tool is reported. Pprezoelectric actuator with an
inertial mass is attached to the controlled cuttogl. The actuator resonance
can be well tuned over a wide frequency range Qyus#dg the size of the
inertial mass, so that the actuator can providexaremely large damping force
to suppress undesired vibration of the cutting tddhe resonance frequency of
the actuator.

Pratt in [106]and [107] designed both a controkesysbased on a simple linear
feedback and a non-linear control strategy to imerthe performances of a
boring bar. The non-linearity of the cutting praeéss been analyzed.

The use of piezoelectric actuator for spindle systeas proposed by different
researchers [95], [96], [137], [138]. The basimpiple proposed is an hybrid
system where rotor is supported by piezoelectricadors via bearings. The
research efforts were focused on the use of theersyfor vibration control in
aircraft engines and industrial machinery.

Nagaya et. al. [139] proposed an active vibrationtiol system for controlling
micro-vibrations of machine spindle. Four piezogiecactuators, two for each
orthogonal axis, support the front spindle bearifigey are arranged in a push-
pull configuration. The authors performed numergiatulations and concluded
that vibration can be reduced via the proposedesysturther research work
was done by he same author in [140] where an auiog vibration absorber is
presented in which the absorber creates an amnagse state.

In Sims and Zhang [103], [104] an active piezo faglamping system was
design in order to increase the MRR during the nmaed of thin-walled and
flexible structure for aerospace industry. Thisteéques was study in details by
Stanway [110] that presented a state of the artcive constrained layer
damping.

Kwan et.al. [124] and [90] reported on a develophwéra controller for chatter
suppression in octahedral hexapod machine, Fig. 5.8 clear from the
simulations that the cutting stability increasedandatically by introducing
closed loop control due to the spindle dynamicsaanbment. In this work it
was done only simulating work. A complete modethas spindle was proposed
considering the FEM spindle model, the piezo-adisatmodel, the cutting
process model and the model of the controller ctamgig moreover the effects
of the amplifiers. In this work a ¢ control was proposed.
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Laufer et. al. [141], Shankar et. al. [142], Regafiye et. al. [143] and Jeffrey
et. al. [91] described developments of a smartdgimnit for active chatter
suppression of milling machine. The goal of the kvaas to develop a chatter
suppression system for a horizontal hexapod millmgchine in order to
increase material removal rate (MRR) which is laditoy the onset of chatter.
The spindle system was controlled by four actuatoede of PMN-based
electrostrictive ceramic.

The control strategy was the Linear Quadratic Gansg.QG) and it is based
on the model of the system. A state observer wss @ésigned to predict the
states of the system [116], [118], [119], [120].isTkcontrol technique is
generally used to increase the damping of theesyst
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Fig. 5.3: Smart spindle mounted on hexapod

Lead Magensium Niobalte (PMN) electrostrictive miale is similar to
piezoelectric material in the sense that both akhilechanical displacements as
results of applied voltage. There are some diffegen PNM displacement is
proportional to the square of the applied voltagexhibits less hysteresis and it
has a much higher capacitance.

The experimental cutting tests have shown an inapbréenhancement of the
cutting stability limit especially for partial imm&on of the cutting tool.

This application is the meaningful work done onttdrasuppression in milling
operations.

Kern in [146] designed an AMB spindle, a robust tooin strategy was
implemented and meaningful MRR increment was found.

Ries in [147] used ceramic piezo-actuators in ondernctively suppress the
regenerative chatter vibration, very promising hsswere obtained and the
MRR was increased up to 50%.

Hynek [105] presented a wood cutting controllechdf@. The spindle has four
piezoelectric actuators in a push-pull configunatidwo eddy current probes
measure the displacement of the spindle shaft omiity to the actuators. A
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control strategy based on a pulse was developeddir to improve the surface
finishing and to reduce the high of the peaks deftthe machined surfaces and
caused by the kinematic of the tangential cutting.

Another proposed application by Simoes et. al. [@4lt with the control of a
rotor system using piezoelectric stack actuatorshis work an optimal modern
control techniques was proposed (Linear Quadragiguiator LQR) [117] and
[120]. Simulations ad experimental test revealedngportant increment of the
damping of the system.

In this work we have investigated, like some awthdid, the capabilities of
active vibration control technique to increase fle¥formance of an active
spindle. The goal of work has been focused on thiengiregenerative chatter
suppression. The reference case is an active spthdt has four piezoelectric
actuators, two for each axis in push pull configjora The spindle was
designed for wood cutting enhancements by Hynek][10

This work has come from the collaboration with ttwighborough University,
Wolfon School of Mechanical Engineering and Mantiaog and more
precisely the Mechatronics Research Group.

The proposed strategy was suggested by Ho etndP4i] that theoretically
analyzes the performance of a mixed approach trabmes LQG control and
an input estimation methodology. Generally the ilgrs based on LQG are
particularly effective to damp transient respon$ehe system and they are
designed without considering the disturbance edfect

This mixed strategy uses a linear observer baseldatman Filter to estimate
the disturbances that obviously cannot be measuémeddditional control law
obtained from the disturbance prediction and inmgrthe system dynamics was
added to the LQG control action. The applicatiothad combined strategy has
revealed important enhancements on the systemmespo

In the spindle system the cutting forces can beidened as disturbances on the
system. The aim of the work is to apply this coreblistrategy to the spindle.
Even if the spindle was designed for wood cuttingtady of the behaviour of
the spindle and the closed loop strategy effecdssrhas been proposed via
simulations for metal cutting.

The problem of the cutting force prediction viainedt measurements has been
addressed with a modified Kalman filter. This metHor the indirect cutting
force measurement-estimation was proposed in Ragk|d.01] and Albrecht et.
al. [102]. Both authors used a spindle shaft/sgiridbl displacement to predict
the cutting forces using a linear and optimal Kairfider [119].

Obviously the enhancement of the spindle dynami@abeur can improve the
spindle performances also during wood-cutting. istfimplementation of the
designed control strategy on the real time apptinahas been attempted in
order to verify the damping properties of the colirs. Some differences
between the model and the real system especialiyecaby the effects of the
signals discretization in the real time applicati@ve been underlined. Probably
a new tuning of the controller is necessary.
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5.2 Introduction

As formerly mentioned an active control techniqwesdal on optimal control
(LQG) has been proposed to increase the dynamforpences of the active
spindle system. Generally the goal of this kindcohftrol is to increase the
structural damping of the system as described @ bi4 and explained in
Preumont [99].

The concept of the optimal control is very closdltat of the pole placement
one even if a different technique to tune the adlar is used. This technique
doesn’t consider only the performance of the systema trade off between
performances and the control effort.
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Fig. 5.4: Structural damping increment

From the chatter theory, see Chapter 1.1, we knmat the unconditioned
stability limit is roughly affected by the minimuaf the real part of the tool tip-
workpiece dynamics. This statement is not alwayse,trthere are some
exceptions especially in milling operations wher ttonsidered dynamics are
very complex.
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Fig. 5.5: Role of the spindle in high speed machigi

An increasing of the system damping provokes a atalu of the dynamic
compliances of the most resonance peaks; the mmiwiuthe real part of the

FRF becomes less negative thus enhancing theistaibiit as explained in Fig.
5.5.
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Fig. 5.6: One pole dynamic compliance — real part



5 Active chatter suppression 192

5.3 Goals of the work

As said in the previous section the goal of thisknie to increase the dynamic
performances of a spindle, shown in Fig. 5.7.

The spindle is a prototype built by the MechatreniDepartment of
Loughborough University (U.K.).

The spindle was originally designed for wood cugftapplications, in fact the
external motor has a very low maximum available @oand torque.

Despite this limitation that doesn’t allow us toypltally use the prototype for
metal cutting (for example aluminium cutting) we wae evaluate, basically by
numerical simulations, the hypothetical enhancemémtolved by the
implementation of an active damping control techreiq

The small scale prototype had been instrumented avitincremental encoder,
two eddy current sensors (with a phase shift of @spect to the axis of the
actuators), signal conditioning circuits, four diny amplifiers (one amplifier for
each piezo electric actuator) and a control compute

Eddy current sensor B
Incremental encoder

Eddy current sensor drivers
and signal conditioning circuits
Y
i Spindle unit
X D L
Multifunction I/O card
N
— — Analog input 2 ch
Piezoelectric actuat UL
iezoelectric actuator Encoder input 1 ch
> ——
Analog output 4 ch
High-voltage amplifiers

Fig. 5.7: Experimental set up

These amplifiers send the corresponding voltagelléw the piezo electric
actuators which apply a force against the spindid aause a controlled
displacement.

The small scale planer’s instrumentation includestol computers, which are
used to acquire the sensor readings in order tastathe input voltage for the
piezo electric actuators in real time.
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Fig. 5.8: Actuator mounting

The Matlab xPC Target prototyping environment ieduso carry out the real-
time control applications. The Matlab xPC-Targebtptyping environment
consists of a host computer and a target computeich are connected via
Ethernet link with capacity 10 Mb/sec as shownig B.9, Hynek [105].

Ethernet link 10 Mb/sec

Test rig

1
1

[
[

XPC target Host PC running Matlab
and Simulink

Sensors and
actuators wiring

Fig. 5.9: Real time application

In order to test the effectiveness of the propasteategy a complete model of
the system is necessary. The model of the spittthepiezo-actuator model, the
cutting process and the model of the controllet kgl developed. The complex
modelling phase will be described in the followsegrtions.
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The Fig. 5.25 pointed out the designed controltetyy it is similar to the
scheme typically used for state-space control githal control.

An observer allows estimating the states of thetesysusing only the
displacement measurements from the eddy curreibeprdrhe estimates of the

states are used to compute the proper controkegidaf] —K [X) where x are
the state estimations. The designed observer asusled to estimate the cutting
forces during the milling operations. This feataam be useful to monitoring the
cutting process as shown by Albrecht [101] and AgkH102] but moreover to
design a compensation control action that triesettuce the tool tip deflection

due to the cutting forces.
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Fig. 5.10: Control strategy description
Where:

e X: state estimation

y: eddy current output measurements

y+V : noisy measurements

u: piezoelectric actuators input voltage

w: white noise noise disturbance on the states
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vV : white noise on the measurements
z. performance metric (tool tip displacement)

F. : cutting force prediction
F.: cutting force (system disturbance or unknowneysinput)
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5.4 Spindle Modelling

The overall smart spindle model is obtained byijmnthe FEM model of the
mechanical part of the spindle to the piezo-actsatnodel as pointed out in
Fig. 5.32.

5.4.1 FEM Spindle Modelling

The modelled spindle prototype is shown in Fig.15.it was built by Hynek
[105]. The spindle cutter head is not depictedhis picture. The spindle is
mounted on a flexible frame.

A beam based FEM software is used to model thedkpsystem; this approach
is generally suitable for “rotor system” modelliag described in Cahpter 2. The
FEM software was proper developed by Loughboriugvehsity and it is briefly
described in Appendix A.2

The flexibility of the shaft, the bearing stiffneske stiffness of the support, the
inertial properties of the shaft and of the toolddeen considered. In this
simplified model the flexibility of the spindle hsing hasn’t been taken into
account in order to get an easy FEM model.

Fig. 5.11: Experimental test rig — active spindl@ithout tool)

The simplified spindle geometry is reported in Fi§l2; obviously some
approximations are introduced in order to allow ithplementation of the beam
modelling approach.
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The model also considers the inertial propertieghefring on which the piezo-

actuators act.
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Fig. 5.12: Mechanical model of the spindle

The input file of the FEM model is reported in #hependix A.3
The resulting FEM model is presented in Fig. 5A8.infinite radial stiffness
for the back bearing is assumed. The FEM packaggnally considers 6 dof
for each node. The proposed model considers onlgf4or each node because
they are sufficient to describe the bending behavid the spindle.

1.

X" Cutter head (dis|

front ring (disk)

“

Fig. 5.13: FEM model of the spindle , Y or Z axis

10

The total number of dof is 38 dof (10x4-2 constiglina 78' order model is

therefore obtained.
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mode #1

Obviously the spindle model has a symmetrical behavin the orthogonal
planes X-Y and Z-X.

The damping can be introduced into the system usiedollowing relationship
but only the stiffness matrix proportional tegfhas been used.

Eq. 5.1: B=aM + (K

A part of the damping is also introduced usingdbamping coefficient related to
the model of the bearing (spring-damper component).

The damping was tuned in order to obtain the dagpatios of the first

eigenmodes close to 2-3% that are typical valuesafalogous systems (from
experimental data and modal identification proceylur

mode #3 mode #2

mode #4

Modal shape Z Modal shape Y
v Yl
----- z - Z
A .- o = A e
o 0.05 0.1 0.15 0.2 o 0.05 0.1 0.15 0.2
___________________ ]
———— A ‘\\\
o |
1 1 \\ 1 1 1 1
o 0.05 0.1 0.15 0.2 o 0.05 0.1 0.15 0.2
7
”
----------- A gt — S — A —
0 0.05 01 0.15 0.2 0 0.05 01 0.15 0.2
ST ‘Hﬁ‘-‘- | E— — —
,’,, *\s~ ------- -~ S
0 0.05 01 0.15 0.2 0 0.05 01 0.15 0.2

Fig. 5.14: Modal shapes - FEM model
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It's important to observe that the poles of thetesysand consequently all the
modal parameters will change when the overall modléhe active spindle is
obtained.

The eigenvector analysis is reported Fig. 5.14,dbmesponding eigenvalues
analysis is shown in Tab. 5.1.

Only the first four eigenfrequencies are reported.

mode Frequency [HZ]
Mode #1 502

Mode #2 1590

Mode #3 1998

Mode #4 6361

Tab. 5.1: Frequencies

x 10° poles of the FEM model of the spindle
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Fig. 5.15: Poles of the FEM spindle model

In order to comprehend the dynamic behaviour ofsystem the corresponding
poles are plotted in Fig. 5.15. Moreover, the matiahping ratios are reported
in Fig. 5.16 and it is clear as the damping intetl by the elastic elements
affects the damping ratios of the first modes.

An equivalent representation of the real-imaginaot is reported in Fig. 5.17.
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Damping ratios
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Fig. 5.16: Damping ratios FEM model

poles of the FEM model of the spindle

imaginary part rad/s

real part rad/s

Fig. 5.17: Poles FEM spindle model - real-imaginafyequency



5 Active chatter suppression 201

5.5 Piezoelectric actuators

The Piezoelectric actuators are electromechanrealstiucers, which convert
electrical energy into mechanical energy. They wrdely used in different
kinds of applications ranging from static and dymamicro positioning, optics,
smart structures, precision machining and actiteation control.

They are capable of providing large displacementsnicrometer range and
generating large forces with typical frequency hbaidth up to 30 KHz. The
maximum force delivered by the piezoelectric aciuas usually in the range
from 0.2 kKN up to 10 kN depending on its stiffnéBse maximum displacement
of the piezoelectric actuators is in the range fébpm for single layer actuators
up to 200um for multi layered large stacks.

Piezoelectric actuators are manufactured from pientric ceramic which
becomes electrically polarized if it underlay meubal stress. This
characteristic of the piezoelectric ceramic is ®anas direct piezoelectric effect
and it is widely used to manufacture sensors sgchcaelerometers and load
cells. Conversely, if the electric field is appli¢d piezoelectric ceramic, it
expands its shape in direction of the polarizatidhis is known as inverse
piezoelectric effect on which the piezoelectricuatbrs are based on. There are
several different types of piezoelectric actuators.

The tree main types are: flexure elements, tubgasmts and stack actuators.
The flexure elements is produced from thin piezdteile ceramic strips which
are combined into a bimorph like pointed out in. Ad.5.

Fig. 5.18: Flexure elements Fig. 5.19: Flexure element principle

The operative principle of this element is basedsiomultaneous contraction of
one strip with the expansion of the other one thtesults in bending.

This type of actuator is capable of providing hajeplacements (i.e. up to few
millimetres) with the drawback that the generatadé is relatively low.
Piezoelectric ceramic tubes are monolithic actsatdrich contract laterally and
longitudinally when a voltage is applied betweea ittmer and outer electrodes
This type of actuator is widely used in scanningrnscopes.
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Fig. 5.20: Piezo stack actuator Fig. 5.21: Piezo stack actuator - scheme

Stack type actuator is constructed as a stackiofgilezoelectric ceramic layers
as described in Fig. 5.20 and Fig. 5.21. The séxglands if voltage is applied
to its electrodes.

This type of actuator is able to deliver relativigyge displacements (i.e. <200
um) and very high force (i.e. < 30 kN).

Due to their characteristics (delivering relativédyge displacement with high
force) the stack type piezoelectric actuators ardely used for precision
machining, vibration cancellation (chatter suppi@gsand dynamic positioning
of structures and parts.

5.5.1 Piezoelectric actuator modelling

In Fig. 5.22 a simple scheme of stack type piezoaor is shown. We can
observe some geometrical properties of the stattiator and how the layers are
mechanically connected (series) ad moreover theagelsystem (V) used to
polarize the layers (parallel connection).
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| —

Fig. 5.22: Piezoelectric stack type actuator

Where d is the thickness of each layer ands the number of layers of the
actuator, consequently =n[d is the overall length of the stack and “A” is the
cross-sectional area. Generally the thicknessr@fisilayer is very small (0.1-

0.3 mm) comparing with the cross-sectional area.

The ceramic piezo-actuators have anisotropic bebavihat depends on the
analyzed direction, Fig. 5.22. Considering theédiron 3” as the main direction

the following equations can be written, Hynek i0%1 and Devos in [113]:

e3 = $3|]T3+ c!33|:|%

Eq. 5.2: U
D3 = d33w3+ KS B‘0 |:E3

Where:

E,: electrical field

* D;: electrical displacement

+ K :relative dielectric constant at constant meclalrstress
« S,:mechanical compliance at constant electric field

* d,,: strain constant relating to mechanical straiaplied electrical
field
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Moreover, actual piezoelectric actuators have moeal characteristics. The non
linear behaviour is caused by the fact that theqakectric constants depend on
applied voltage and mechanical stress develop#teiactuator.

As a result, the piezoelectric actuator shows hgste, look at Fig. 5.23.
Typical values are 10-15% for “soft” piezoelect(iow stiffness) actuators and
1% for “hard” ones (hard stiffness).

45

40

35

el
wm

Displacement [pum]
]
o

—_
(4]

25 50 75 100 125 150
Applied woltage [V]

Fig. 5.23: Piezo-actuator non-linear behaviour

And g,is the mechanical stregs; :F—A'i ande, is the related straie, :%.

The following Eq. 5.3 and Eg. 5.4 are used to eataluthe electrical
displacemenD, and the electrical field,:

_q
Eg. 5.3 D,=—
g * niA
Eq. 5.4 Egz%

Substituting the Eq. 5.3 and Eg. 5.4in the Eq. 5.2:

SdE
y:fD_EFP+nEd33D/

Eg. 5.5: "
q=nld;[F + ncd Ede DEOD‘/
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And defining the quantitieC, and k,, respectively the capacitance and the
mechanical stiffness of the piezo-actuator by the5H6:

Eqg. 5.6:

So the Eq. 5.7 can be obtained:

y:iEFP +nlo;; [V
Eq. 5.7: Kp

d= nlth, [F;, + nG, DV
That explains the mechanical-electrical behaviduhe piezo-actuator.

Considering a constant voltage V, Fig. 5.24 shohes force-displacement
characteristic. The “blocked force” and the “no dodisplacement” can be
defined (Eq. 5.8)

FP :(y_nEds,sB/)DKJ; y:0 -
maximum force- F , = -k, [h{d,;[V
Eqg. 5.8: y=iEFP+nEd33EV;FP:0—»
KP
maximum displacement y, = n[d,,[V

The piezoelectric material is manufactured fromd_2aconate Titanate (PZT).
It is necessary to notice that in Eqg. 5.2 the hgsis effects haven't taken into
account in order to obtain a linear model of thievacspindle.

In many analyzed works from the specific literatatghors didn’t consider the
non-linearity of the piezoelectric actuators too.

Obviously this involves less accuracy in the moldet allows us to use the
theory of linear systems.



5 Active chatter suppression 206

A
displacementym

\ —— > noload displacement = == |Ow stiffness actuator

\ = high stiffness actuator

blocked force

|

Fig. 5.24: Force-displacement characteristic (V=¢ps

»

force generated[kN'

Generally the piezo data sheets report the “blodkece” and the “zero load

displacement” values.
Property Symbol Value Units
Strain constant Oss 230 -700 1022 m
V
Relative dielectric constant K 1300 — 2400 - -
Compliance Ss3 13-20 10_12i
Pa

Tab. 5.2: Typical piezo-material properties (PZT)

Quantity Symbol Value Units
Max input voltage Vv 150 V

Actuator stiffness K o 14 N/mm

Zero load displacement @ 150V Vv, 40 Hm

Blocked force Fro 0.56 kN

Actuator capacitance C, 2.3 UF
Cross-sectional area A 25 mnt
Length L 19.5 mm

Tab. 5.3: Actuators specification
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5.5.2 Equivalent mechanical model

An equivalent mechanical model that describes Itleisaviour is an infinitely
stiff pusher connected in series with a spring, iehe displacement of the
infinitely stiff pusher is proportional to the apd voltage (i.enltl,, [V term in

equation Eg. 5.7 and the spring stiffness is etpudéhe actuator stack stiffness
K, )-

The mechanical model reported in Fig. 5.25 showsygcal push-pull
configuration. This configuration is used to avdg&hsile strength that can
damage the actuators itself. Each piezo-actuataabls to act only in one
direction, applying a positive voltage; the disjglaxent in the opposite direction
is allowed by the action of the other actuator.

Another design expedient used to protect the amtuagainst shear stress is
shown in Fig. 5.8.

Generally commercial actuators are protected agdaerssile strength by a
preload spring but this however affects the effectdisplacement of the
actuator.

k- : piezoelectric actuator stiffne

% y : displacemer
m, : mast
K- a, : prescribed displaceme
Foo T F,. : exerted forc
m, y
kP

Fig. 5.25: Mechanical model of a piezo-actuator

Eq. 5.9: Foo =Ke[ap—y)

Eq. 5.10: Foo % F oo
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Obviously the behaviour of the piezo-actuators ddpeon the environment in
which it works.

Two different situations can be resumed in Fig65.2

It is possible to graphically individuate the opesma points of the two
configurations as shown in Fig. 5.27 and Fig. 5.28.

b) m

Fig. 5.26: Paossible piezo environment — a) stiffsemnvironment vs b) weight environment

A .
displacementfm

kE O Operating point

force generatea[kN

Fig. 5.27: Operating point — stiffness environment
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The operative points can be found by imposing tipailirium of the system
that corresponds to the intersection of the cume¢ describes the piezo actuator
and those that describes the external environment o

The situation a) illustrated in Fig. 5.26 represetite situation of a push-pull
configuration. This scheme can be used to modeathige spindle depicted in
Fig. 5.11.

The situation described in Fig. 5.26 b) can besitlated in the following figure:

W
displacementfm

(O Operating point

»

force genera'ted[kN

—¢
HQ"

V1
V=0

Fig. 5.28: Operating point — constant force envirorent

As previously described the push/pull configuratit@picted in Fig. 5.25 allows
a reduced displacement due to the opposite acthatdhis configuration shows
a stiffness that is double compared to the non 4pudhone if the opposite
actuator has the same stiffness.

This can be also graphically shown in Fig. 5.29:
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‘ displacementfim
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Single piezo
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if k,=K. ->0==2
P E >

F
(Ej = Kpush— pull =20k p

15 force generated[kN
9

Fig. 5.29: Push-pull configuration — stiffness inement

5.5.3 Electrical model
The model presented in the previous subsectiorléged only to the piezo-
actuator. The following figure consider also thévidig amplifier that imposes

the input voltage. In this case the piezo-actugtaonsidered as a capacitor and
R, is the output resistance of the amplifier.

Writing the Kirchhoff's equations to the electrilstem of Fig. 5.30:
Eq. 5.11: V. =R O+,

Where:

V, : amplifier input voltage

V,: voltage applied to the actuator

And i :% is the driven current.

Eq. 5.12 is obtained from Eg. 5.7.
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—
[ ﬂ‘
R
Piezo-actuator
v v, | L——16C
v
[

Fig. 5.30: Electrical model of the piezoelectrictaator

: .- dg dy Ve d\,
Eq. 5.12: i =— =k, hid,—2 - k, OF 04 C e
a dt T Pt ko 0 (i dt N dt
Eq. 5.13:; n=nl,
dVv. 1 y
Eq. 5.14- b - [évi V,-RkH E_?Lj
d ROG-k®) " "t

Eq. 5.15: Foo =Ko (y=17-0%)

Is the force that acts on the structure (pay atertb the sign, it is opposite to
the force depicted in Fig. 5.22).
Using Eq. 5.15 a State space Model can be obtained:



5 Active chatter suppression 212

y
{dvo}:_ 1 qv,} +| 0 c 1 dy
dt R G G ROG) | d
Vi
: _ y
Eq. 5.16: Fo| | C, ke 0 O .
v0:1[@v0}+oood—3t’
Y o o Ly
L R i R
C=C-k
C, =k [,
Where
dy G
d_st/ :u;{\/o}:x; \./O =y
V. |
Eq. 5.17: A= —L}B:{o G L}
R [C o] 0G
C, -k, 0 0
C=| 1 [;bD={ 0 0 O
1 o o L
L R] L R
And
O
Eq. 5.18: x = Alk+ BLU
y = Cx+ D[

For the considered test rig:
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k, =14\
UF
Eq. 5.19: C,=2.3uF

— Hm
n,= 0.237
n, can be determined from the following:

Y, = ntd,, [V in a zero load configuration.

So
N m\’
C,=C,~k B =2.3uF- 14—[@ O'ZdJVj = 1.559%4F
Eq. 5.20 Hm
C, =k @, =14 (0.2 ™M= 322"
Hum V V
Eq. 5.21: R, = 65Q

So the matrix of the state space representatio® B§.are reported in Eq. 5.22.

A=[-9.8657 B=| 0 - 2.0648 f0 9.865

Eq. 5.22: 3.22 -141m6 o0 0
C 1 ‘D= 0 0 0
-0.0154 0 0 0.015

We can notice that the model of the piezo-actuats only one state, the
voltage,.

Hynek [105] underlined the effects of hat is the resistance of the amplifier
on the piezo actuator characteristics: the blodkere and the external stiffness.
Basically the value of Raffects the bandwidth of system, this is pointatlio
Fig. 5.31.
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Fig. 5.31: Effects of the electrical resistance
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5.6 Smart Spindle overall model

The model of the smart spindle is obtained as degim Fig. 5.32. The state
space model of the piezo-actuators described in pghevious section is
connected to the FEM model of the mechanical gattespindle. Both models
are in the state space formulation.

Input voltage
—> Viy Fpoy
Ll ya —>
VOy
»| d ;

Actuator model for y

Cutter
position
—]

Cutting
forces

Ve

\ yfe

Xfem

Z1‘em

passive actuator forces

=

|:z
F { Active actuator forces

S—
cutting

forces

Wt
w

Active Spindle Dynamics

7y

Actuator model for x

Input voltage
—P Vix Fpox
> Xa VOx —>

Fig. 5.32: Active spindle model

The piezo-actuator acts on the shaft of the spimdile a force, the feedbacks
from the FEM spindle model are used by the piezdehto determine the states
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of the system and obviously the linked outputs saslthe voltage on the piezo
device and the driving currents.

The overall model of the spindle has 78 statexfiBese are linked to the FEM
spindle model, as formerly described and two states for each actuator.

A schematic representation of the overall moderaposed also in Fig. 5.33.

Cutter head (disl

10

nut (disk § front ring (disk)

Fig. 5.33: FEM model of the spindle and piezo actaamodel

After having obtained the model of the active sferitie eigenmode-eigenvalue
properties of the system have been evaluated. dll@ving figures point out
the effects of the actuators on the mechanical\neteof the spindle.

It is necessary to outline that the FEM model hasnproper real physical
meaning if the actuators models aren’t consideréd. presence of the actuators
stiffs the system, this effect, for example, carobserved looking at Fig. 5.34:
there was a migration of the low frequency polesai higher frequency
values. Moreover the damping is affected by thegimodels.

The spindle becomes more rigid due to the push-gffdict, adding a piezo-
actuator is equivalent to put a parallel stiffneBse explanation of this effect
can be appreciated in Fig. 5.29.
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x10° poles of the FEM model of the spindle
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Fig. 5.34: Poles of the smart spindle system - FEMbdel + piezo model

This effect can be obviously well noticed espegidiboking at the first
eigenmode that is the strongly influenced by tifénstss of the front support.
This global stiffness change causes a consequergase of the damping ratios
because damping terms, that are proportional to dtiftness, have been
introduced.

The global damping ratios have been tuned in otdesbtain 2-5% that are
typical damping ratio values for this kind of syste
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Damping ratios
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Fig. 5.35: Damping ratios smart spindle system

In Tab. 5.4 are reported both the frequency vaduesdamping ratios of the first
four modes.

Fig. 5.36 shows the poles of the active systemedimihg the frequency of
each mode and furthermore points out the poleishatked to the behaviour of
the piezo actuator model. It's important to nottbat it isn’t the pole of the
piezo but at this frequency the most “oscillatingaqtities” are related to the
piezo component.

mode Frequency [HZ] Damping ratios %
Mode #1 617 4.1
Mode #2 1779 1.8
Mode #3 2118 2.3
Mode #4 6362 2.3

Tab. 5.4: Frequencies and damping ratios of theigetsystem
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poles of the FEM model of the spindle

O  FEMmodel -
*  dFEM + piezo model

!
3 -7 [

frequency HZ

real part rad/s

Fig. 5.36: Poles of the smart system — real-imagiydrequency

In Fig. 5.37 and Fig. 5.38 are reported respectithe simulated dynamic
compliance at the tool tip and the dynamic comgkaprobe displacement/tool
tip force. It can be observed that the behaviouthef system, especially it is
evaluated at the tool tip, is governed basicallythey first dominant eigenmode
@617Hz. The reason of this behaviour can be compdshik looking at the
modal shapes of Fig. 5.14, the tool tip is closbd@ nodal point for the second
mode(@1779Hz) and the third one (@2118Hz).

This mode is very important for the cutting perfamae limitation; we know
that the minimum of the real part directly affettte cutting stability limit.

The dynamic behaviour of the plant that is theaystve are going to control is
presented in the Frequency Response Function o6F§.
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Frequency response function :magnitude
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Fig. 5.38: Tool tip dynamic compliance — real vsaginary part
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Frequency response function :magnitude
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Fig. 5.39: PLANT dynamics - probe displacement/irtpuoltage FRF



5 Active chatter suppression 222

5.7 Cutting process modelling

Having modelled the active spindle it is necesdaryadd the model of the
cutting process as illustrated in Fig. 5.40. Thdticg process dynamically
interacts with the spindle system: the resultarttiray forces from the process
act on the tool tip but at the same time the comsegdisplacement of the tool
tip affects the instantaneous chip thickness antiesgutting forces themselves.

Input voltage

— > Viy Fpoy
: ya
Voy EE—
> dy, i—_
o
Actuator model for y
dv,
dt
Xfem
\" yfe
Zfem Fy
c passive actuator forces
= utter
CUttIng position
process a X,
dynamic
-_>
model Cutting
forces —_— FZ F, e
cutting ) M
forces F Active actuator forces
dw, Y
Yt
w Active Spindle Dynamics

Actuator model for x

Input voltage

V, F

ix pox

X
2 B

Fig. 5.40: Overall model -smart spindle and cuttipgocess
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The cutting process model used considers morebeeregenerative effects: the
instantaneous chip thickness related to each cd#pends not only on the
instantaneous position of the cutter that is wagkioit on the position assumed
formerly by the previous one.

The cutting process model has been described ptehé. 3.

Using this described model it is possible to amaly®e cutting process stability
and the expected enhancement that the controhacdio bring.

An aluminium milling operation has been selectéa, tutting parameters and
the linked cutting coefficients are reported in Talb.

Cutting Parameter Value
Number of teeth 8
Tool diameter [mm] 40
Axial depth of cut [mm] 0.1
Radial immersion [%] 100
Spindle speed[rpm] 4000
Feed [mm/tooth revolution] 0.2
Kre[N/mm] 30.8
Kte[N/mm] 27.11
Kae[N/mm] 1.4
Krc[N/mm~2] 168.8
Ktc[N/mm~2] 796.1
Kac[N/mm"2] 222

Tab. 5.5: Cutting parameters — aluminium milling

5.8 Control Design Strategy

The “Optimal Control” is the control technique wevie chosen for this
application, its basics are well explained in maeferences like [117], [120]
and [115]. It is basically a strategy that attentptplace the poles of the system
in order to obtain the desired response; the seteof the control gains is made
easier than those used in the “pole placement rdéthyg a minimization
process of a cost function “J”. This functional ¢akinto account, setting
opportune weights, both the quality of the systeasponse and the control
effort. In other way the control gains can be daieed defining the desired
compromise between the two requisites.

It is necessary to recall that “optimal control"asmodal based” technique that
is it uses a model of the “plant” (system to betoalled).

This “optimal control technique” generally substitsi the “pole placement” one.
Pole placement needs to selechgriumber of states) s (number of input))
gains matrix. Generally there are infinite posgie$ to obtain the desired
performance and moreover, often the designer dbedinectly know the
location where to place the poles.
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Having defined a dynamic system in the state sfamteulation, Eq. 5.23, the
control action can be expressed @as —-K[X (x is the vector containing the
system states) for that reason it is necessarkettiqi the states of the system.

£q. 5.23: x = ACk+ BOL+T Ow
y = COx+ DI+ HOW+Y

Where H and™ are the matrix that relates the system neiseespectively to the
states x and to the output of the system y. Theis the noise on the
measurements. If the optimal control, generallyecafLQR Linear Quadratic
Regulator”, considers stochastic noise the optistedtegy is called “LQG
Linear Quadratic Gaussian”.

Like formerly mentioned the control gains are abtédiom the minimization
procedure of the functional J that is defined asra of two quadratic terms: the

first one considers how it is important to obtaigamd system response’ Qx)

and the second ona(Ru) takes into account that the control action isagisv
limited in real applications.

1T:oo
Eq. 5.24: J==| (XQx+ U RY d
: 2 [ (X d Ry
Where Q and R are the associated weight matrixes.
The optimal gain matrix can be evaluated usingghe5.25.
Eq. 5.25: K=-R*'B [P

Where P is obtained solving the Riccati differenéquation, Eq. 5.26 that is
obtain from the optimization problem definition.

Eq. 5.26 P+ POA+ A OP- FOBIR'OBOR GO

The Riccati equation is solved numerically.

5.8.1 Observer Design

As before mentioned the LQR-LQG control strateggdseto know all the states
of the system. In the many cases it is impossiblenow all the system states
but some measurements can be frequently availdtde. example in the
analyzed spindle system the measurements of th# displacement are
provided by the two eddy current sensors. In al¢hses like this that is when
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one or more system quantity measurements are blaikhe key is to estimate
the states using only the measurements and the l&dge of the system
behaviour.

The states prediction issue can be approached ésisigite observer that is
called Kalman Filter when the optimal solution &rg sought.

The observer is based on the scheme reported irbHd. A replication of the
system has been added to the original systemsupposed thak, B, C are
known. Furthermore it is supposed system withoat fednrough so the matrix
D =0.

The replication of the system differs only for tlneknown initial statex(0): the

uncertainty on the states produces an error betwheny and the real
measurement and this error is also affected bydiwe on the measurement.
So it could be reasonable to correct the dynamimaons of the system with a
term (L) that weights the difference between thgouof the system and linked
estimation.

n

Eq. 5.27: X= ADd BLut ULy y

y=CI[k

A n

Eqg. 5.28: x=(A- LIC) D¢+ LOCOx+ LOw Bt

The dynamic equation of the error is therefore:

A
n

Eq. 5.29: e=X- Xx= 'e: '>e 'x:( A LGOe O

The dynamic of the dynamic depends on the matrikCA. If the poles of this
system were arbitrarily selected the dynamic of tleor would be
asymptotically stable and it would be selected Hast the error tends toward
zero.

This is a typical problem of “pole placement”. Tim@blem can be solved if the
couple (A, C) is observable.

Like formerly mentioned for the optimal control,etiproblem can be solved
minimizing a functional: the variance of the ermy?’. In this case the observer

is called Kalman Filter.
The error variance can be computed using the Lyapequation:
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Eq. 5.30:
(A-LC) w2 +o 2OA -C O0)+[1 YJOwp!l 017=0

F l lw
PLANT
> x= Alk+ BOT On >

y=ClIk+ HOmV

v

Fig. 5.41: Kalman Filter

W
Where thew = {WWW W

wv 114

} is the covariance matrix of the white noise.

Generallyw,,, = Q, W,, = RandW,, =W, = N (i.e. Matlab© code);

The optimal observer is the observer that minimtbeserror variance, but the
variance is a matrix so the minimum of the traceresents the proper
formulation for the optimal observer.

Eqg. 5.31; min_(Tr(0,2))
The optimal gain of the observer is:

Eqg. 5.32: L=0,C'W, "
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Eq. 5.32 is formally analogous to the Eq. 5.25faiet if L is substituted in Eq.
5.30 the following can be obtained:

Eq. 5.33: Al +0 /AN +W, ~o 20C W, ' o 2=0

Fig. 5.33 is the algebraic Riccati equation wherg” =P. In the algebraic

version of the Riccati equatiod =0 that happens wheh - o« in Eq. 5.24.

It is important to note that there is a key priteigalled the “separation
principle”, that permits to separately design thgulator and the states observer.
Sometimes this can cause some stability problemsecAnique called (LTR
Loop Transfer Recovery) could be used to avoid ehgsoblems; the
methodology takes into account that the open loapster function for the
controller is completely different than the oneabéd considering regulator
and observer. These effects influence in a dualtivaybserver design.
Basically the behaviour of the Kalman Filter cansoenmarize considering the
measurement uncertainty-states uncertainty ratio.

If this ratio is set to a high value the Kalmartétilgains L are low and the filter
bases the states prediction basically on the model.

Conversely the filter relies basically on the measents.

5.8.2 Reduced order model

In order to design the observer a reduced modethef “plant” has been
obtained.

For the spindle case the full order active spindiedel (78" order) has been
considered as system plant and a reduced orderlti@deconsiders only three
modes of the system ‘6order model) for the observer. In order to obtain
easy controller and considering that we are intergsn a limited frequency
range, a reduced order model is advised.

In many applications taken from the specific litara, reduced models were
used (i.e. Simoes [92]).

In the analyzed case reduced order model has l#amed from the full order
state space one using the Matlab© funcbatancmt

Fig. 5.42 pointed out the poles of the reducedesystompared to those of the
full order one.

Furthermore, Fig. 5.43 and Fig. 5.44 show the tgmldynamic compliance
(magnitude-phase and real-imaginary part).

The dynamic behaviour of the system evaluatedeatdbl tip mostly influences
the cutting process stability and the asymptotycathit.

The reduced order seems to accurately approxirhatbehaviour of the plant to
be controlled, this can be observed in Fig. 5.46, %47 and Fig. 5.43.
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x10™ Frequency response function :real part

;
y sensor/F tool tip

~o 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Hz

Fig. 5.44: FRF (real-imaginary part) yondFcur (full order Vs reduced)

Obviously the reduced model doesn’t approximatey weell the behaviour of
the plant especially close to the static behaviourthe system due to the
residuals of the neglected modes. Conversely tipgoapmnation seems very
good close to the resonance frequencies.
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|y

PLANT y

> x= Alk+ BO#T Dw ’ >
y = Ck+ HOwV

B L@ |

Fig. 5.45: Cutting force observer

Before designing the Kalman filter it is necesstrycheck the observability
hypothesis.
We can do that using the Matlab© functiobsv

Considering the matrixes,, B, C,:
The observability matrix kscan be computed:

Eq. 5.34: Kws=[Co AC, AC, ... A C,
If the Kops matrix is full rank the system is observable.
We have developed an observer that can predict thetlsystem states and the

cutting forces. The cutting forces represent thknown input of the system
plant.
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From the reduced order model the state space mqeat®n has been obtained.

Eq. 5.35: x= AL+ B, Ur+ B [u
y=GC, X

Where F is the cutting force and u is the voltageut, B, and B, consider

respectively the effect of the input voltage anel tltting force on the states of
the system.

The model was expanded; a state variable linketldgautting force was added
to the system.

x 10% Frequency response function :magnitude
‘ T T
I y sensor/Vi piezo
|
| reduced
——————————— e e
| | |
1 1 1
| | |
[ aT - - -~ |
| | |
| | |
| | |
L R
| | |
| | |
1 : 1
[0} 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Hz

Frequency response function :phase

~o 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Hz

Fig. 5.46: FRF (magnitude-phase) pod Vipiezo (full order Vs reduced)

Eq. 5.36: X, = AL+ B LT L
y=C, X, + HOwvV

In this case a null matrix H has been considered.

Where '\ is the noise on thex and vis the measurement disturbances.
Moreove, x, =[x, F] is the new state vector. In this form the cuttfogces
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can be estimated like an additional state throbghkalman filter designed for
the expanded model.

x 107 Frequency response function :real part

T T
y sensor/Vi piezo
reduced

I e |
|
|
|
|
|
- - -~ r- - ~-r - - -r - - |
|
|
|
|

~o 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Hz

Fig. 5.47: FRF (real-imaginary part) ¥ond Vipiezo (full order Vs reduced)

The graphically realization of the cutting forcesebver is given in Fig. 5.45.
We decided to consider two sources of system dhiahae, basically on the

cutting force and on the input voltage thug[vq V\é] and thelis al (7x2)
matrix.

B,(@L1)] ey
B,(2,1) C.(2,1)
B, (3.1) C.(3,1)
Eq. 5.37: B.=|B,(41)|, C.=|C, (41
B, (5,1) C.(51)
B, (6.1) C,(6,2)
0 L 0




5 Active chatter suppression 233

And the structure of the system noise:

'B,(1L1) O
B,(2,1) O
B,(31) O
Eq. 5.38: r=|B,(41 0
B,(51) O
B,(6,1) O
L 0 1_
So the A, can be expressed as:
AL AR2) .. .. .. A@16) B (LI
A2D A(22) .. .. .. . B (27
Eq. 5.39: A=
A(6,1) e o o A (6,6) B, (6,1
0 0 0 0O 0 0 |

And vy is the probe displacement measurement
So the correction originated from the measurement

n

Eq. 5.40: X = A D+ LI{y- COx) + B
yO = COD%

And L is the gain matrix of the Kalman filter.
The following relationship can be obtained:

Eq. 5.41: F ={C° adisl=(A- LQ) [L} 3,
det(sl - (A - LLC,))

There is also an equivalent digital representation.
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The Kalman filter gain matrix is obtained trougte tholution of the Riccati
equation:

P=AP+PA +r @' - PC R C |
L=PC R?

Eq. 5.42:

Where:
[ is the system noise matrix.

Another assumption that has been introduced is that system and the
measurements noise are uncorrelated.

Q=Hw W]
Eq. 5.43: R=Hv V']
E[w v']=0

R is obtained from the RMS of noise of the sensonputed from a steady state
spindle experimental test.

Initially the first value used for the noise B=10.0"mnf. A “trial and error”
tuning phase allows to obtain a proper value of@hmatrix that was tuned to
obtain the compensation.

The Matlab© function used to compute the L gaitkisimari.

Eq. 5.44: Q= 1000
G- >4 | 0o 16

If one wants the regulator poles to dominate thesedl-loop response, the
observer poles should be faster than the regutatiess. This will ensure that the
estimation error decays faster than the desirecGmyes and the reconstructed
states follow the real ones (at least without naisé modelling error). As a rule
of thumb, the observer poles should be 2 to 6 tifaster than the regulator
poles. With noise measurements, one way wish tcedse the bandwidth of the
observer by having the observer poles closer tsettod regulator. This produces
some filtering of the measuring noise. In this caseever the observer poles
have a significant influence on the close loop oese, Preumont [99].

In Fig. 5.48 some preliminary simulation tests egported, a good predicting
capability of the cutting force observer can bearhided.
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Fig. 5.48: Cutting force prediction capability
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5.8.3 LQG Regulator Design

Before designing the Linear Quadratic RegulatorREDG) the controllability
hypothesis has been checked.

Active spindle: control off

=
1001 T ploo)
2
200 oL ¥_to0l_poL =]
y_probe_plotoL
o 2l =
— v = Vo_yoL ¥-probet
oy plotoL
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>3 iyou
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oz o o sty )
2 ol tip
v
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e VO v plot |
=
5 X
A — ==
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Active spindle: control on

LQG_control_action

LQG_control_action

control_

probe_measurement esimation | ——————————

a

[probe_measurement_noise:
| ——
P ]
| ——
N

|_control_action

5 6 K B

QG,_reguiator_fore_esimatod \

regulator: LQG + cutting force observer
Fig. 5.49: Active spindle model Simulink© — respan®rce step

In Fig. 5.49 the model used to tune the Q-R vabigke regulator is depicted.
This model allows comparing the transient respa@osa input step force on the
tool tip or an input voltage step.

Having fixed the R ,; value because there is only an output, if only one

direction is considered, different values@f,, were tested. Obviously a value

of input noise has been set in the model.
The Qo matrix has to be diagonal and there are diffetechniques to select

the weights, for example the Bryson’s rule but gelhe the tuning phase is a
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trial-and-error iterative design procedure like wiel for the Kalman Filter
tuning.

There is also the possibility to minimize the faliag functional in which there
is a term that weights the output instead of theest

T=co
Eq. 5.45 J =% { (v Qy+ d RY d

The used Matlab®© function Igry.
In this case th& ,, matrix collapses to a single value for each dioact

The choice to develop separately the two reguldtorthe corresponding axis is
due to the possibility to tune differently the letk gains. This could be useful
especially when the controllers will be implementedthe prototype, in fact the
dynamic behaviour of the real plant in the two diens sligthy differs due to

the structure that support the spindle.

In Tab. 5.6 are reported the final selected weights in Tab. 5.7 the

corresponding gains vector of the controller.

# parameter value

Rlos Rgs =1

QLQG QLQG =810"°

Noise on the measurement Gaussian 02 :1D_01°mn12, fc = 1000CHz
Noise on the input Gaussian 0° =IV?, f, = 1000(Hz

Tab. 5.6: Q - R weights

K, K, K, K, K, K K,

value -595.35 457.7 254.1 -490.1 -155.42 574.15

Tab. 5.7: State gains

The Fig. 5.50 shows the effectiveness of the desidaedback control to damp
the system.

The control action value seems to be reasonablthépiezo considered, this is
pointed out in Fig. 5.51.
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Tool-tip force step response

controlled system
— open -loop system

tir’r;e[s]

0.035

]

Fig. 5.50: Tool tip response to step force on toelttip

Control Action

control action

tin';e[s]

Fig. 5.51: Control action
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Probe Displacement
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Fig. 5.52: Probe displacement — measurement andéhestion
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Fig. 5.53: Zoom
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Fig. 5.52 and Fig. 5.53 show the good performaridde observer. Obviously
the observer, if the gains are quite high, foll@gsurately the measurements. If
the measurements are very noisy or the noise osytem is very high and the
Kalman Filter gains are too high, the noise is pggied into in the states
estimation. In this case it is necessary to redheegains of the observer in
order to increase the filtering action.

A balance between the speed of the observer andaibeility of the observer
to filter the noise frequencies that are in the sneament should be found. This
balance obviously depends strongly on the measuntenmese and on the noise
on the system. In order to implement the controhtegy on the real time
application the regulator (LQG+ observer) needsbéoretuned in order to
consider the real noise ratio and possible inactesaf the model.

The Fig. 5.54, shows the capability of the obseneermpredict the tool tip
deflection and in Fig. 5.55 is reported the presdictool tip force. From this
pictures we can conclude that the Kalman filtensé® be very fast.

Tool-Tip Displacement
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Fig. 5.54: Tool tip displacement
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iR R

Ry

cutting force prediction ‘

120
100H

0.06

0.03
timels]

100N)

Fig. 5.55: Cutting force prediction (force step daol tip

states estimation

I
|
|
|
[l
|
|
|
T
|
|
|
T

y probe estimation

x3
x4
X5
X6

probe displacement

_ _ _| — tod tip displacement system| _ _

e

oy

|
4 ——
|
|
|
i
|
|
|
o

N

0.045

0.012 0.014 0.016 0.018 0.02

0.01
timels]

0.002 0.004 0.006 0.008

(o]

Fig. 5.56: States estimation from observer
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In Fig. 5.56 are depicted some estimated quantgieh as the states of the

system, the probe measurement and the tool tipatefh.

It can be observed that the states of the systent depresent directly a
physical quantity of the spindle (i.e. the displaeat at the tool-tip) in fact the
C matrix of the state-space representation petmitsderstand how each single
state contributes to the system physical outputkireg at Fig. 5.57: the states
X, and x, represents the main contributes to the tool tgpldicement. Probably

X,, X and X, are linked to the derivative of the states.

0.03

0.025

0.02

0.015

[mm]

0.01

0.005

-0.005

tool tip displacement contributes

tool tipxl
toal tip ) o
tool tipx3
tool tipx a
tool tipx5
tool tipx6

sum
tool tip estimation

Fig. 5.57: Tool tip displacement states contribuiggighted by C matrix)

Fig. 5.58 points out the control action comparinig ithe tool tip displacement.
and the next one shows which state strongly cartegto the global control

action
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The global control action is basically due to tinstfand second state.
Different tunings have been considered and theyesm@med in Tab. 5.8.
Case # RLQG QLQG

1 (reference case) RLQG =1 QLQG -8

2 (decreasing gain) Roc =1 Qs = 510°

3 (increasing gain) Ros =1 Qs = 131.0°

4 (increasing gain+) Roc =1 Qs = 20[1.0°

5 (increasing gain++) Ros =1 Qs = 30010°

Tab. 5.8: Different tunings

The effects of the different analyzed tunings isspnted in Fig. 5.60 and how
the control action changes.

Tool-tip force step response

0.035 ‘, ‘f ‘f T T T
| | | controlled system
: : : ——— open -loop system
ool ___ L o [ controlled system - decreasing the gain| |
’ T j\ : controlled system - increasing gain
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| | | controlled system -increase gain +
005!l | | : T T T
|
l
|
0_02 l |
|
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l l l l l l
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time[s]
Fig. 5.60: Tool tip response - different weights
If the gains of the regulator are too high the exystresponse is bring to

instability.
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Damping ratios
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Fig. 5.63: Damping ratios - open loop Vs closed oo

As formerly described, a similar result can be wi®d using also the states
weight whit the Matlab®© functiofqr.

In the previous figures the effects of the gainghaf regulator on the poles of
the spindle system have been analyzed.

Basically we can note an increment in the dampatigps linked to the first and
third mode Fig. 5.63, but a decrease of the dampaigp of the second
eigenmode, this is an usually effect due to theqaree of uncontrollable modes,
Jeffrey [91]. Probably in this case the main reasothe limited bandwidth of
the drive.

Only a slightly increase of the natural frequendies been pointed out, Fig.
5.64.

The conclusion formerly presented can be observisd analyzing the
Frequency Response Functions depicted in Fig.&56§. 5.67.

From the cutting stability point of view Fig. 5.68 very meaningful. A
decrement of the absolute value of the minimumhefreal part of the tool tip
dynamic compliance can be appreciated; this effedtie to the damping effects
introduced into the plant by the regulator.

In the following section the behaviour of the colier during the cutting
operation will be analyzed.
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Frequency response function :magnitude
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Fig. 5.69: Bode diagram — controlled system
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5.9 Stability lobes prediction

In this section the behaviour of the controlleridgrthe cutting operation has
been evaluated and moreover the enhancement amuttiveg stability limit has
been verified using both the traditional frequeapproach and simulations in
time domain.

5.9.1 Cutting Process Enhancement (MRR)

The Lobes Diagrams depicted in Fig. 5.70 are obthiosing the classical
frequency approach, Altintas et. al. [10], they #nked to the aluminium
cutting operation defined in Tab. 5.5.

Cutting Stability Lobes

14r------- e m s A i 7777777777 :+ 77777
AUnstable (coritrolled)
., @Stable (controlled) .
A Unstable (open loop)
1-- @ Stable-(open loep)------ Ak
3 | |
Sog - e e
2 | |
8 | |
o 0.6F------- e it T i e e
3 /)
VA
0.4%%‘*%"”\7“(‘%’@ EV - x/

02 i HA N Fr—f - N

Spindle Speed [rpm]

Fig. 5.70: Lobes diagram

An important enhancement on the asymptotical stabiimit can be observed:

the minimum axial depth of cut has been almost tkalib

On the lobes diagram are located the simulatednmilbperations that have
been performed in order to analyze both the cdetrbehaviour and the spindle
system performances during the cutting.
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The Fig. 5.71 shows the lobes diagram with the esponding chatter
frequencies for both cases: open loop system anitadied one.

It is interesting to observe that the control actgignificantly modifies the
chatter frequencies. This phenomenon was obseigediraan active damping
application developed by Ganguli in [97].

Cutting Stability Lobes

=

axial depth of cut [mm)]
o
o

chatter frequency [Hz]

Spindle Speed [rpm]

Fig. 5.71: Lobes diagram and chatter frequencies

5.9.2 Time Domain Simulations

As formerly introduced, some simulations have begmmformed and the
presentation of the results follows. First we caseat that the time domain
simulations confirm the results predicted by theqfrency approach: an
important enhancement on the Material Removal Rasebeen obtained.

The analyzed milling operations are resumed in .
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Milling operation System Axial depth of cut Spindle Speed| Stable-Unstable
[mm] [rpm]
A Open Loop 0.1 3000 stable
B Open Loop 0.14 3000 unstable
C Open Loop 0.3 3000 unstable
a Controlled 0.25 3000 stable
b Controlled 0.3 3000 stable
c Controlled 0.4 3000 unstable
d Controlled 0.1 3000 stable
Tab. 5.9: Simulated milling operations
5.9.3 Effects of the LQG regulator
Considering the milling operations C and b.
cutting forces
140 T T T T T
1 1 1 1 1 Force x
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Fig. 5.72: Cutting forces — milling b

The diagrams reported in Fig. 5.72 and Fig. 5.7@8sthe cutting forces along
the main directions respectively during the milli@gnd b.
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The system in open-loop configuration can’t avdie tutting process instability
so the cutting forces grow up to unacceptable walaled consequently the
displacement of the tool tip and the roughness®imachined surfaces.

The transient in which the cutting forces incremeoturs can be observed in
Fig. 5.73.

Fig. 5.73: Cutting forces — milling C

Both the tool tip increment and the eddy currerdbpr measurement can be
appreciated in Fig. 5.74 and Fig. 5.75.

Moreover, in Fig. 5.76 and Fig. 5.77 the contrdiats in both directions are
reported.

Comparing the tool tip displacement and the cordition (Fig. 5.77) we can
appreciate how the controller acts on the pieztetemctuators in order to damp
the vibration and to stabilize the cutting.

The effectiveness of the observer based on the &alrilter can be appreciated
in Fig. 5.78 and in Fig. 5.79: respectively thedicgon of the cutting forces and
the displacement at the tool tip seems quite good.

These information can be used to design an additioontrol contribute that
counteracts the effect of the cutting forces onstystem.

In fact the optimal control strategy is generaksigned without considering the
effects of the external disturbances.
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tool position displacement
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Fig. 5.74: Tool tip displacement — milling C
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Fig. 5.75: Probe measurement comparison - open LagdQG - milling b and C
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cutting force
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Fig. 5.78: Cutting force prediction, milling b
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Furthermore, the spindle system in both configoretiduring milling “A” and
“d” in which the axial depth of cut is equal to th was analyzed.

A reduction of the amplitude of the tool tip disptanent can be observed so this
enhancement is transferred to the quality of thehimed surfaces.

Generally the LQR regulator have efficient dampomgprieties for frequencies
close to the resonances; in this case the toosinqgagequency is 400Hz that is
lower than the first frequency resonance so we alzserve that the vibration
reduction of the tooth passing frequency comporgenot very high.

x10° Tool tip displacement

[mm]

Fig. 5.80: Tool tip displacement — milling A

The results obtained simulating milling axjal depth of cut=0.4mi) follow.

In these cutting conditions the instability occurs.

Probably is necessary to put a saturation blockma the control action that
tends to grow when the instability occurs; thiméeded in order to protect the
piezo-actuator from high voltage command signals.

In Fig. 5.81 and Fig. 5.82 are respectively depidtee tool tip displacements
that show the instability occurrence and the cdrdiation before the chatter
vibration is completely manifested.



258

5 Active chatter suppression

tool position displacement
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Fig. 5.81: Tool tip displacement - milling c
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Fig. 5.82: Control Action and tool tip displacemenmilling ¢
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5.10 Additional control action

Ho in [94] presented a control approach based erctimbination of the LQG
(optimal control) approach and the input estimatoe. This combined control
strategy allows getting better control performances

This control strategy is based on the estimatiothefunknown input forces that
act on the system; in that case the dynamic sysegeneric multi degrees of
freedom lumped structure. The unknown externaldenhat are considered as
disturbances on the system were predicted usiraglditional Kalman filter and
they were used to compute a supplementary conttara The added control
action was obtained using the inverse dynamichetystem.

In this section we want to test the described migedtrol strategy on the
spindle system application in order to obtain farttnhancements.

We have encountered some problems during the giaramic inversion; these
are mainly caused by the presence in the systensférafunction of some
positive real part zeros.

We can roughly banalize that the inversion issué&eésa poles-zeros exchange
problem thus positive real part zeros can makeystgem unstable.

In this case it is necessary to use an approximateted transfer function.

The scheme used to solve the inversion problembdws depicted in Fig. 5.83.

Fig. 5.83: Scheme used to invert the dynamic

We can write the following equations:

GD(S) :lD = K = K =
u" 1+ KIG(s) 4,k £Eros
Eq. 5.46 poles
K [pole

polest+ K[lzeros
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Where G is the transfer function of the system @ds the inverted transfer
function.

From Eq. 5.46 we can assert that the zero§odire the pole of G (always,
independently of the magnitude of gain K). ConvisrseK is very small the

poles of G™ “start” at the pole of G; if K increases and agmiwes infinity, the
poles of G approach the zeros of G.
The position of the poles @ can be adjusted using the knob K.

Eq. 5.47 lim G(9 = P2IeS
Zeros

Kk - o0

and if is necessary the static gain:

Eq. 5.48: G(0)G, ['(0)=1- G, = 1 _1+KG(0)
' T G(0)G(0)  KG(0)

Again, a trade-off has to be found, because orotleehand high gains reduce
the stationary gain error and the dynamic inputhef propering poles, while on
the other hand, they increase the bandwidth of ittverse and therefore
challenge the integration algorithm.

Using this technique a supplementary control acti@s added to the LQG
control contribute.

In order to not obtain an unstable system a radtilow gain K for theG™ has
been selected.

The simulated cutting tests, corresponding to ngllfc”, performed with the
proposed combined control strategy has been depintd-ig. 5.84; different
gains were used.

Not brilliant enhancements in the tool tip displaemt have been obtained
during the simulated cutting tests.

The static tool tip deflection has been reduced%yand the amplitude of the
component linked to the cutting forces has beeunaed by the 15%.
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5.11 Preliminary experimental tests

The designed control strategy has been implemeantdte real time application
directly converting the tuned controller in the tonous time version.

Generally two different approaches can be follow@dmplement the control
strategy on a real controller: the first one, asvimusly described, consists on
the direct continuous-discrete conversion of threetucontrol action while in the
second one the controller is designed directlyhim discrete domain using “z
transform”.

We have selected the first approach because thplisgnfrequency of the real
time controller was set to 4000Hz, this is a reabta approach because the
sampling frequency is higher than the controllesigiel bandwidth.

From the first experimental test we have noticeat thretuning of the control
gain is necessary. These activities will be furithereloped.

Moreover a first stage of experimental tests haaenlronducted on the test bed
in order to check the reliability of the proposeddel and furthermore to
investigate the behaviour of the piezoelectric aicixs.

Another important critical aspect that could infiee the closed loop
performances is the inadequateness model usedsigndie controller: some
robustness problems can occur.

The Fig. 5.85 shows the comparison between thelatetuFrequency Response
Function that describes the dynamic behaviour efpflant and the experimental
one.

The experimental one has been computed from diffesgstem responses to
voltage impulse tests (amplitude=45V and width=GBrthe experimental FRF
presents a coherence function close to 1 from @H2400Hz except for the
frequencies close to 800Hz where a zero of theesystin be observed.

The measured plant dynamics has been reported)irb F85.

Analogous results are obtained from a sinusoidalkegwest, they are reported in
Fig. 5.86.

The experimental results seem to not exhibit a gagréement compared to the
simulated ones.

Obviously it is necessary to remember that behavaduthe piezo-actuator is
nonlinear so the is not proper to define a FRF thabased on the linearity
hypothesis.

If you look at the Fig. 5.85 the presence of addéi modes due to the dynamic
behaviour of the structure on which the spindim@inted can be observed. The
frequency value corresponding to the first modethad spindle seems well
modelled nevertheless the dynamic influence okthecture.

We can observe a phase lag in the Frequency respamsion of the plant.

This supplementary phase lag that is not presetiteirmodel can be probability
associated to the discretization effect.
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Fig. 5.85: Plant dynamics — experimental vs simuddt

FRF: PLANT dynamics: experimentalVs simulated

mod[m/V]

— FRF y8/\Vi y (model)

— FRF from sweep test

experimental data -impulse response 44V-0.3ms

Fig. 5.86: Plant dynamics — sweep test
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The differences observed in the magnitude diagereal an higher static gain
of the model compared to the experimental test bed.

In Fig. 5.86 we can moreover appreciate the effetthe pole linked to the
bandwidth of the power amplifier (@1450Hz).

Some static tests have been also performed, [1U0Bg force and the
displacement are respectively applied and measarédferent positions of the
shaft. Generally these tests reveal that the palyprototype seems to be a little
bit more flexible than the model, this indicatioontrast the one from the FRF
depicted in Fig. 5.86.

dial indicator
smart spindle unit

force indicator

load cell

Fig. 5.87: Static tests

This result is also confirmed from some dynamic pbamce measurements
done on the mechanical part of the test rig, asctepin Fig. 5.88 and Fig.
5.89.

The measured dynamic compliances are reportedyirbF0.

We can observe that the model seems more rigidthieaspindle prototype.

It is necessary to assert that the confidence viakeobtained from the
measurements is quite high due to the non simuwtaeampling of the force
from the hammer and the displacement measuredebgdty current probes.
Moreover the effects of the piezo voltages havenlstadied: nevertheless this
high confidence interval it seems that the voltdgesn’t affect the dynamic
behaviour of the system.

We are going to perform some other additional testacrease the reliability of
the proposed models.
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Fig. 5.88: Dynamic compliance measurement

Impact hammer
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Fig. 5.89: Instrumentation used for the dynamic cqiince measurement
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Fig. 5.90: Dynamic compliance measurement — to@/éddy current sensors
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5.12Discussion and future works — active vibration conbl

In this work the capabilities of an active system @nhance the Material
Removal Rate during milling has been investigalidte technique seems very
promising. The asymptotical stability limit was ast doubled; this has been
verified both via time domain simulation and fregag domain approach.

After the definitive implementation and the consamjuadjustment of the
control strategy on the spindle prototype the dagpcapabilities will be
experimentally verified.

Obviously the improvement of the dynamic perfornemof the spindle can be
exploited also during wood cutting thus some cgttasts will be performed.
The expected enhancements especially on the surfpadity will be
opportunely investigated and moreover the deperaefthe control strategy
efficacy on the cutting parameters will be deepiglgzed.

As formerly explained in wood cutting applicatiotiee forces linked to the
unbalance generally represent an important soufragbaation, conversely in
metal cutting the cutting forces play the dominahé.

In wood cutting application the regenerative chaittstability isn’t a limiting
factor so a more appropriate control strategy @addyveloped to reduce the tool
tip vibration. The Iterative Learning Control (ILGeems to be the adequate
strategy to improve the performance of periodiccpes. We are moreover
interesting to develop a combined technique basdd¥G control and ITL.

The ILC isn't suitable for metal cutting becausee thegenerative chatter
occurrence can’t warrant the process periodicityese future activities can be
developed via the collaboration of the Laoughbolougiversity.
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6 Conclusion

In this thesis the research efforts have been &mtumainly on the spindle
system performance improvement especially for Hi§peed Machining
applications. Different design solutions and styege have been analyzed and
developed in order to increase the Material Rem®&atk and to obtain better
workpiece surface quality.

In High Speed Machining the most important limitiiagtor is the occurrence of
the cutting process instability usually called ¢tbainstability. Frequently this
phenomenon is strictly related to the spindle dyisarbehaviour so a
methodology to model and deeply comprehend thedipiaystem has been
proposed. An intensive experimental activity wagqrened in order to update
the proposed spindle models. These experimentalamisdts, arranged on
different spindle setups, have allowed to charaeand to evaluate the
contribute of some important spindle componentfié¢ooverall spindle dynamic
behaviour.

The results of these activities consist of a senhotlelling guidelines necessary
to build reliable spindle models. These modellingtimdologies and the linked
updating tips can be used to easily test innovatesgn solutions. The design
of a carbon fiber-epoxy composite material spirgtiaft has been presented as a
concrete example. Considering the hypotheses intextl in the proposed first
rough analysis; the use of the designed compokaé seems surprisingly not
particularly promising if the MRR improvement is nsidered as the most
important target.

Moreover, the dynamic interaction between the dpisgistem and the machine
tool has been studied in this thesis. Two differamddelling approaches to
evaluate the influence of the machine structuré¢hendynamic behaviour of the
spindle have been proposed. The first one is peatiy suitable for spindle
designers while the second one can be more eaklyted by the machine-tool
designers. The analysis and the experimental test®ormed on different
industrial cases reveal the strong interaction betwthe two components
especially considering the frequencies involvedigh speed machining. It is
therefore more important to consider these asphoisag the spindle design to
correctly evaluate the stability lobes diagram dredchatter free axial depths of
cut.

In the forth chapter of this thesis the Spindle&gp¥ariation technique has been
studied as a promising chatter suppression metadicular attention has been
focused on the deep comprehension of the compfektefof speed modulation
on the regenerative phenomenon. The instantandopghickness modulation
that strictly depends on the SSSV parameters haslfto be the key factor for
the effectiveness of the technique. An energetalyais has been proposed to
properly select the main SSSV parameters. Moreigeigc the parameters
selection is based on the minimization of the epémgyoduced in the machine
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tool system by the cutting process. The reliabihtythe proposed fast approach
has been checked comparing the results obtainech ftime consuming
simulations.

The SSSV seems to be very effective in the chattbration reduction
especially for low speed machining; in these regiohthe stability chart the
right selection of the modulating parameters is lestical than in high speed
machining and therefore the technique shows anrit@probustness.

An experimental cutting test campaign would be ssagy to strengthen the
results obtained via time domain simulations.

Active vibration damping strategies have been amalyas chatter suppression
technique. An application to an active spindle exyswith four piezo actuators
has been developed. A model based control stratagyeen proposed in order
to control the tool tip displacement and thus tqriove the quality of the
machined surfaces. Relevant enhancements in th#éngustability were
observed from simulated results: the asymptotitabikty limit was almost
doubled. An additional control strategy based endbitting force prediction has
been designed in order to reduce the tool deflectocurred during the
machining. A first stage of experimental tests bhasen performed in order to
verify the damping properties provided by the colnéiction. The necessity of a
further tuning of the regulator has been observed.
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A. Appendix: Machine tool experimental
dynamic characterization

A.1. Dynamic compliance measurement

In this appendix it is presented the procedure usedheasure the tool tip
dynamic compliance. The Frequency Response Funt@snbeen computed
from multiple (ry) impact tests. It is possible to simultaneouslyasuge the
impact forces and the accelerations as describEd)ir6.1.

It is necessary to compute the auto-spectrum offahee (X) and the cross-
spectrum of the acceleration (Y) to evaluate tlegudency response function by
the estimator K Eq. 6.1.

Stability Lobes

— Unstable

i

Depth of Cut (DOC)

Acceleration
measurements

/

Force
measurements

Fig. 6.1: Dynamic complicnce measurements and lolégram computation

The coherence function can be used to check tléabdity of the dynamic
compliance estimation.

Moreover the modal parameters, Ewins [47] linkedht® first three modes of
the machine depicted in Fig. 3.14 have been cordpand presented in Tab. 6.1
and Tab. 6.2.

Some cutting tests were performed in order to atdidhe lobes diagram.

The performed milling operations described in chagtare depicted in Fig. 6.2.
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A 1 Ny
Gu(f) == X(HX(T)

Ny =1
A 1 Ny
Eq. 6.1: Gy(f) :n—z X(H)¥(f)
() = S
Gu (f)

Mode#1 Mode#?2 Mode#3 Mode#5

Modal stiffness [N/mm] 3.11E5 2.69E6 1.57E5 1.84e5

Frequency[HZz] 225 334 451 732

Damping ratio[%o] 9.4 0.5 2.4 2.9

Tab. 6.1: Identified modal parameters — X axis

Mode#1 Mode#?2 Mode#3 Mode#5

Modal stiffness [N/mm] 1.81E5 1.55E6 1.84E5 1.81e5

Frequency[HZz] 290 460 747 1191

Damping ratio[%o] 7.8 3 2.13 1.3

Depth of Cut [mm]

Tab. 6.2: Identified modal parameters — Y axis

Stability Lobes (Experimental FRF)

120

1083 fcHATTER X

600 700 800 900 1000 1100 1200

Spindle Speed [rpm]

Fig. 6.2: Lobes diagram and cutting tests
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B. Appendix: FEM spindle model

A.2. FEM description

Generally the rotor systems can be modelled wifficeent accuracy by one-
dimensional elements, which make the actual imphgat®n much easier. The
basis of the FEM was adopted from Slavik et al.9{)9[148] and used to
implement a simple FE pre-processor in MATLAB, Hkng05]. A brief
description of the FEM follows.

The rotor system is divided into elements with tls® of nodes. In order to
achieve maximum flexibility, 6 degrees of freedddOfF) is considered in each
node. While FE model with 4 DOF for each node isessary to model rotor's
transverse vibration, FE model with 6 DOF for eaclde also allows to model
torsional and longitudinal vibration. Eq. 6.2 show® vector of the node
displacements that correspond to 6 DOF

Eq. 6.2 g, =[u v wo¢ ¢ 4

where u, v, w are displacements in direction of,xz axes respectively angl,

¢ and @ are angular displacements around axes X, y, 2c&sply. The finite
element model of the rotor system is created bigaisg) elements to the nodes.
For example, rotor representing element is assignetivo nodes and disc-
representing element is assigned to just one nddeimber of element types,
listed in Tab. 6.3, have been implemented to mageical parts of a rotor
system such as rotor, disk, and bearing. Each eletype has one or more of
the following element matrixes

* M, element mass matrix

« K, element stiffness matrix

* B, element damping matrix

* G, element gyroscopic matrix

The element matrixes are used to assemble globaixesfor the whole rotor
system to form a matrix equation of motion for tteor system. A brief
description of the basic element types follows.

The main element type is the element for modeliigrotating part of the rotor
system (ROT). It is depicted in Fig. 6.3. The elattgs two nodes A (for x=0)
and B (for x=l). The displacements of the two nodesn a local element

displacement vectog,® which is expressed as follows.
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a°=[a." as']

Eq. 6.3: N
a°=[w % W B ¥, 6, 4 Y W4 ¢ 4]
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Fig. 6.3: Rotor element

The lateral deformation (i.e. v, w/, &) are approximated by a third order
polynomial along the element length in order to ueescontinuity and
smoothness of the deformed rotor centre line. Tmgitudinal and torsional
deformations (i.e. x,¢ are approximated by a linear polynomial along the
length of the element.

Disc-like features, such as flywheels, cutter hegids are modelled as a rigid
disc attached to the rotor. The element for moagldisc-like features (DISK) is
shown in Fig. 6.4. It has only one node A and tleenent local displacement
vector is as follows.

G° =G

Eq. 6.4: T
q|e:[uo “w W ¢0 ‘/’0 Ho]

Bearings and similar features that provide a peupport for the rotor are
modelled by the element (SUPPORT) depicted in lEigif3. The symbols in
Fig. 6.5 with one index represent translatory séffs and viscous damping in
direction of corresponding axis (e.gx, kb, are stiffness and damping in
direction of axisx). The symbols with two indexes represent stiffnesd an
viscous damping around corresponding axis (e,g.lkx, stiffness and damping
around axis Xx).
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A, \ I\ku 115 —
\\\w ) /

Fig. 6.4: Disk element

The local element displacement vector is identioaEq. 6.4. There is also a
variation of the element “SUPPORT” named “LINK”, igh is intended to
model a flexible link between two nodes. The “LINKlement has essentially
two nodes and its local element displacement vestiolentical to Eq. 6.3.

Kk bb

Fig. 6.5: Support element



275

Element Num‘ber Number Hlumenl it : ;
I of ¢ DOF Function
HARE nodes | ° M. | K. | B: | G
ROT 7 D yes | yes | 1o, | yes Modf’:ll:ng of a rotating part
of a rotor system
STATOR 2 12 i | v (| e Maodelling of a stationary part

of'a rotor system

Modelling of symmetrical
DISK 1 6 yes | no | no | yes | discs attached to rotor (1.e.
flywheel, cutterhead)
Modelling of symmetrical

S DISK | 6 yes | no | no | no | discs attached to a stationary
part of a rotor system

Modelling of a flexible

SUFPORT I 4 B rotor/stator support

o

yes | no

Modelling of a flexible link
LINK 2 12 no | yes | yes | no | between rotor and stator
(similar to SUPPORT)

Tab. 6.3: Elements for modelling rotor system

The matrix equation that describes the FEM modelld&en reported in Eq. 6.5

Eq. 6.5: M [+ (B+ wB) O KOg= f

where M is the global mass matri, is the global damping matrixX; is the
global gyroscopic matrixK is the global stiffness matriX, is the vector of
external forces] is the global displacement vector aad is rotor speed.

The model of a rotor system consists of a numb&iodes and elements that are
assigned to the nodes. The node displacements demin node are assembled
into the global displacement vectpas follows

Eq. 6.6: a=[- 4y v w ¢ ¢ ¢ .]

where index denotes node displacements'dfriode. The size of the global
displacement vecton is equal to the total number of DOF. The global
displacement vector forms a global configuratioacgpto which all the local
element matrixes have to be transformed prior gembling them into the
global system matrixes. The transformation is peméd with the use a
transformation matrixT, which depends on the element interconnection and
needs to be determined for each element separately.
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The transformation basically involves expanding tledement's local
displacement vector (i.e. equation Eqg. 6.3 and@#4y.to the size of the global
displacement vectay and rearranging the element node displacementhago t
their position in the expanded vector correspondheir position in the global
displacement vector Eqg. 6.6. The size of the t@nshtion matrixT isnx m
wheren is the total number of DOF of the rotor system nicaled m is the
element number of DOF. Furthermore, the transfaonatatrix has non zero
elements equal tb positioned so that the element's node displacemamets
placed on position that they have in the globgbldisement vecta.

The actual form of the transformation matrix depead the nodes numbering.

The transformation of the"i element displacement vector to the global
configuration space is expressed as follows

Eq. 6.7: a°% =T S

The global matrixes of the FE model are then asksinbhy summing all the
transformed local element matrixes as follows.

k
Eq. 6.8: X=>T"0XO=MBGK

i=1

The FEM described in this section is implementetMiRTLAB. The main part

of the implementation is a simple FE pre-processbine pre-processor
assembles the global model matrixes from an eletrsgnprovided in an input
text file (example of the input text file can beaifml in FEM input file). The pre-
processor provides following functions

» Arbitrary constant boundary conditions can be idired in each
DOF. A coupling can be defined between two DOF,clvhare then
treated as if they were identical. It is an analé@yonnecting two
DOF with rigid link. For example if torsional diggement in two
element nodes is coupled, the element is torsipmagld but it can
still rotate as a rigid body.

* An additional proportional damping in the followingrfe can be
introduced. This is useful for introducing interr@mping found in
any structure.

Eq. 6.9: B, =@M+ SIK

* The pre-processor can assemble an output magixwhich can be
used to select only particular DOF from the globaplacement
vector as follows
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Eg. 6.10: O = T, [0

This is useful when FE model is converted into atestspace model for
assembling system output matrix.

The pre-processor can assemble an input magrixviich can be used to create
the vector of external forces fin equation Eq.&5ollows

Eq. 6.11: f =T, Of,

This is useful whenFE model is converted into a state space model for
assembling system input matrix.

The parameters of the elements can be definedvesTaAB expression, which
are evaluated during the matrix assembly. This &edu for building
parameterised models, which can be then used fonisation or model tuning.
The parameters of the FE model (e.g. spindle diarhean be controlled from a
MATLAB script.

The main advantage of the FEM implementation in MIAB is that it provides
an open system that can be easily adjusted tocpkati requirements or
integrated into more complicated model. Moreovése tomputational and
visualisation tasks can be transferred to the stahMATLAB functions, which
simplified the actual implementation

A.3. FEM input file — active spindle

FEM Input file: mechanical model of the spindle

% wood spindle

% Elements definition

<MESH>

% EN Name Nodes Parl d dO0 dens Bu k
E1rot N1 2 P 0.0100.010 0 7800 2.1@B11
E2rot N2 3 P 0.0110.016 0 7800 2.1@B11
E3 rot N34 P 0.0130.016 0 7800 2.1@B11
E4 rot N4 5 P 0.0060.016 0 7800 2.1@B11
E5rot N5 6 P 0.0250.032 0 7800 2.1@B11
E6 rot N6 7 P 0.0070.022 0 7800 2.1@B11
E7 rot N7 8 P 0.0050.017 0 7800 2.1@B11
E8 rot N8 9 P 0.087 0.0155 0 7800 2.1&@311
E9 rot N9 10 P 0.054 0.008 0 7800 2.1&311



278

%E enum support N nl1 P kx ky kz kxx kyy kzmx by bz bxx byy bzz

E10support N8 PO 14e614e60 O @® 10 10 0 0.3 0.3
Ellsupport N9 POO O O 7¢e3 /&30 0 0 O O

% EN Name Nodes Parm

E12 disk N8 P 0.15 0.054e-30.028e80 0 0 1
E 13 disk N3 P 0.40e-1 0.166e-50.00000113
E14 disk N4 P 0.11 0.110e-3

%E 11 disk N3 P 0.15 0.054e-30.028e630 0 0 1

</MESH>

% Component definition
<COMP>
all|12345678910
</COMP>

% Boundary condition definiton
<BC>

Nall|100100]|00

N9 [011000]|00

</BC>

% Proportional damping
<PD> 0 le-7 </PD>
%<PD> 1le7 le-7 </PD>

% Output DOF definition
<OUT>
N1|011000
N2]011000
N3|011000
N4]011000
N5|011000

%N6 [011000

00 001
00 001



279

%N7]011000
N8]011000

</OUT>

% Input forces definition
<IN>

N1|011000
N2]011000
N3]011000
N4]011000
N5]011000

%N6 |011000
%N7 1011000
N8]011000

</IN>

% XYZ nodes coordinates (used only for modes pigjti
<N>

N1|00O0
N2|0.01000
N3]0.02100
N4]0.03400
N5]0.04000
N6|0.06500
N7]0.07200
$8]0.07700
S$9]0.16400
N 10]0.21800

</N>
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