IDENTIFICATION OF POSITIONDEPENDENT
WORKPIECEDYNAMICS IN MILLING PROCESS

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

BARI k ALTUN

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OFMASTER OF SCIENCE
IN
MECHANICAL ENGINEERING

AUGUST 2022






Approval of the thesis:

IDENTIFICATION OF POSITION-DEPENDENT
WORKPIECE DYNAMICS IN MILLING PROCESS

submitted byB a r € Kk AnlpdrtlaiNulfillment of the requirements for the degree
of Master of Sciencein Mechanical Engineering Middle East Technical
University by,

Prof . Dr . Hal i | Kal ep-¢él ar
Dean, Graduate School Nftural and Applied Sciences

Prof. DrSahi r Ar eékan
Head of the Departmer¥lechanical Engineering

Assst. Prof. DrHakan ¢al ékkan
SupervisorMechanical Engineering, METU

Assist Prof. Dr.Or kun ¥z kahin
Co-SupervisorMechanical Engineering, METU

Examining Committee Members:

Prof. DrMe | i k D°1l en
Mechanical Engineering, METU

Assi st . Prof . Dr . Hakan ¢a
SupervisorMechanical Engineering, METU

AssocPr of . Dr . Hakkeé ¥zge¢r |
Mechanical Engineering, TOBB

Assoc. Dr . B¢l ent ¥zer
Mechanical Engineering, METU

Assi st . Prof . Dr . Or kun ¥z
Co-SupervisorMechanical Engineering, METU

Date:25.08.2022



| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | have fully cited anceferenced
all material and results that are not original to this work.

Name LastnameBar é k ALTUN

Signature :



ABSTRACT

IDENTIFICATION OF POSITION -DEPENDENT
WORKPIECE DYNAMICS IN MILLING PROCESS

Al tun, Bar éx
Master of SciengeMechanical Engineering

Supervisor Assist. Prof.Dr . Hakan ¢ALI kKkKAN
Co-SupervisorAssist. Prof.Dr . Or kun ¥ZKkAHKN
August 2022129 pages

Frequency Response FunctiqiRFs) are utilized for analyzing vibrations created
during milling process. FRFsbtained with external excitations are often not
sufficient as magine-tool dynamics are positiedependen{to machinetool axes,
workpiece placemeni@nd frequency domairotbe identified requires specialized
equipment. In this thesign identification method based on operational excitation
addressing these problems is proposed. A siegiangulamworkpiece isprocessed
and a&celeration measurements are takERF is calculated according to the
proposed methodf sampling engagements individually godce calculatiorbased
on mechanistic modelResults are compared with tap test resktiscecoefficients

to be usedire identified by tap tests obtained frandifferent spot and mechanistic
force model by processing a simila@ctangulamworkpiece. Results are confirmed

with FRF obtained in the same location.

Keywords: Operational Modal Analysis, Position dependent Ma€hood

Dynamics,ldentification of Fore Coefficients Chatter, Milling Force
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Just like all manufacturing processes, milling process has challenges. One major
source of problems is vibrations present during operation. Because machining
processes rglon material removal witfan application of force in a small area,
vibrations are inherent to machining processes. Vibrations are known to be
detrimentalto manufaturing results and harmful to machitaol. For this reason,
handling of vibrations in milling process is an important research area.
Fundamentally, there are 3 types of vibrations are catsgbriransient vibrations
occurwhen there is displacement md additional force, such as when cutting tool
leaves the workpiece. Forced vibrations are the direct result of force applied due to
milling process itself. Seléxcited (regenerativeR] vibrations are observed with
forced vibrations and caused by workpiece and madbiolevibrations changing

chip removal rate and consequenthe force applied. Regenerative vibrations are
associated with phenomenoralled chatter when this sedkcited event becomes
unstable and starts diverging. Chatter can be diagnosed with abnormally high noise
together withacharacteristic wavy patteteft in the workpiece. Chatter results with
poor surface finish and possible damage on workpiece and mdchine

The most critical thing to be known about these vibrations is the fact that just like
any other vibration, they are a function of force applied and dynamic characteristics
of machinetool. In other words, machiAeol can be modelled and vibrations can
beregarded as an output. This conclusion is used in some prominent ways such as
chatter detection and suppression methmdshatter stability studies like Stability

Lobe Diagranj2], various identification methods such as operational modal analysis
[10], and even tool and spindle monitoring techniques related to noise aatiorbr

This means that machifieol identification techniqueare n demand both ithe

Academy andhe Industry.

One ofthemost useful methods to represent macliow behavior under excitation

is utilizing Frequency Response Functions. FRFs are luefmilling dynamics
analysis for several reasons. They are fairly easy to calculate and utilize in practice
with minimal training. Since a lot of machinery used in industry, such as milling

machines, have some sort of periodic or mostly periodic excigatfrequency



domain methods like FRF are well utilized for representing such dynamics of such
systems. Utilizing multiple measurements for a better estimation is easy to apply
with FRFs and for this reaspthey function well with noise and uncertairstie

Finally, togethemwith some assumptions such as a linear system, they can be used to

construct a transfer function.

1.1 FRF Identification Methods forMilling Machines

In the previouschapter the motivation for obtaining FRF from machituol is
explained. Thighaptemives the literature regarding how to obtain FRF in maehine

tool.

FRFs for milling applicationsare commonly obtained by measurement of output
under excitation, i.e. empiricgll These methods can be separated into two based on
themethod of excitation as experimental and operational. Experimental methods rely
on external force application devices such as hammershakers and output
measurements. Experimental methods to olitasired data for identification is a
practical and reliable approach in terms of excitation control and for testigct

few spots. Such methods are great at applying accurate excitation but implementing
them can be challengin especially duringpemtion[22]. Operational approach is

to obtain data during the machine under investigasigerforming its intended task

In other words, excitation is providedy lihe system itself. In this approach,
information regarding input excitation can be obtained through various methods
depending on the system, such as modelling of the system or assuming randomized
excitation such as white noise, as in Oupuly Modal Aralysis which is the most
common formof operational modal analysis methods. Operational methogstea
potential to reflect behavior during operation more accurately but control over

excitation is more challenging.

Empirical methods of obtaining FRFavevast literature behinthem Significant

work has been put into Experimental and Operational Madalysis (3], as well as



obtaining FRF only, i.e. without modal analysixpErimental Modal Analysis is a
highly automatized identification metho®,4] and is widely used. Yet, modal
analysis results are not equivalémFRF obtaird and even on highly automatized
systemsthe accuracy of results depends on abilities of the researcher. Operational
method applications fathe milling process have motivational reasons supporting
their development, such as machine tool structure dysaare known to change
during operatior]3,7,8-11,13-1517,21] and application of experimental methods
during operation requires additional work as excitation reflecting operation
conditions can be necessary and challenging to satisiiyasplication of force at a

specificspotcan require accommodatiof22].

Obtainingthedesired excitation on operational methad important research area

for milling applications. Major challenges regarding milling process are uncertainty
in force excitatbn due tothe complexity of the process and harmonic excitation
being dominant during operatio® z K a h.al. r{13] eitilize a workpiece with
randomized channelsid processed this workpiece with feed direction vertical to the
side ofa set ofwalls in order to achieve randomized excitation. The excitation
method is confirmed with coherence function and frequency content of excitation.
Dynamometer measurements aakein as input and laser vibrometer is used on
cutting tool. Liet.al [10] utilize inertia of the machine itself for excitation for
identification of machine @ structure at lower than 5Q6iz] domain where main
structural mode frequencies reside. The core idea is to shake the machine tool by
moving the table andthe spindleof the ma&hine under investigatioat a desired
speed and acceleration. The core purpose of the paper is to show differghees in
dynamics oftheworktable (table) at different movement speeds and locafidmes.
method provides mode frequencies and damping ratibeot amplitude as there is

no force measurement atioe method relies ora flat frequency profile. In other
words, scaling is missing Author explains which parameters change dbang
process. Liet.al [11] apply the first single thin workpiece for machine tool
identification. This method assumes an impulse model for excitation which is

explained by parameters such as angular speed, feed and wall thickness for



excitation. The method intents to achieve white noise for application of Operational
Modal Analysis methods. This article also offers several simplified calculations for
estimating where excitations will be effective. Caak [7] havetaken the method

used by Li €al. andin order to obtain better random signal which is used with Output
Only Modal Analysis methods, designed a workpiece \aittandomized shape.
Moreover,theauthors also randomized angular speed and feed. Beghald21]

apply the same principle with a generic process ancelshownthat whitenoise
requirements can be satisfied without a special workpiece. The author also presents
methods to select process pagaders to achieve excitation with various frequency
content. Koikeet.al [6] applychip regeneration model with servo motor information

to check chatter stabilitgxperimentally through a spindle model and real time data.
This is not an identification application but sensors present in the machine itself is
used to describe totip behavior. Similar applications are done for force
calculations [20, 23] Wanget.al [8] have also applied a designed workpiece but
only targeted modal shapes and for heavachinery by randomized channels
approach. So fathescaling issue had not been mentioned. There are various ways
to approach scalingThe mass change approach is popular for cutting tool
identification[9, 26] but it is hard to apply on heavy moving parts sucmashine

tool table. Penget.al. [9] address this issue withta/brid approach. The author
utilizes movement and so inertial forces of the machine tool structure for
identification. In addition, the author utilizes tap tests on the saauhine Mode
shapes are expected to stay stable during operation and modendiequand
damping are obtained through operational modal analysis. Igkssh$12] utilize
asimple sweeping method for exciting desired frequency domaindatification.

Force and acceleration measurements were present. This method gives excellent
control over excitation frequency and is very intuitive to uBee author also
explains nordiagonal members dhe transfer function matricand how to obtain
them. A major disadvantage of this method is that exciting higher frequencies can be
limited by spindle speedBertholdet.al. [L12] compareEMA and OMA methods

while questioning position dependence and fimariance othemachine itseland



identifies rgjions (position of spindle and table) with constant FRF tio@
investigated machine. This is critical to maintidiewhite noise assumption. Et.al.

[15] develg another inertia based application. In this case, multiple axes are moved
simultaneously for more accurate results. Effects of machine tool structure itself on
transfer functions, namely collisions inside the screw nut pair and impact excitation
as a resl of it are given as problems and so different sequences of impulses are
tested to see if there is a nonlinearity as a result of it. Results indicate no significant
nonlinearity. There hae been studies regarding FRF identification or utilization
without force measuremenor table of machine tool structure. One critical work is
that of Caiet.al. [L8]. This article applies a conventional uncut chip thickness based
cutting force model with previously known force coefficients in order to obtain an
input similar to white noise but predictabl'he alvantages of this approaahethat

the method obtaina great amount of test data and force calculation is confirmed
with measurements. Moreover, this approach gagreat deal of control over force
excitation. However, problems withe reliabiity of force coefficients and phase

measurement are reported.

The arrent research area regarding modal analysis without measurement of force
measurements relies heavily on white noise production at desired frequency domain
in order to obtain modal shapekhis means identification quality is basedtba

guality of produced white noise and while modal parameter identification can be
accurate, it necessarily includegs$lkeadditional assumptions. Compounding with

the fact that FRFs of machuteol, especilly table, is position dependent and so
accurate positioning can be necessary, white noise approaches or even experimental
methods can be not sufficient. Methods with force informagigpossible as Cai

et.al. [18] have shown but they either require force measurement or accurate

estimation of force in which it guires some initial knowledge.



1.2 Force Modelling

In the previoushapterit is shown tht some form of force data is necessary for FRF
identification unless output only methods are utilized. One method of obtaining force
data is (direct or indirect) measurement of force. Taps and shakers automatically
does force measurement but for other hnds additional sensors are necessary.
Dynamometers are commonly used for such applications. However, dynamometers
have some issues preventing them from widespread application. Many facilities,
industrial or academic, do not possess such device. Thelgaifecantly expensive.
Moreover, they areumbersomas they are required to be attached to the table and
used as a workpiece holder to function. This would change table dynamics. Indirect
measurements with accelerometers or encoders are a possibility but they require
knowledge of thenachinetool beforehad as this is not an option if identification

of the saidmachinetool is the mission. Another method of obtaining force data is
force calculation. Force calculation does not have the same equipment limitation or
knowledge requirement regarding theachinetool but it requires process
parameters such as axial depth or angular speed of cutting tool.

There are multiple approaches to force calculation in milling. Empirical models are
interpolated formulations that are on top of experimental data. Such an@pfwoa
cumbersomeand preferred only when other approaches are infeasible but most force
calculation approaches are at least partially empirical as force coefficients need to be
determined. Finite Element Analysis and similar numerical calculations aegrpoef

for studies regarding contact surface and deformation zone research of machining
applications and they are not easily scalable. Mechanistic calculations are the most
popular and suitable calculation method for force estimation of milling process
befaehand. Mechanistic models are based on geometric calculation of static chip
thickness with process parameters and force coefficients which are usually obtained
empirically. Total chip thickness is the summatiof dynamic and static chip
thicknesgs Statc chip is calculated based on geometry of workpiece, cutting tool

and kinematicsand it is explained in this sectioBynamic chip thickness is based



on displacements that are the result of milling forces applied and they are explained
in Chapterl.3 The oldest known model regarding static chip thickness comes from
Martellotti [27]. This model takes cutting tool edge as circular and takes cutting tool
geometry ideal. In this model, the force is based on cutting tool angular position,
diameter of cutting tool and feed per insert. This model is suitable when feed per
tooth is small compared to cutting tool diameter. In literature, there are more
advanced modsl| with more process parametef88]. Especially in micre
machining, there are models bdson high eccentricity and high feed per tooth
conmpared to cutting tool diametf29]. Moreover, works such as the study of Niaki
et.al.[30] offer geometry based numerical static chip thickness calculation methods
as an alternative to analytical calculations. Such methods have high calculation cost
but they are easily adagtile to various conditions and they are selected on trochoidal
milling. As important as calculating static chip thickness, application to the tool
geometry is also a must. Koenigsbergenl.[31] are the first people to develop
mechanistic model of milling process. Klin82 include tool eccentricity into
calculation. All models mentioned above utilizes coefficients called as force
coefficients. These parameters change values depends on process parameters and the
material of workpiece. Such a change may be critical depending opgheation.
Considering this factor, linear and nonlinear milling force models can be selected.
Linear milling force models rely on constant force coefficients and edge force
coefficients as such a model relies on the assumption that force coefficientsotioe
change drastically under the process paters selected during millif@3]. This

means that such a model is suitable under a range of process pararaegtensiid

not be exceeded. Nonlinear milling force models utilizes force coefficients that are
an exponential function of chip thickness and possibly many other process
parameters. Compared to linear milling force model force coefficients, they can be
appled to a wider range of process parameters but they are harder to obtain. Force
coefficients in general are affected by multitude of fact®8sguch as chip thiakess

[33], cutting tool geometry, cuttg tool material and workpiecmaterial [34].

Although it is observed comparably rare, literature also includes axial depth and



cutting tool angular speed of cutting to89] as possible process parameters to effect

force coefficients.

1.3 Process Modelling

Given that force is created during chip removal and chip removal effects force itself,
there should beprocessnodel explaining this behavior. Dynamic chip regeneration
model commonly used in chatter research in machining processes is the default
approach regarding milling dynamics. This model is also used with mechanistic force

calculations and transfer functions of macHioel.
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Figure 1.2 Example Demonstrationof Milling Dynamics (A Review Of Chatter
Vibration Research In Milling4Q])

Entire milling dynamics can be described with merging of force model and cutting
tool-workpiece vibration model. Force created during milling process is a function
of chip thickness. Chip thickness is not just effected by process parameters but also
displacement at workgce and cutting tool as a result of force created. Since such a
displacement during tool contact changes chip thickness, this causes a different
amount of chip removed the next time cutting tool makes a contact. This results in a

closed loop system in wth chip thicknessuinctions asdelayed feedback39].



Delay differential equations are usually analyzed under chatter research and they are
the basis of seléxcited vibration model§4Q].

1.4 Identification of Force Coefficients

Accurate information of force coefficients requires time and money investment to
get. As the firstapproach, getting accurate force coefficients from literature is
challenging from multiple points. First of all, there is no widely available database
for such parameters that is easily reachable, contains desired information regarding
materials or procegsarameters selected and accurate. Another factor is that force
coefficients are usually specific to given cutting tool unless it is a generalized
identification like orthogonal cutting test. Finally, material characteristics are varied
from one manufacter to another. Given these conditions, available coefficients
without required knowledge of their method of obtainment are useful as a proxy and
not much else. As the next approach, application of identification methods where or
when it is needed with matels and tools to be used is attractive and this is an
applied way of solving this problem. However, this usually requires a dynamometer
for force measurement. Issues with dynamometers are mentioned in force modelling
Chapterl.2

Force calculations without direct force measurement is a research area with multiple
approaches. Aggarwat.al.[20] utilize applied spindle motaurrent measurements
together with inefficiencies on spindle structure to calculate tangential force
coefficients. This method requires extensive initial study and only obtains tangential
cutting force coefficient. Zhoat.al.[25] apply Kalman filter and tap test results to
calculate force excitation. Yamagb.al.[21] applymotor current along with encoder
readings and applies modelling of feed drive system to obtain force estimation. Load
side disturbance observer (LSDO) relies on multiple encoder measurements and tool
tip models. The methodemands a force measurement reference for obtaining
machinetool parameters such as mass but process parameters or tap tests are not

involved. Encoder measurements can require a strong enough excitation for
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significant signal. Force observers in milling @n important research area but they
are mostly omitted in this literature research because using indirect measurement in

amachinetool to be identified is challenging.

Regarding identification of force coefficients without dynamometer, Pavetlkb

[19] performthe most prominent research regarding this area. Pawélkio[19]

utilize FRF measurements fadentification of force coefficientand lists various

error factors. The method applied is based on frequency domain representation of
force model at only first two harmonics awdrkpiece dynamics are assumed rigid.
The main issue the article addresses is that obtaining all four linear force model force
coefficients at the same timequires illconditioned matries and Tikhonov
regularizatiorcan be applied for this problem. Timethod is only tested numerically
Wanget.al.[41] utilize only one dominant modes of FRF to obtain a regssg
damper equation and by applyingnwolution, a set of linear equations in time
domain to be used for least squares are created. The method does not give
coefficients and results are accurate in amplitude for high radial engagement.

1.5 Scope of theT hesis

This thesis presents an edsyimplement, inroperation identification method that
offers more control over excitation compared to tap tests and the method offered has
better control over the position force applied. In otherds, this thesis proposes a
guastoperational FRF identification @thod forthetableof a milling machinavhich

can easily be applied in multiple spots with varying excitation levels and which does
not rely on modal analysis. This is achievedadprce excitation that is obtained
with preplanned process and designedrkpiece. The workpiece offered in this
thesis is a singleectangulaworkpiecethat is cut with small radial engagemertis
provides a set of impuldé&ke force applied on a certain position with calculable
amplitude distributed into a path, reachingnbers possibly more thanttzousand
individual excitations. Detailsegardingthe utilizedworkpiece theforce model and

theidentificationprocess arprovided in their respectivehaptes.
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The first step is to simulatthe milling dynamics to observe effects of process
parameters, dynamic chip thickness and transfer functions. This step allows to
demonstrate accuracy and efficiency of following steps, as well as explains
modelling choices, theoretical background and praktimitations regarding both

the modelling itself and how process parameter selections affect identification
methods to be applied in followinghaptes. Figure 1.3 describes the approach
followed in this chapter A milling dynamics model is developed. The model
developed includes chip regeneration, transfer functions obtained with FRFs
measured from the same milling machine the experiment perfotined¢drce model

and static chip thickness calculations chogancessnodel is a set of calculations
obtained from the model that are merged together in order to be prografoned.
programming, two different approaches are testeMA$LAB E Simulink and
Cornvolution Integral. Their differences are explainEégperiment is performed with
same process parameters used in the model is confirmed with comparing acceleration

data obtained from both approach.

Dynamic Chip Regeneration System Model

Fy(s) L('L. x(s)
— ‘ I 5 !Fa()
[\ F E Comparison
% “{ GO
Vi = \ ‘ TableAcslratin Compare o Simslak ¢

STSSSSSS Experlment

Figure 1.3 Milling Dynamics Model Verification

For identification, this thesis is separated into two stEgire1.4 summarizes the
approach. Since force is calculated, force coefficients must be accurate. In the first
step, force coefficients are identified by tap tests applied on a selected spot in table

and milling process performed in the same spot on table. In the second step,
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identified force coefficients are used to obtain FRF frorfeckht, various positions
with engagements and responses sampled from[details of these approaches are

given in heir respectivehaptes.

Force Calculation

Point FRF* Measured Acceleration

) . i -Based on the same Measured Acceleration
-Obtained by.h.amn'.ler -OI_:)tamet# atthe sar.'ne uncut chip thickness -Obtained at some other
test at a spesific point point during operation based model used in point during operation

step 1.
Force Estimation FRF (Of Machine
Tool) is calculated
Uncut Chip . .
Thickness Based Curve Fit with engagements
Force Model**
sampled.
Find Force
Coefficients

*Without Cross members of FRF .
**Dynamic Chip Regeneration Disappears FRF (Of Machine TOO')

Figure 1.4 Identification Approach Summarizétr Force Coefficients and FRF
of Machine Tool Table

This thesis is separated into 6 chapterhapter2, a milling dynamics and force
model to be usedreintroduced, along with the simulation develop&tapter3
explains identification of force -coefficients Chapter 4 explains the FRF
identification method déred Chapter5 gives the experiment procedure and
application of identification procedures introducedthie previous twochaptes.

Chapter6 concludes the thesis.
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before applying therto experimental results because experimarg costly both in
terms of time and money.

The milling dynamics model to be used should reflect the purpose it is going to be
used. In this thesis, linear milling force model is used and force coefficients are found
experimentally. How they are found in this thesis is giveGlapter3. For static

chip thickness, Martellotti modell] is deemed enough. A 2D delay differential
equation model is utilized for X and Y directions of both table and spindle. For
obtaining FRF, tap testhave been utilized The model is programmed witiwvo
alternative solutions. The first approach is utilizig\TLAB Simulink andthe
second approach is utilizing convolution integfadr MATLAB Simulink, transfer
functions are obtaed with analysis done with CutPro. Rbe convolution integral
approach, impulse response functions obtained with Inverse Fast Fourier Transform
(IFFT) areutilized. The reasoning behind applying two different modelth& so
difference caused by mddanalysis and transfer function format RFATLAB -
Simulink model can be tested #se convolution model does not use transfer
functions obtained with modal analysis. Details previded atSection 2.2.2
Models argestedoy comparing the output ohodelswith an experiment using the
same process parameteCansidering the frequency domain where tap test results
may be deemed reliab{an other words where coherence is high)order to excite

the given frequency domain, workpiece dimensiang procesparameters such as
angular speed of cutting tool\rebeen selected accordingly.

Chapte”.lex pl ains the entire nbapterrXeslaibsheor et i ca
MATLAB Simulink modeland convolution integral mod@rogrammedChapter

2.3validates the model with experimentation and disesigsults obtained.

2.1 Mathematical Model Overview

Underthis study, vibrations of spindle and table on X and Y directions are analyzed.
Description of milling process is givenkiigure2.1. Here thetableof machinetool

(At abl e ois repoesentadtby § 1O)' ; O andthe spindleof machine
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tool (fAspi nsdepresantetl yr; &,h g rQ. For transfer functions

between X and Y directions, for table;, O,' ; O and for spindleé ; O,

r O are used. Transfer funotis are given together in matriiwem as shown in

equation(2.13), as' O for table and O for spindle. Dynamic chip thickness is
briefly described in the figure. Thentire models explained in detail aChapter
211

LSS
Gl,yy(s)
l,xy(S N\
(Xo.Yo) Wall Thickness Q
V,=0
G (s) A Workpiece N
/ G2-><><(S) — (Table) Q
/ 2.yx ne | Gl,xx(s) \
; : E?&E:\;Tjastp:iﬁ%igi has happened G Lyx S) \
/ {xD:Yﬂ)mer. v g
; Cutting Tool
/ (Spindle) Contact Region
o7
GZ.W(S) A < 7\
2,xy\S
SNOUONNNANNN

Figure 2.1 Milling Dynamics and Chip Regeneration

Workpiece and cutting tool transfer functionstlia¢ contact region are used for
representing table and spindle dynamics respectively. These transfer functions are
the ones which affect vibrations #ie contact regionln other words, transfer
functions utilized in this thesis represent the relation betvicger excitation at the
contact region and vibration at the contact region.
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To make the presentation thie model easier, milling dynamics haseheseparated
into threeparts. InChapter2.1.1, mechanistic force model utilized is explained. This
chapter also explains selection principles regarding process parameiers.
mentioned irthis chaptey this model is not enough by itself to calculate force if there
Is dynamic chip regeneratigmesentChapter2.1.2explains transfefunctions to be
used, how to obtain them and how to apply them in calculations cliijgeralso
presents transfer functions that are obtai@thpter2.1.3explains utilizing these

together.

2.1.1 Selection ofProcessParametersfor Mechanistic Force Model

Cutting force, F, is the result of chip removal. Chip thickness is the sum of static chip
thickness based on feed per insert and dynamic chip #sskmased on vibrations
between cutting tool and workpiece as in chip regeneration faetgure 2.1
describes chip regeneration. Milling force created during operation pushes
workpiece and cutting tool from their ideal path and this creates a difference in chip
thickness when cutting tool contacts with workpiece for a second time. Ideal paths
lead to satic chipthicknessE [m]. Chip thickness is measured in radial direction

and static chip thickness depends on cutting tool angular position of cuttirjg tool

as given below:
EO AOHIO B pigfss 2.1)
whereA [ gives feed per insert and it is a function of feed in X diredigm/s]

gives angular speed of cutting tobl [rad/s]and number of inserts . It is found
asequation(2.2). Egives insert index.
~ 6
AT (2.2)
QT
In practice, cutting todlleviates fronfollowing a kinematically determined path, as

shown inFigure 2.1. Since the same situation applies for the previous contact of
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workpieceand cutting tool, chip thickness is given as difference on the radial
direction between two real paths as below:
EO EO @0 @0z 010 UO UO z Alfoo
(2.3)
BN pRktiB 8

Here, @0 z andUO z) gives the surface left from thgrevious contact of
workpiece and cutting toot, [s] describes time passes between two contads.

can be found with angular speefttutting tooll and number of inserts as below:

2 Tom (24)

Forces in radial and tangential directions are given below:

A

&0 + EO + AcO (2.5)
&6 + EO + AcCO (2.6)

Here,+ [N/m?] and+ [N/m? gives tangential and radial cutting coefficients and
+ [N/m] and+ [N/m] gives tangential and radial edge force coefficieAtsal
depth of cutting tool is given withconstant’H and chip thicknessi ; "I is given

in equation (2.3). Helix angle isomitted and cutting tool is selected according to
this assumptionas shown inFigure 5.2. Duringtheprocess, workpiece and cutting
tool makes a contact at only a domain of angles. This domain is representggewith

window functionC O as in equatiof2.7). There is contact during cutting tool insert

and workpiece when cutting toahgle is betweefy and[ as given irFigure2.1.

A ph | i T A Ok A - .
@) S =X B 8 2.7
¢ m | OEAOxEOA Plg 217

Angular position of cutting tool (per inserfs) O is given below for constant angular

speed of cutting tool.
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|—)

[ O ¢a nf) BN plti8 8 (2.8)

S

In this thesis, ahoulder face millvith insertsis selected andnly oneinsert is used

This means that  p, as showmnn Figure5.2.

Becausevibrations areneasurect X and Y directionsa transformatiorcalculation
from radial coordinates tGartesiarcoordinates is necessary. It is givere@tiation
(2.9a).

A &0 ., L, 4

€O 2 0 enO €0 (2.9a)
é"| C) A + /E\‘Aq O A + 'A”ﬁ C) (29b)
40 A+ AOOO 00 z (2.9¢)

where 0 @0 UO 1. Hereé Ogives total forces in X and Y directions. Force
caused by static chip thickness O is given as equatiof2.9b) and likewise, force
caused by dynamic chip thickness, O is given as equatiof2.9c). Similarly,
displacement at X and Y directions are represented &ith A O, A O and

A O represents window function, angular relations and forces in general.

Equation(2.10a) to (2.10g) explains’A O, &, O andA;; O with matricemembers.

A O 22222 A O gég Ag O 228 (2.108)
A O GO OEf@ -—p ATPO (2.100)
ARO GO AT® OO (2.10c)

A O GO p AIPO ——OEfQ (2.100)

A O GO p AIPO ——OEfQ (2.10e)
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AjO GO OFI0 ——Alf® (2.10)
A O CO OEfi@ :—p Al PO (2.10g)

A general description dhe milling process andheworkpiece to be cuireshown
in Figure2.1. Entry and exit angles axial depth, feed, feed direction and angular
speed are known through the geometry of the workpiece and process
parameters. All of these parameters are kept constantdr repeating the same
excitation. Together with this knowledge and force coefficients, the force is
calculated through equatio(®&10a) and its pieces) O z andd O. As mentioned
previausly in the beginning of Sectiof.1, 6 O z and 6 O require process
dynamics to be known antiose are explained in the neotitapter The primary
selection of workpiece geometry is a
is aligned to tkb feed direction In other wordf, | “, as shown irFigure
2.2. Workpieces that dmot obey this rule (offset workpiece) apenitted from

identification of force coefficients.

feedy=0

I Wall Thickness

—_— .
feedx Offset Workpiece

feedy=0
N Centered Workpiece
Nm feedx O5+0c,=T
k %:___[__:_ > - 1 Wall Thickness
R

Figure 2.2 Centered Workpiece and Offset Workpiece
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A centered workpiece has several advantages. Givenuhbties of static forcare
critical becausd is used for identification at followinghaptes andhe fact thathis
thesis is primarily challenged by no¢ing able to measutke force appliedwith a
dynamometera simple excitation is desired amdcentered workpiece helps to
simplify the procedureThis means fothe selectionof a centered workpiece

1. Due to low angular engagement, fomecitation takes short time arnsl
impulselike. This means thahefrequency bandwidth of force is high and
uniform as possible. As an additional benefit, low radial engagement also

reduces dynamic chip thickness.

2. The workpiece is easy to produce as the shape is simple. Moreover,
positions of toolworkpiece engagemeiire easy to calculate and this is

helpful for localized identification of FRF.

3. Cartesian forces& OAT & O) are dominantly affected by tangential
ard radial forces and they are decoupled in case tool path coincidegblavith

axis of the workpiec@ongitudal centerline of the workpiece)

4. Change in static chip thickness during contact is limited as possible. In a
milling process where chip thickness iear significantly atlogarithmic
scale, such as dowmilling, nonlinear force model with exponential force

coefficients would be required.

5. As itis shownonthe next pge, there is a certain level of control over force

excitation characteristics by continoty milling process parameters.

Here is a sample static force calculation done thigtgiven equatiorf2.9b) to show

basic manipulations on the inpoih a centexd workpiece Process parameters can

be used to control amplitude, harmonic peaks and frequency domain but not
independently. For example, angular speed of cutting tool affects amplitude but also
harmonic frequency and zero crossing position. Some o tekgions were noted
earlier [11]. Effects of angular speed and wall thickness at cutting forcidn

frequency domain are as showrFigure2.3.
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Zero crossingis where excitation reaches zefde fequency of this poinge ( U
IS engagement duration and is defined as equ@#idd). Here,, gives distance

cutting edge travels durirthe processwhich is roughly wall thickness.

15 Cutting Force in y-direction Centered Workpiece
T T T T T T T T

™ 4mm wall 3000rpm

A — 4mm wall 3000rpm envelope

\ 2mm wall 3000rpm

\ = 2mm wall 3000rpm envelope

\ 2mm wall 6000rpm

\ 2mm wall 6000rpm envelope

I |

Force [N]

—

LU
0 | | ‘ | » | | | | | | L1 PRI
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
Frequency [Hz]

Figure 2.3 Effectsof Angular Speed and Wa hickness on Cutting Force
SpectrumCenteed Workpiece,Tool Diameter: 69mm]|, Axial Depth Of Cut: 2.9
[mm], Ki=1319[Mpa], Kic= 788[Mpa]

P J :
/CE - . e T (2.11)
oS A o ! t$

Zero crossing and as a restilie frequency domain to be excited is widened by
decreasing the engagement duration which is podsybégther increasing angular
speed or decreasing the wall thickness, as given iniegyatll). However, both
actions reducehe amplitude of excitation, especially at lower frequencies. This
effect is visible orFigure2.3. At the zero frequency, force calculation wath [mm]

wall cut, which is given in black; has twice the force amplitude of force calculation

with a2 [mm] wall cut, which is given in red. However, zero crosdmegjuency is
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also almost halved. Likewise, increasthg angular speed of the cutting tool from
3000[rpm] to 6000[rpm] has the same effect.

Frequency values of harmonics are a function of angular speed, equal to revolution
per seconds. Changing angular speed from 368] to 6000[rpm], moves the
harmonic peaks from ®iz] to 100[Hz]. Changing the wall thickness has no visible

effect on hamonics.

2.1.2 Spindle and Work PieceTransfer Functions

Cutting tool and workpiece dynamics are represented with transfer functions in X
and Y directions. Cutting tool displacement is representedowit® and workpiece
displacement is represented with O. Total displacemenit O is given aequation
(2.12.

60 ©@ouod 6 0 o O (2.123)
6 O ¢ 0te O (2.12b)
6 O ¢ 0te O (2.12c)

Here,¢ "l is Laplace domain representationéofl . Cutting tool transfer function
¢ O and workpiece transfer functian O are given aequation(2.13). How to

obtain FRFs and details of modal analysis appheel explained in following

chaptes.
¢ o 0" (2.133)
h h
¢ o 0o n (2.13b)
h h
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2.1.2.1 Tap Test and FRF Calculations

Any suitable experimental method for obtaining FRIessh asrammers or shakers,

can be used for this purpose, as longdgsired excitation at a desired spotin
desired direction can be applied. The excitation method applied here is what is
selected according to the equipment available. What is criticalsctibpters that

FRFs from both directions with at leasto sensors placed at twGartesian
directions should be presdmgcause FRFs between forces and vibrations at X and Y

directionsaredesired.

For this thesis, FRFs that are to be used to obtaisfeafunctiongo be used in the
simulation are obtained through tap tests applied on both workpiece (representing
table) and cutting tool (representing spindle). Tap hitting spots and accelerometer
positions are given d&igure2.4a. By hitting point 2 at X direction and measuring
theresponse at points 1 and 3, FRF8 andO 0 are obtained. Similarly, by hitting
point 4 in Y direction and measuritigeresponse at the same accelerometers, FRFs
00 and0 0 are obtainedd 0 and0 O represents X and Y direction transfer

functions whileO 0 and0 O represents cross relatibetween X and Y directions.

L'

>

i;
1%
1D
i<
{3

\,

|

Figure 2.4 a) Work Piece Accelerometer Positions3), Tap Test Tap Spots-@)
and Test Parametely A Representation of Tap Test at Spindle
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For spindle, cutting tool to be used during experiments is attached to the spindle and
the hammer is hit to the only insert in tangential direction while the response is
measured from an accelerometer placed radaatlyat av tdistance. This way, the
response of tangential force at the same direction is measured. Because spindle is
roughly axisymmetric, a single tap is deemed sufficient and FRF between X and Y
directions are not measured. Asymmetry is observedfom previous tap tests
performed at the laboratorfigure 2.4b gives a description of a hammer test for

spindle.

Figure 2.5 a) Hammer Usedor Tap Tests. bINI 9234 Data Acquisition Device
Allows 4 BNC Ports That Measures Voltage Difference

As hammerDYTRAN 5800B3T (Figure 2.5a) and as accelerometers at X and Y
directions respectivelyPCB 352C23[5.12mV/d and DYTRAN 3225F1[10.23
mV/g] are used.These accelerometers measure at only drecttbn. For data
acquistion, NI 9234 data processing caffigure 2.5b) is used andhe sampling
frequency is 5120QHz]. This card has 4 BNC ports and takes measurements by
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voltage difference obtained by any suitable sensor. This card supports data sampling
up to 5120qQHz] andavoltage difference of 1{V]. Data is processed with CutPro

software.

Two different moded that is applied requires different set of transfer functions.
MATLAB Simulink model can utilize Laplace Domain transfer functions.
Convolution Integral model utilizes Impulse Response Funciiitfs). Figure2.6,

Figure 2.7 and Figure 2.10 provide FRFs and frequency domain representation of
transfer functios obtained by themFigure 2.11 to Figure 2.14 provide| RF 0 s

utilized for Convolution Integral model

2.1.2.1.1 Transfer Functions for MATLAB Simulink Model

Cutpro program is used for modal analysis in thesis. Tablefrom Table2-1 to
Table 2-5 give modal parameters obtained by utilizing this program on FRFs
obtained. By applying equatid@.14) and modal parameters, transfer functions are
found. N gives number of modes selected to construct transfer functions and tables
provide number of modes and modal parameters at every mode.

2

E

Con , , AN b R ORI FON O (2.14)
5 ok 5 cea 5 A eR e dUich gl

Here, E gives modal stiffness and gives mode frequencys gives modal
damping.As mentioned aFigure2.6, Figure2.7 andFigure2.10 provideFRFs and
frequency domain representation of transfer functions obtained by &tefigure

26, '  and' | givesresponse of table at X direction by forces applied at X and

Y directions as they are constructed fré&h® andO O FRFs. LikewiseFigure2.7

give' p and' j transfer functions as they represent table response at Y direction

by forces applied at Y and X directions and theycaestructecby 0 0 andO O,

all respectively. FinallyFigure2.10gi ves spindl ebs transfer

Y directions without a transfer function representing a relation between two
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directions. FRF of cutting tool is also given as the FRF usembfatructing . Due
to axisymmetry, it is assumed there is significant transfer function between two

directions for cutting tool.

The fequency domain to be analyzed is limited@®-3000[Hz]. This is because

of two major reasons. At the lower end, force applied is not enough to overcome
nonlinearities such asiétions and similar factors to achieve significanherence

at the end resul(FRF obtained)At a frequency domain lower thaB00 [HZ],
coherencevalues may be lower than 0.5. For higher frequenc&serences also

low but this is because therenigsignificantforce excitation at such high frequency
values due to contact time being too long. Process parameters should be selected
according to frequency domain to be analyzed and this is explained in the next

chaptemwith equation(2.18).

By comparing FRFs given &igure2.6 andFigure2.7, it can be observed that the
table is more rigid at Y direction compared to X direction. For this reaken,
transfer function at XX direction (force at X dirgmt and measuremeiftom X
direction) is the dominant transfer function fiable. ForYX direction, transfer
function has significant modes compared to XX direction transfer functib@0at
1000[HZ] and 15062000[HZ] frequency domairf920 and 175QHz], Table2-9).
These mode frequencies are close to XX direction transfer function mode
frequencies (89@nd 1745 [Hz], Table 2-9). For the frequency wher&ansfer
functions representinthe relation between two directions (YX) is most dominant,
that is 175(JHz], the ratio between YX direction transfer function to XX direction
transfer function is around 20%. This means that for X direction, the effect of YX
direction transfer function shoulse small if forces at both directions are similar.
The situation is different for Y direction as XY direction transfer function is more
significant compared to the effect of YX direction transfer function in Y direction.
At the frequency domain where tleéfect of XY direction transfer function is the
least significant, the ratio of XY FRF to YY FRF is around 30% and the ratio is
higher for transfer functions. At frequency domain around IH2D, XY direction

transfer function is bigger than YY counterpar
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Figure 2.6 Tap Test Comparisowith Modal Analysis OutputslTable (Workpiece)
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Coherence values for two selected tests are givieigaite2.8 andFigure2.9. Figure
2.8 gives coherence @ 0 (XX direction transfefunction is constructed from) and
Figure 2.9 gives coherence d 0 (XY direction transfer function is constructed

from).0 O gives reliable coherence values Bud is only reliable at some selected

frequency domain values.

Magnitude
=
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Figure 2.8 Coherence Graphs for Tap Tesirm@parison XX(P2P1)

Magnitude
(=)

200 800 1400 2000 2600 3200 3800 4400 5000
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Figure 2.9 Coherencé&raphs for Tap Test Comparisiiy (P2Ps)

Finally, cutting tool transfer function is 10 to 100 times bigger than table transfer

functions as spindle is significantly less rigid compareithédable.
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Figure 2.10 Tap Test Comparisowith Modal Analysis OutputSpindle
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Table 2-1:Modal Parameters of Spindle (ApplicableBoth Directions)

Mode Sk ¢ A ( U kn [N/m]
1 335.21 5.40e-3 6.09e7
2 396.03 1.85e-2 1.40e7
3 598.73 2.01e-2 2.49e7
4 90641 1.45e-2 241e7
5 100241 1.30e-3 5.20e8
6 1078.01 8.70e-3 9.69e6
7 174495 7.60e-3 7.11e8
8 1955.62 144e-2 3.26e8
9 2336.14 8.30e-3 4.10e7
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Table 2-2: XX Modal Parameters forable

Mode Ik ¢ A ( U kn [N/m]
1 286.93 3.60e-3 9.48e8
2 317.87 100e3 5.25e9
3 383.02 250 e-3 1.59e10
4 43292 1.70e3 3.13e9
5 563.05 1.20e3 1.45e10
6 689.47 250 e-3 9.44e9
7 896.06 193e-2 1.01e8
8 1540.19 180 e3 9.91e9
9 1745.57 340 e3 7.20e8
10 2248.17 6.90 e-3 1.51e9
11 3370.89 420e3 3.59¢e9
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Table 2-3: YY Modal Parameterfor Table

Mode Sk ¢ A ( U kn [N/m]
1 427.04 3.15e-5 941e10
2 846.03 9.30e-4 7.01e10
3 889.62 5.17e-5 2.28el2
4 907.48 5.90e-3 1.21e9
5 1643.18 9.10e-3 3.50e9
6 2010.65 1.53e-2 4.20e9
7 2896.82 7.20e-3 2.39e9
8 3610.77 1.80e-3 3.48e10
Table 2-4: XY Modal Parameterfor Table
Mode Sk ¢ A ( U kn [N/m]
1 205.13 1.59e-4 6.23e10
2 91761 3.20e-3 4.43e9
3 1706.37 4.70e-3 3.75e9
4 2855.61 8.20e-3 3.23e9
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Table 2-5: YX Modal Parameterfor Table

Mode Ik ¢ A ( U kn [N/m]
1 232.46 3.52e-4 2.58e10
2 250.59 4.30e-5 161lell
3 270.43 1.07e-4 142ell
4 290.05 1.30e-3 2.60e10
5 328.16 2.78e-4 7.86e10
6 467.12 1.30e-3 1.38e10
7 920.77 7.40e-3 1.93e9
8 1750.24 5.50e-3 3.07e9
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2.1.2.1.2 Transfer Functions of Convolution Integral Model

Obtaining I RF6s can be done MATLAREIKATY by
function 2] is used on FRFs shown Bigure 2.6 andFigure2.7. One important

point is that only the selected frequency domain is used for obtaining IRFs. Values
of FRFs at other frequencies are taksamero.

Impulse Response Function Table
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Figure 2.11 Impulse Response Function (&:P:)
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Figure 2.12 Impulse Response Function (6%P1)

Figure 2.13 Impulse Response Function (@:Ps)
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