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Abstract

Machine tood productivity and abilityto produce a component of the requicgdhlity is
directly influenced byts dynamic stiffnesst the tool center pointackof dynamic stiffness
may lead to unstable regenerative chatter vibrations which are detrimental to the
performance.The chatter vibrationsare influenced by the changing structural dynanoic
the machine as the tool moves along the tool path, resulting in pesitigimg machining
stability of the system. Evaluation of these varying dynamii¢ee designtageis a complex
process, oftenvolving the use of large ordeinite element (FE)nodels.Complexity and
computational costassociated witlsuchFE modeldimit the analyse$o oneor two design
concepts andtonly a few discrete positions.

To facilitate rapidexplomtion ofseveral design alternatives atadevaluae and optimize
each of theipositiondependent dynamic behavi@ generalized bottomp reduced model
substructural synthesis approash proposed in this thesi®\n improved variat of the
component mode synthesis methsdevelopedand demonstrated to represent higher order
dynamics of each of the machine tool components while reducing the computational cost.
Reduced substructuresith positiorrinvariant response are synthesizsdtheir contacting
interfaces using novel adaptations of constraint formulattongield positiondependent
response. The generalized formulation is used to evaluate the pasgfiendent behavior of
two separate machine toolsne with a serial kinemat configuration, and another with
hybrid serialparallel kinematics.

The reduced machine model is verified against full order models and is also validated
against measurements ingludingjoint characteristics in the model. The effects of position
andfeeddirectiondependent compliances on machining stability are investigated by using a
novel position and feedirectiondependenprocessstability performance criterion that
evaluates the productivity of machine tools in its entire work vollraeametes limiting the
target productivity levelare identified ananodified and the complete dynamics are rapidly
re-analyzedusing the developed modelSptimal design modifications are shown to increase
productivity by ~35%. The proposed metboi this theis enableefficient simulation of
structural dynamics, stability assessment as well as interactions of the CNC and cutting

process with the machine tool structure in a virtual environment.
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Nomenclature

@ Axial depth of cut
@ Feeddirectiondependent critically stabkexial depth of cut
A PA Coefficients of the characteristic equation
A Crosssectional area
cA,cB Represent the locations @ubstructures A and B that are connec

through the joint section

C, Linear translational damping coefficient
c, Rotational damping coefficient
F Displacement operator
E Modulus of elasticity
O Error in natural frequency prediction
O Error in dynamic stiffness prediction
f Total number of degrees of freedom (DOF)
"Q Natural frequency
Q Natural frequency of the full order model
Q Natural frequency of the reducedder model
f Generalized force vector
F(t) Cutting force as function of time t
F° Represents the vector of force and moment at locdtion each
substructuré&
Fe Vector of force and moment in the joint section at the conne

locations to substructui®

"ORO Cutting forces in the machine tool principal directions
"0 o Cutting forces in the feed plane
T Represents the aBeguemyp tespohse dunatic
matrix
h Represents the displaceméatforce receptance
h(t) Dynamic chip thickness as function of tine,
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Chapter 1 Introduction

The rapidly evolving nature of the global manufacturing environment makeseassary
for machne tool manufacturers to respond to the dynamically changing market and product
requiremats in a timé& manner. Moreover, as manufacturing paradigms continue to
gravitate towardsagility, rapid product output, shorter product development cycles and
higher productivity requiremen{$], machine tool builders can no longer afford traditional
time-andcostintensive sequentigroductdevelopment cycles

Evaluation and optimization of machine tools is a complex process. Most concepts are
evaluated against existing machsradrawing onpastdesign experiences, with little or no
incorporation offormalized analysis methodgithin the design proces3his is due to the
fact thatformal methodsre too timeconsuming to apply to more than one or two concepts.
This results in an evaluation prosesvhere superior concepts are often overlooked or
dismissed, resulting in inferior machine tool or costly modifications to a design late in the
design cycleMoreover, since up to 80% of the total {dgcle cost of a product is set during
the conceptualtage of desigri6], it becomesimperative that a systematic approach to
design and development be followeras to minimize the need for time consuming physical
prototyping.

irtual p r @ pramispgapproacbwherem the traditional timeandcost
intensive segential development process is replaced by an iterative process in which the
machine is rapigi anditeratively analyed and redesigned until performance requirements
are metsee Figre1.1. The increase in spe@d analysesallows for an increased numbeifr
concepts to be evaluated and optirdifer a given set of desig(performance)xonstraints
resulting ina higher quality conceptwhile simultaneouslyredudng the whole product
developmentime and cost significantly7].
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Figure 1.1Comparison of the traditional design process and the virtual design pfolcess

Performance of machine tools may be characterized by several different factors like
machinirg speed, accuracy and reliability. However, the performance noétni@in interest
at the machine tooldesign stages its achievable productivitgharacterized bynaterial
removal ratesThisis governed bynteractions between the cutting process amdsthuctural
dynamicsof the machineLack of sufficient dynamic stiffness at the tool center point (TCP)
may lead tainstableregenerative chatter vibratiarnChatter vibrations that are influenced by
t he machi ne t oo laéesetrichgntalto rthie perfananceé aml éentegrity of
entire machine tool systenfihese vibrationsesult in: poor surface qualitaccelerated tool
wear, damage of work piece and machine structural elemeansd, ultimately limit
productivity.

Machi ne t ool ressisdhg preduct of thesntodal sfiffness and damping of a
particular mode and is estimated @®+where™Qis the modal stiffness andis the modal
damping. Machine tool stability is governed both by the ttmbl-holder and spindle
dynamic characeristics and by the modal properties, i.e. the eigenfrequencies and mode
shapes of the machine tool structural elements. These modal properties in turn are a function
of the changing structural dynamics of the machine as the tool moves along the toml path

the machine work volumérhe global lower frequency structural modes that belong to the



major machine tool components exhibit stronger postiigpendent behavior as compared to
the more application specific and local higher frequency spindle antbtadiolder modes.
The positiorvarying dynamic response at the TCP results in posu#oging stability of the
system.

Knowl edge of the mac ing strectural dypdmicear heuwsedtar e 6 s
predict the cutting performance (i.e. chatterbsity and geometrical accuracy), and to
choose optimal values for the spindle speed and stable depths of cuts along the téok path.
large machine tools with large work volumes, the positiarying stability may require
planning dynamically changing rmaining trajectoriesi which pose its own set of
challenges; or, alternatively and more conservatively, it may result in selection of cutting
parameters below the lowest of all possible stability threshtildsgbyresulting in a slower
material removal procesBurthermore, e positiorvarying structural vibrations between the
TCP and servo driveasolimit the positioning speed and accuraxfya machine tool

The objective of the machine tool designer is to im&e the dynamic stiffness between
the TCP1 workpiece andhe TCP 1 drive motors while keeping the machine mass light for
high speed positioning and higinoductivity machining. Moreover, igh-performance
machine tools muséalso have consistently high dgmic stiffress over the entire work
volume tomitigate positiondependent stabilitin orderto minimize dynamically changing
stable machining trajectorieBvaluation and optimizaton &gmac hi ne t ool 6s pe
to deliverdesireddynamic behavior cer theentirework volumerequiresrapid assessment
of several design alternativesawirtual environment before eventual prototyping

Machine tool design and analyses involves the modeling of several subsystems by
including: the machine tool behavioralodel, the topological model, the kinematics model,
control model, geometric error model, spindle dynamics, thermal error model, process model,
workpiece attribute model and the fixture mofjl A comprehensive treatment alf such
models is beyond the scope of this present workhich is mainly concerned with efficient
positiondependent multibody dynamic modeling of machine toolsluding characterizing
the processnachine interactions via a stability model

Machine tools exhibit positiecdependency because of varying boundary conditions as
the tool moves along thedbpath in the machine work volume. This motion may generally

be achieved with a combination of linear axes motions for the case of machine tool with



serial kinematics or with change in the orientation, and/ or length of the parallel struts
supporting thetool/ workpiece platform for the case of a machine tool with parallel
kinematics. Alternatively, tool motion may also be achieved with a combination of serial and
parallel motions for machine with hybrid kinematics. Modeling positiependency for each

of these machines presents its own set of unique challenges. Thiglthedgpsgeneralized
flexible multibody dynamic machine tool models to predict the posdependent dynamic
behavior for all configurations of machine tools. To facilitate such aesj|ystual machine

tool modelsare treatecas a collection of interconnected rigid and deformable bodies, as
shown in Figure 2. Such a flexible multibody approach to machine tool modeling in which
all the major machine elements are modeled with FinikemEnts (FE)provides a
comprehensive and complete description of machine tools, as both large movements of the
bodies and structural deformations aredeledat the same time.

Joint

1 Spindle Housing

—

Force
Element

Table

Control
Device

Figure 1.2Flexible multibody model of a machine tool

The FE method fomachine tool design and analyses has proved useful for subsystem
level design and optimization. However, response analyses of full madamedels which
are typically on the order of 1,000,000 degrees of freedom (DOF) or more is computationally
costly aml can take up significant portion of the totalmputational effort required for the

design and analyses of machine td8fs Moreover, modeling positiedependency in such
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large order FE models requires cumbersome adaptinedshing strategies, making it time
consuming in pactice Computationgimesup to several days not uncommorto evaluate
the changing structural dynamics over the complete work voluaseshown in Figre 1.3
for atypical machine tool with 1,000,000 DOFs.

Response Analyses ~ 20 hrs/ position ~ several _
for Machine Tool (large FE modelks) positions days/ months.

Detailed Design
and Physical
Satisfied? Prototyping

Figure 1.3 Typical computational effortg@ired for positiordependent machine tool

response analyses

Positiondependency caalternatively be modeled using esimulation techniques in
which FE solvers are coupled tmmmercialmultibody simulation codefl0]. However,
these cesimulaions are time prohibitive, and alenited to modeling machine tools as a
combination of rigidflexible bodies in contact; hence, are not completely able to capture the
effect ofcomponent levdiexibilities on theoverall TCP response.

To facilitate a computationally efficient modeling alternative to model position
dependency of machine tools in place of the presently used time consuming full FE models
by the designerss bottomup approach based on substructural synthesis of flexibleed
models isproposedin this thesis Main machine componentare representetby their
positiorrindependent reduced substructural modetsch aresubsequently synthesized to
obtain positiordependent responsdhis bottomup approach also known asdynamic
substructurings a way to obtain the structural dynamic behavior of large and/or complex
structures by dividing them into several smaller, simpler substructures (or compdaoents)
which the dynamic behavior is generally easier to determine. Thenilyhaf the total
structure are then obtained by assembling the dynamic modelsiotitielual components

at a desired positiofsincesulbstructuralreduction is carried out offline prior to synthesise



only serious computational effort is that required to solve the reduced synthesized equations
of motion, thereby leading to significant computational savings.

The substructural synthesis is akin to a generic component mode syr{{DBER
approach11], wherein each substructure modeled with FE is reduced to be represented by a
set of interface (exterior) DOFs complemented by a set of geregta(imodal) DOFs
corresponding to the interior DOHSor reduced models to have a manageable size, while
retaining the essential dynamic characteristics of the full model, a major challenge with the
CMS approach is to identify the number of med®m the ndividual components to be
retained.To address this, a novel method to judiciously select only the significant modes that
simultaneously represent higher order dynamindkeepthe size of the reduced modela
minimum is proposedin this thesis.Furthemore, ageneralized frameworko incorporate
mesh incompatibility at substructural interfaces is presented by describing displacement
compatibility betweerthe adjacentreducedsubstructures with sets of algebraic equations
These constraint equatioaseupdated to account for relative motion; thereby simulating the
positiondependent response.

The accurate prediction of dynamic performance of machine tools at the design stage
remains a challenggue to the difficulty in modeling joints within the FE émmnment Joint
characteristicgiepend on parameters like contact surface conditions, friction and damping;
andsince about 60% of the total dynamic stiffness and about 90% of the total damping in a
machine tool structure originates at the j¢ir#t]; joints must necessarily lm®nsideredn the
model Detailed and accuratanodeling of the joint characteristics in machine tools is a
separate and important research issue, and has been the subject of many pagoagd on
research invegjations [13i 15]. However due to the variability in the multitude of
mechanical interfaces in a typical machine tool, this becomesringai. High fidelity joint
modelingis not themain focus of this thesishowever for the sake of completeness of the
proposed multibody machine tool model, joint characteristics are obtained by using a two
stage substructural synthesis approaomtXharacteristis between the tool, the teloblder
and the spindlare identified using a dynamic substructuring apprpact other contacting
interfaces are idealized as being connected by spring elements, damping for which is
obtained by correlating model predictedponse with measured response.



The current research aims to address the aforementioned challenges by developing a
generalized andomputationallyefficient flexible multibody dynamic approach to modeling
of machine tools to predictheir positiondependat dynamic behaviorA generalized
approach is sought which may be able to handle any kinematic configuration, including
modeling machine tools with parallel kinematickhese virtual models will be further
utilized to assess the positiwarying machiningstability of the system by modeling the
processmachine interactions andenerating productivity charts thatharacterie the
productive cutting conditions within the entire machine tool work volubhe. productivity
charts quantify the speeddependentibsolute stable depth of cut for every tool position
within the machine work volume by also factoring in the dependence of machining stability
on tool path/posture relative to the dynamically most compliant direction. These productivity
charts in turn willform the basis for assessing machine tool performance by evaluating a
given machine tool design concept for its ability to meet aggressive cutting conditions while
machining/milling representative workpiece materials.

The choice of workpiece materi@ be machined governs the selection of cutting/spindle
speedswhich in turn influenceshe range of excitation frequenciddodes around ttse
excitationfrequencies are typically prone to being ssitited during machiningnd may
limit the productiwe cutting conditionsMilling of difficult -to-cut materials such as hardened
steelsis carried out at lower cutting speedsd tends to generate excitation frequencies
below 200 Hz therange correspomayg to the global structural modes of the machine.tool
Whereas, milling ofree machining steels and light alloys generates excitation frequencies in
the range of 20500 Hz, which correspond to the spindle and-tool-holder modes.
Therefore, if the machine is to be conceived for milling hard matetiasstability of the
process is dominated mainly by the modal parameters of the machine structure, whereas if
the machine is to be conceived for machining light alloys, the stability is dominated by the
modal parameters corresponding to the spindle aneddobholder componentd.6].

Though the models developed in this thesis are generic, in that they may be used to assess
the performance of machine tools for varied applications, the design evaluation and
optimization will be limited to the case of machines envisaged for machininguttiio-cut
materials, and for the situation where thedes limiting the productivity correspond to the

global structural modes of the machine which exhibit strong posioying behavior.



Furthermore, the effects saryingworkpiece dynamics, both the case of large workpieces
as well as thirwalled workpiecesare ignored, and major positimarying behavior is
assumed to be due to the machine alone.

A flow chart of the overall scheme which facilitates rapid evaluation and optimization of
a machinet o ol 6 s -dgpendenttperformands shown in Figure 1.4For a given
machine tool concept and defined aggressive cutting conditions the productivity charts are
generated and the parameters limiting the target productivity levels are iderittiese
parameters are thesubsequentlymodified (optimized) to meet design targetsing the

virtual multibody dynamic multibody dynamic machine tool models that are developed.
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Three design modules are proposed namely: the improved reduction method, the
generalizedsubstructural synthesis algorithnand the prformance evaluation metrics
through characterizing achievable material removal r&estogethertheyform a platform
for virtual simulation and optimization of machine tools

Though o6virtual prototypingdé inheretmtly as
assess the qualitf thevirtual models developed in this theaisd to ensure that the models
arephysically relevant, the developed models are validated against measurements on similar
available physical prototypes. Furthermore, since model validation necessarily requires the
inclusion of joint characteristics in the model which involves measuremelangbing from
experiments, experimental modal analysis is carried out on the available physical prototypes,
and this information is used in virtual model development. Since modeling/identification of
machine tool joints requires damping to be measurad,assumed that this information is
available with the designer.

Methods and models developed in this thesis are meant to aid the machine tool designer
to efficiently explore several design alternatives during the initial stages of design and
developmentThe developed models are judged adequate as long as they are reasonably able
to capture behavior of the more detailed full order models. The developed models are meant
to enhance engineering decision making prior to physical prototyping, and as such, the
models will find limited applicability irestablishing experimental guidelines based on model
predictions.

The rest of the thesis is structured as folloisst, a review of related literature is
presented in Chapter 2, providing a backdrop based on thle of other researchers to
evaluate methods presented in the subsequent chapltegter 3 presents tlgeneralized
reduced model substructural synthesis approach to model pa$sipemdency. At first
methods to model the substructuradmponentsare dscussed, followed by dynamic
substructuring. An improved substructural model order reduction scheme is presented and
subsequently verified against full order moddike reduced substructural models are then
synthesizedt the desired configuration usingvel adaptations of constraint formulations

In Chapter 4, a joint identification algorithm is presented to identify joints between the
tool, the toolholder and the spindle. Also, discussedjoint modelupdatingtechniques to



model the bolted conneotis as wellas the rolling and sliding contactslodel predicted
response is validated against measured resgonadypical three axis machine tool.

The generalized modek extended to model and evaluate the posiiependent
dynamic behavior of twgeparate machines with different kinematic configurations. First, a
typical three axis milling machine tool is modeled and validated against similar available
physical machine, which forsnthe contents of Chapter 5. Position and fdedction
dependenprocessstability is evaluatéto gaugethe productivity of this machine in its entire
work volume.Modes limiting productivity are modified and design optimizations are shown
to increase productivity adhemachine by as much as 35%.

As a secondary application discussed in Chapter 6, posiipandency of a unique
hybrid serialparallel kinematic machine is modeled to evaluate its potentially superior
dynamicalbehaviorover traditional serial/ parallel kinematic machinggice the gnamic
stiffness inherently changes with position for machine tools with parallel kinematics, a rapid
assessment of the influengéthe change in dynamic stiffness on the machine capabilities is
essential at the design and development stage for new raaciwharchitectures. This is
greatly facilitated by extending the developed multibody dynamic machine tool model to
evaluate this new concept by includingew method to model the simultaneously changing
boundary conditiongor the parallel struts undeagng translation andotation. In the final
chapter, concluding remarks and future research directions are discussed, followed by the
bibliography.
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Chapter 2 Literature Review

2.1. Overview

Themainobjectives of this thesisare to modethe positiondependat dynamics observed
in machine tools and develop models thatilitate rapid evaluation and optimization of
several design alternatives. This chaptarewsthe literaturerelevantto the objectives of
this thesis.

At first, multibody dynamic model$éor machine toolsand their extensions to model
positiondependencyre discusseth Sections 2.2 and 2.8ince the dynamic substructuring
approach proposed in this thesis reliespnthesizingeduced order models, a review of the
relevant model order redtion schemes is presented in Section 3ekttion 2.5 examines
existing methods to jot modeling and identification. This is followed Section 2.6y a
discussion orliterature relevant to processachine interactionsvhich result in unstable
machinetool chatter vibrationsSection 2.6 also includes a discussion on evaluation of
machine tool performance based on their position anddgedtion dependent machining

stability.

2.2. Modeling Machine Tool Dynamics

Modeling of machine tool dynamics primarilyvolves obtaining the dynamic response
at thetool center point (TCPR)For this,the machine may be described bgiaple lumped
parameter model concefdi7i 19]; or the machine model maye derived from modal models
[20i 22]; or the machine may benodeledbased on statef-the-art finite elementmethod
representatiofi7,16,23 32].

Simplistic umped parameter moddlL7i 19] cannot completely capture the complexities
of the entire machine tool systef@n the other hand, edal modelsvhich are reconstructed
from experimental modal analysis of physicahchine toold20i 22] though accurate are
restricted to characterizing only the measured machine; and may not easily be extended to
model a different machine configuratidnring design proces3he preferred contemporary
approach is thus to describe the machine using fireteemt (FE) modelsThese models are

efficient for subsystem level design analyses such as modeling efcball feeedrive
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systemg24i 26], and spindle$27,28] FE models for full machine analyses have also proven
to be wuseful for structural modification based on proceashine interactions
[12,16,23,28,29,3133], as well as for contredtructure interaction studi¢30,33 36].

2.3. Modeling Positionr-dependency in Machine Tools

Positiondependencyf machine toolss caused by positiemarying boundary conditions
as the tool moves along the tool path. Tool mqtimade possible by different kinematic
configurations further influence the positiondependent behavior. This behavior, whether
for machinetools with serial or parallel kinematics generally modeled either by describing
the machindy aFE mode] or, by aflexible multibody dynamic model.

Modeling positiordependencywith large order FE models requires cumbersome
adaptive/ remeshing striegies for response analysies each discrete positiowithin the
work volume making it time consuming in practice. A multibody dynamic model on the
other hangdtraditionally uses a rigid body description of the machine compgnanths
appropriate tabtain quick and rough prediction of machine behavior; this, however does not
capture the effect of body flexibilities on the overall response of the machine; nor does it

completely account for the influence of kinematical configurations on posigpanéncy.

2.3.1. Serial Kinematic Machine Tools

Recentmethods to model positietlependency in machine tools with serial construction
have focused omsing cesimulationschemes in whiclFE solversare coupled to standard
flexible multibody dynamic analysis softwea37i39]. A good overview ofhow co
simulation schemeare used for the modeling and simulation of the dynamic behavior of
serialmachine tod is providedby Reinhart andVeil3enbergem [10]. Theseco-simulation
methodq10,37 39] have been shown to be effective for riffieikible body motion analyses
and are less suited to the flexible bodies of a machine undergoing relative ritureover,
these cesimulations are time prohibitive, andearestricted to flexible bodies attached at
geometrically fixed contact points, hence not suitable for flexible machine tool structural
elements undergoing relativplanar (translational)motion; which consist of multiple
geometrically changing contapbints that change as the tool moves from one position to

another.
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Other methods related to modelitige positiondependent dynamider serial machine
toolshave largely centered on reducing the moving contact problem to that of a rigid body in
contact wih and moving over a flexible body with uniform nodal spacirg for bodies in
contact that satisfy single set nodal compatibility condit{@s40,41] Positiondependency
for multiple flexible bodies in contact watso modeled if24,42,43]for a simplified singt
set nodal compatibility condition. Increasing modularity in the machine tool development
process often requires substructures to be designed and modeled separately, resulting in
different mesh resolutions at the contacting interfitat may not satisfygodal compatibility
conditions Ensuring mesh compatibility during synthesis for such models which are
simultaneously in contact over multiple nodes is difficult to guarantee, and if this condition
was not necessaiymodeling time could be halved, asiestted in[9].

Substructureshat are modeled independently and result in different mesh resolutions at
the contacting interface during synthesis may be coupled by approximating the displacement
field at the interface using a shape function formulation as proposgtiii6]. These
methods ensure displacement compatibility at the interface by using the shape function
definitions of the adjacent elements being mled and can be quite cumbersome. To
overcome these issues, Zaiaret. al.[9] proposed a dynamic substructuring approach to
synthesize substctures with incompatible mesh types.similar dynamic substructuring
approach was also proposed by Fonsed&4m 7], however, it was limited to substructural
synthesis for uniform nodal distributions at the coupling interfaces.

An alternate and powerful frequency based approach to model pasfp@mdency
based on the scalled receptate coupling substructuring approapt8,49] in which the
receptances of two independently modeled substructamesynthesizedto obtain the
combined response is also limited to the case of single set nodphtbility and hence is
not directly applicable to machine topis which substructures are simultaneously in contact
over multiple nodes and may not have nodal compatibility at the interface

Different than the standard finite element methodseromes free (meshless) methods
may satisfy the nodal compatibility criterion during substructural synthideswever these
mesh free methodare reported to be slower than the standard finite element migbpd
hence, are not suitable for the present applicakitmmreover, such mesh free methaae still
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in their nascent stages afevelopment and implementatijoand as such, find limited

applicability in the modeling of machine tools.

2.3.2. Parallel Kinematic Machine Tools

Since highperformance machine tools are required to have consistently high dynamic
stiffness over the entire workolume, nimbler parallel kinematic machine tools with higher
dynamic stiffness capabilities are generally prefer&dce springs in parallel are known to
be stiffer than springs in series; machine tools with parallel kinematics have a higher
dynamic stifness than machine tools with serial kinematics. However, as compared to
machine tools with serial kinematics, machine tools with parallel kinematics exhibit stronger
positiondependent dynamic behavif%l]. Though parallel kinematic machines have been
studied extensively to identify their optimal kinematic configurations from a design point of
view [52i55], their dynamics, which are known to vary considerably within the work
volume, have been less investigalgd,56,57] The cesimulation techniques thatve been
applied for serial machine tod]$0,37 39] find limited applicabilityfor machine tools with
parallel kinematicssincethese machineachievetool motion by a change in the orientation,
and/ orlength of the parallel struts supporting the tool/ workpiece platfeasulting in
flexible bodiesthatundergo simultaneous translation and rotatiom.exploit the potentially
superior dynamic behavior of machines with parallel kinematics, it is negdeseonsider
the positiordependency of the system at the design and development stage.

A review of the relevant literatufer machines with serial as well as parallel kinematics
shows clearly that there exists a need for a generalized approach to muakgtion
dependency whickreatslarge movementétranslation and/ or rotatiorgf the bodies while
including body flexibilities, i.e. structural deformatioasd being computationally efficient
at the same timeTo facilitate a computationally efficiemhodeling alternative to model
positiondependencyfor both types ofmachine tools in place of the presently used time
consuming full FE models by the designers, a botipnapproach based on substructural
synthesis of flexible reduced models is proposethis thess; including a novel method to
model the parallel struts undergoing rotatidiso, a generalized framework tolerating mesh
incompatibility at substructural interfaces presented by describing displacement
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compatibility between adjacent sulstiures with sets of algebraic equations, which are

updated to account for relative motion; thereby simulating the posigpendent response.

2.4. Model Order Reduction for Machine Tools

Modeling machine tool with finite elements results in very large ondedesk, i.e.
models with very high (~1,000,000) number of DOHR$ese large order models are
necessary to capture the topologiaatd geometrical features gufficient detail. However,
response analysis for such large order models is computaticpatly, making model order
reduction anecessary consideration for efficient flexible multibody dynamic simulations
Reduction is typically characterized bywujectiontransformation from a higher order space
to a lower ordesulspacewith the goal of r&aining original system characteristics with far
lower storageind computationakquirements

Model reduction methods to obtain the transformation matrix in structural dynamics can
broadly be categorized as: physical methods, projedtiorid) methods, generalized
coordinate reduction methodand modal methodsA detailed review on model order
reduction techniques can be found[1b,58 60]; the following discussions treat only the
most relevant methods to this thesis.

Modal methodsof model reduction, otherwis@opularly also known as balanced
reduction and/ or proper orthogonal decompositieethods[61i 63] require converting the
large scale second order ordinary differential equations obtdioedthe FE model to a
linear first order statespace modelln the case of the balanced reductiorthod[63,64], the
systen is transformed to a basis where the states which aBxulti to reach are
simultaneously decult to observe. Then, the reduced model is obtained simply by truncating
the states which have this propertyhoughaccurate the modal methodsre less suitetb
the present case for two reasotiey result in anncrease in the size of the system from a
second order to a first order state space decompositiorheradise¢he reduced basis may
not necessarilype associated witlthe physical coordinates of thatérface DOFswhich is a
requirement fothe bottomup substructural synthesis approach followed in this th8gise
substructuregare to be synthesizamhly at the contacting interfaces, it becomes necessary to
reduce each individual substructure otdyDOFs corresponding tilne contacting interface
Hence thereduction procedure involves eliminating a subset of DOFs thendisplacement
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vector, by partitioning it into the DOFs to be retained, i.e. the exterior /interf2®&s,which
are in physicalcontact with the other substructure(ayd, the DOFs which are to be
eliminated, i.e. the interior DOFs

Physical methodsf model reductior{15,65 67] involve eliminating the interior DOFs
such that the coordinates of the reduced madelthe exterior DOFs represent only a subset
of the full model.The simplest of this class, tlsatic condensatiomethod also known as
Guyan reductiorni65] is unable to represent higher ordgnamics since effect of the inertia
terms corresponding to the interior DOFs are not consideredodified form of the static
condensation ithe dynamic condensation method in which the inertia terms are considered
at an appropriate initial frequency, tbloice of which is nottrivial [15]. To overcome the
shortcomings of the static and dynamic condensation methods, an improved reduction system
(I1'RS) was pr op d66leldS peryurbQrte Gtatit traasforanation by taking into
account the inertia terms as psewtatic forcesThough the IRS method offers a significant
improvement over the static condensation method, the IRS still depertthe reduced mass
and stiffness matrices obtained by static reduction. In orderirionize the error produced
by this scheme, IRS could be extended to the iterated IRS m@FRpdrThe iterated IRS
algorithm was shown to converge {teld eigenvalues and eigenvectors of the full system.
However, it results in a stiffer reduced system. Though the above discussed physical methods
have their advantages, they are heavily dependent on the choice of the exterior DOFs, and
yield problems whn the exterior DOFs are clustered to one region of the substrucsre
they are in the case of the exterior DOFs representing only the interface DOFs in the present
case.

The gneralized coordinate reduction meth§®8,68] offer an alternate form of model
reduction which is independent of the selection ofakierior DOFs Of these methods, the
System Equivalent Expansion Reduction Process (SEREB) r esul t s I n i e
representation of the full order model upto apfedened fr equency range.
SEREP is computationally inefficient since it requires computation of the eigenvectors of the
full order model system of equationélternatively, the Ritz vector methodvhich is
computationally more efficient thateput i ng t he MfAexacto eigenve
However, the dynamic equations of motion of the reduced model obtained from Ritz vector

methods are generally couplg®].
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Projectionbased model order reductiomethodsnclude methods such as the Component
Mode SynthesisGMS) andits manyvarians [11,60]. Most application®f CMS employ one
of the two approachesthe fixed-interfacemode methodsor, the freeiinterfacemode
methods. The formeralso known as the Craiampton reduction methods the more
widely usedform of the CMS methoddt employs fixedinterfacecomponennormal modes
and constraint moddsy retaining all physical boundary DOFs as independent generalized
coordinates, greatly facilitatingubstructuring and hence forms the b&sigshe model order
reduction scheme employed in this thedike constraint modes agmilar to the static
concensation method (Guyan reductipignoring any inertial contributionghe IRS based
reduction was combined withby Koutsovasilis[69] to include inertia terms.Further
discussions on definitions of constraint modes and component normal modes are addressed in
Chapter 3.

The effectiveness of the CraBpmpton methodis still heavily dependent on the
definition of exterior DOFs and the number of component normal modes ret8ined the
number of exterior DOFs is fixed by the definition of DOFs belonging to the contacting
interface, we shift our attention teterminng the number of component normal modes
representing the interior DOFs which need to be retained.

A major challenge with the CMS approach is to identify the number of mode sets from
the individual components to be retainadorder to capture the essehtiynamics without
increasing the model siz&Jsually, either the first few low frequency modes; or modes with
an eigenfrequency up to 1Z5times the maximum excitation frequency are retafiiéyl this
however may increase the size of the reduced model. Moreover, it may not be sufficient to
represent the flexibilities of substructures using only a single mode set for each component
due to their positiotvarying boundary conditionfgl1]. An accurate representation of the full
frequency spectrum while retaining computational efficiency requires answering the
following questionhow many and which modes of the subsystem need to be retained?

Modal methods of modeekection[71,72] that arebased on oO0domi nance
involve sorting and ranking eigenvalues of the system in order of their importance
(dominance) als@equire decomposition into a lineastatespace model, seilting in even
larger system matricedience are not preferred he@ther methodg$70,73,74] sort and

retain the most significant modes based on the strength of interaction between the subsystem
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and the main systenm the present situation, as om&chine tookubstructure moves over
another, thes methodg70,73,74]may result in identificgon of different significant mode

setsfor different positions, due the nature of the changing interacfidns.is contrary to the

objective of synthesizing substructures that have positizeriant response.

A mode selection criterion was alpooposed by Park if¢5]. While being reliably able
to select important modes, their tdpwn approach was based partitioning of already
mesheccontinuums into substructurdbusresulting in a conforming mesh at the interfaces.
Hence, is different than the generalized botigmapproach followed in this work such as to
synthesize substructures which may have bewmeled separately and may have -non
conforming mesh distribution at their interfaces.

Alternatively, suitable subspace dimension determination may be carried out using an
adaptive refinement method g@sirsuedin [76], wherein modes were included/excluded
iteratively from each subspace depending upon posteriori error estimates of each CMS
subspace influenced the error in the synthesized reduced model. Though automated, it is
computationally expensive and inefficten

To address #above mentioned issyesd to develop substructural reduced models that
have positiofinvariant responsthat are able to represent the essential dynamics of the full
system it is essential to retain only the significant component madeach substructure. To
acheive thisanovel mode indicatoiunction (MIF) based identification criterion is proposed
in this thesis which identifies modes simulated frorfreguency response functiqgikRF)
constructed between the most controllable abservable locations within the subset of the
interior DOFs. FRFs are preferredh this investigationbecause they provide complete
information about a systemds dynamic behavi
stiffness, damping and natural frequencies of the systBemode setthus identifiedwith
the MIF from the simulated FREre treated assignificant These modesre expectedto
represent higher order dynamics of the substructure while keeping the order of the reduced
model to a minimum by spanning a much wider frequency range with fewer modes than
would be required with standard CMS methas discussed in Chapter 3

Each reduced substructure is combined with the other substructures to obtain the
combined response. During synthesis of the substructures, joints between the substructures

also need to be modeled.
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2.5. Modeling and Identification of Machine Tool Joints

A typical machine tool includes manypesof joints, each with different characteristics
that affect the overall machine dynamic response differéftlgbolted connections between
structural membersthe connections between thguideblock and rail and between ball
screw and nutand the bearing suppoiitsall have varying degrees of influence on the low
frequency TCP response; whereas the high frequency TCP behavior is more influenced by
theinterface connections between theltand tootholder, and between the teloblder and
the spindle respectively

Joint characteristickor each of thesaterfacetypesdepend on a multitude of parameters
like preloads, contact surface conditions, bearing types, friction, and danrgomgnation
about which is seldom available at the design stagding joint modeling noitrivial in the
FE environment. fie joints, if unmodeled, often result in deviationsin the response
characteristicketween the virtual model and their correspongihgsical prototypes, Figure
2.1.

Virtual Enviroment Actual Structure

Static/Dynamic Direct ipi
Analysis Measurement 47 ==

LV Deviations J

Unmodelled Joints

Figure 2.1 Deviations response&ue to unmodelled joints

Since the fundamental barrier to accurate predictive structural dynamical models is the
variability of the mechanical interfaceseveral accurate but complexodels have been

developed to approximate the bolted connections, and the connections between the guide
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block and rail and between baltrew and nu{32,77 85]. The contact stiffness at the
contacting interfaces between the gdldeck and the guideail, and between the badcrew

and nut deperglon the preloadthe contacting surface preparatioghe number of contact
points between the ball grove and the raceway as well as the profile of the bgllghas
beentreated insufficientdetail in[32,77 80]. Nonlinearities inthese translational jointdue

to preload andhe nature of cotactwere also treated i{80i 83] based on a parametric model
and Hertziarcontact mechanicé\n interesting approach to jointodelingfor these interface
typeswas also proposed by Guo et.ial[84], in which a FE model of the whole machine
tool was used in conjunction with a lumped parameter machine model to obtain joint
stiffnes®s from dedicated detailed modal testing on the asseimbhchine tool structuré.
detailed comparison of several methods to model bolted connections in machine tools with
FE modeling was also discussed8s].

Overall, though significant advances have been made in modeling these jointi.g/pes
the bolted connections; connections between the duatdk and rail and between baltrew
and nut;and bearings suchhigh fidelity joint models necessarilgquire several dedicated
experimentsfor validation accompanied bgletailed FE modeling of the joint interfaces,
making it difficult to extend for all such joints in a complete machine thlireover,
regardless of the joint type, damping must always be measured from experiments and in turn
beused to update the FE moddtich is typically modeled without damping.

Several studies have therefore focused to address identification of joint dyramics
updating the finite element modebm experimentdased on direct and/or indirect methods.
The following discussions outknsome of the most relevant methods to this thesis, and more
comprehensive reviesismay be found i113,15,86]

Direct method®f finite element model updatir{§7,88] are based on updating the global
assembled~E matricesin a single step resutty in new system matrices which may have
little or no relevance to the physical test structure. The direct methods were superseded with
sensitivity based method89] which required determination of the sensitivity of a set of
updating parameters (typically the springs coupling different substructures) to differences in
dynamc behavior between numerical/ analytical and experimental ddtese methods
which are iterative in nature abased either on measured modal data or measured &fRFs

require direct measurements at the joints and are thus impractical due to thesibaitges$
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the joints in assembled machine tool structuFesthermore, all updating techniques pose
difficulties in matching the order of the measured and simulated models; and also that
measuremerdata is sometimes incomplete and that it may be c@uupy noise.

An alternate to the direct joint identification technique is the fstage mapping
technique[90,91] In this technique, the force transmitted by the joint is represented as a
function of the displacement and velocity of the joint, i.e. as a function of the full mechanical
state of the joint. This allows ratkependent effects associatedhathe jointto be identified
Though powerful, the forestate mapping technique necessitates several dedicated
experiments, making identification very cumbersome.

Hence, indirect methods of identification through the recepthased approaches find
favour. The receptance coupling (RC) approaobuples experimentally or analytically
obtained FRFswhich are subsequently used trive the response of the assembled
structure. The RC method has been successfully employed to couple the receptances of
different machine components and obtain FRFs at the[92I@5]. Effective deployment of
the RC method requires measurements of the rotational FREkd) are difficult to measure.

Park and Altintag93] used the RC method to extract the rotational FRFs of the tool and the
tool-holder by performing two sets of measurements on the blank tool.

Within the same family of the RC methods, dec al | ed Ai nverse recep
(IRC) method has been employed to obtain the joint properties between different
substructures by using the dynamics of the assembled structure along with the dynamics of
the subcomponen{82,96] In the IRC method, the dynamics of the assembled structure and
subcomponents are employed to obtain the joint properties between different substructures.
Since thelRC method requires measurements of the substructural dynamits un-
assembled configurationdt is difficult to extend to the case of the entire machine tool
systems A machine tool is seldom available in its unassembled state to perforsfrdece
experimental modal analysa its substructures; and even if it is, measurements require time
and cost prohibitivexperimentaplatforms to be built.

To incorporate joint characteristics that possess physical fidelity and that are sufficiently
simple ofform, such that they can be easily integrated into virtual machine tool madels
two-stage substructural synthesis approach is followed in this thesis. At first, response at the

spindle nose is obtained from the substructurally synthesized reduced mawddetby
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idealizing joints between the various structural components of the machine as connected with
linear springs; damping, for which is incorporated by correlating model predicted response
with measured respons@&s a second stepesponse at the spile nose is synthesized with
the tool and toeholder response by formulating #RC approach which identifies the joint
characteristics between these interfaces. The IRC method overcomes the barrier of
identifying joint characteristics even where they re@ndirectly be measured. This, along
with using the virtual machine tool model reduces the need to perform several dedicated
measurements that were required in earlier studies to obtain translational, and, the more

difficult to measure rotational frequegncesponse functions.

2.6. Evaluation and Optimization of Machine Tool Performance

The substructurally synthesized reduced machine models that are developed in this thesis
allow for efficient prediction of the positiedlependent dynamic response at the TQiRs T
further facilitates rapid investigation of the performance of the machine tool based on
evaluating its positiowvaryingchatterstability within the work volume.

Chatter, an artifact of processachine interactiongesults from the regeneration of phi
thickness during the cutting procg83]. As shown in Figre 2.2, it is possible that during
cutting, the cutting force signal has enough energy (frequency) content within it, that it
excites one of the structural modes of the magchiasulting in modulation of the chip

thickness

* -

&= @ = @

Cutting process Machine tool dynamics

Forces

Displacements

Figure2.2 Processnachine interactions
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A bl ock diagram describing the sshavhmmods d)
Figure 2.3, which includes a simplified 2 DOF representation of the milling system and a
representation of chip moddlans. The wavy surfacebeing left on the workpece bythe
cutting tooth in contactknown as the inner modulation, decreases the dynamic chip
thickness, shown dxt) in Figure 2.3, while thevibration marksleft from the previous pass,

y(t 1 T) known aghe outer modulation, increases the dynamic chip thickmésseT is the

time period between two successive teetter&fore, when there is a phase shift betw#égn
andy(t 1 T), the dynamic chip thickness varies at the frequency of vibration aneé<r@at
vibrating cutting force R which could amplify the vibration of the tool. If the energy
diverted from the machining process by chip thickness variations is larger than the vibration
damping capacity of the structure, the amplitude of the vibratwiisgrow until the
vibration amplitude is large enough to make #mtire dynamic system unstable, possibly

resulting in tool breakage and damagé®workpiece andchachine.

Milling Process:

v

Workpiece

| Tool Dynamic Chip Thickness:

h(t) = by =[y(®) - y(t-T)]
h(s) = hy = [y(s) — e y(s)]

hols) 4 h(s) Fe(s) 1 I yls)

><f 3 Ka —:— D (s) -:——>
e e e = I
y(s) Inner Modulation ® (s) — Position
dependent
Yols)  Outer Modulation .

e-Ts —

3

Figure2.3 Blockdiagram representation of chatter in milling with chipdulations
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Modeling these processachine interactions for the purpose of predicting the onset of
chatter in machining has been the subject of investigation for several decades. A good review
of chatter may be found if98]. The prediction of chatter stability requires the modeling of
dynamic chip thicknessa cutting force model, workpieawaterial properties, cutting tool
geometry and most importantly, a dynamic model of the machineither measured or
model basedOf these parameters, of paramoimportanceto the machine tdadesigner is
accurate prediction of a machineds tool poin

Design optimization o$tructurego evaluate and subsequently enhance dynamic stiffness
has beerthe focus of many past studigk7i 20]. Early work by Tlusty[20] was based
partially on a processachine interaction approach to machine desigmwhich chatter was
proposed as a metric to evaluate the productivity of a typicalng machineReddy and
Rao[17], and Rao and GandHil8] proposed design optimization methods for minimizing
the total weight of the stoture under the constraints cbu as static rigidity, natural
frequencies, and regenerative chatter stabilfpshimura et. al.[19] used simplified
structural models in order to minimize manufacturing cost of machine under constraints of
machining accuracynachining productivity, and local deformations of structural members.
Rahman et. al22] also used stability charts to evaluate the effect of different materials for
the machine base on the performance (productivity) of macbois. These methodEL7i
20,22]though effective g upon simplistic lumped parameter modelsddficult to obtain
modal modelsMore recently, Catania et. gR1] proposed a hybrid model in which an
experimental modal model of the machine was combined with analipéeah models for
the tool to predicand evaluate machine performance ofatter stability Recent studies
[16,31,32,99,100have also used more detailed fnielement models of the machine to
assess machine tool performancea stability model.

Since evaluation and optimization of machine tools is a complex process, there exists a
need for a rapid assessment scheme of several design alternatives befra ehgsical
prototyping. Moreover, since the machine exhibits positiependent dynamic behavior
which results in positiolependent stability, there also exists a need to evaluate the machine
performance within its active working volumehe computatioally efficientsubstructurally
synthesizededucednachinemodeldeveloped in this thesfacilitates such evaluation
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It is well established thathatter stabilitydepends on tool geometry, cutting conditions
and on the machi nwalesas d isrneasnknogyn ane comsequestly jess
investigated that chatter stability also depends on tool path/ posture relative to the
dynamically most compliant directioA multi-degreeof-freedom machine tool may chatter
in any of its dominant modes. Treffect of each mode is determined by its dynamic
characteristics; andyhether or not the mode is aligned with the principal machine tool
directiors. Stability is further governed by the projections of these modes into the feed
directions which must alsde factored in during evaluations thfe attainable productivity
within the entire machine work volume

Polar plots, which are a convenient measure to quantify thediesttion dependent
stability, were used in early studies blusty in [20]. These plots chart the speed
independent absolute stable depth of cut as a function of feed orienta860 OTlusty
[20] utilized these chartto determine the leagompliant direction for differentnounting
orientations for the tool post in the case of a turning machine; which was laiesigaed to
increase its dynamic stiffness the direction of the most complaint modghamotoet. al.
[101,102]proposed a somewhat similar stability index to optimize tool path/ posture to avoid
chatter vibration in the case of balhd milling with different tool inclinationsna also in the
case of turning to determine optimum tool feed anglesich like in[20]. Zuliakaet. al.[16]
also usd the feeedirection dependent stability criterion to investigate effects of structural
modification on feedlirectional compliances in the case of a milling machiuéc and
Altintas [103] also investigated the effect ohmatched spindle dynamics on fedicectional
stability and suggestdthvingmatchedspindle dynamics to have near uniform felaction
dependent stability.

In this thesis, the work presented[103] is advanced to propose a generalized feed
directiondependent stability criterion to characterize machine performance by its position
and feeddirection dependent stabilityThis criterion also identifies parameters and
components which limit target productivity levels. These components are subsequently
modified to result in an improved machine concept that delivers target performance

requirements.
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Chapter 3 Modeling Positiondependency in Machine Tool$

3.1. Overview

A new generalizedbottomup method isproposedn this chapter in which substructural
elements of the machine tool that have position independent response are reduced
independently and combined subsequently to olpasitiondependentlynamicresponseA
schematicoverview of the proposed reduced model substructural synthesis formwation

its development in this chaptsrshown in Figre 3.1.

Independent of Tool position
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Section 3.2 Section 3.3-3.4 Section 3.5-3.6 Section 3.7 Chapter 5

Figure 3.1 Reduceahodeldynamicsubstructuring

A three axis vertical milling machinevith serial configurationis selected as the

representative machine to be modeled and analyxeérst, from a given3D Computer

1 A version ofthis Chapterhas been published as Law, M., Phahi S. and Altintas, Y., 2013, Position
Dependent Multibody Dynamic Modeling of Machine Tools Based on Improved Reduced Order Models,
ASME Journal of Manufacturing Science and Engineering, Ya56(2)[1]
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Aided Design (CAD) model of the machine under investigati@nrepresentative thresedis
vertical machining centerthe machine is partitioned into its various substructural
components.Following partitioning, ach of he main substructural components tfe
machineis modeledn FEin Section 3.2.

Substructural leveinodel reductiorwill be carried out using an improved variant of the
component mode synthesis method in SectionRe8uced substructures are synthesized at
the contacting interfaces by ensuring displacemsarhpatibility by sets of algebraic
constraint equationswhich is treated in Section 3.4Synthesis is carried out witlwo
constraint formulationsfollowed by two numerical methods to handle the constrained
eguations of motion in Section53.The chapter is concluded by successfully and efficiently
simulating positon-dependent TCP response for several different tool positamnd the
model is also verified against full order model results.

3.2. Machine Tool Component Modeling

Each of the rain substructural components of the machine, i.e. the column, bed, table,
crossdlide, spindle housing, spindle, and the three separate feed drives are all modeled with
finite elements using ANSYS[104]. After necessary convergence testsFE models, the
substructural system matrices are expoiitetd the MATLAB® environment for further

model reductionnvestigations.

3.2.1. Modeling Structural Substructures

FE models for structural substructures have been generated from their respective detailed
CAD models usindlO-noded solid tetrahedr elements. These elements areferred over
other 8-noded solid brick elements, since unlike brick elements they do not cause any
artificial shear lockind105]. The structural componentsade of a grade of cast irarere
assigned material propes asfollows: modulus of Elasticity of 89 GPa; density of 7250
kg/m> and, Poissondéds ratio of 0.25. The CAD

structural component, the columa shown in Figure 3.2.
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Figure 3.2 Substructural CAD and FE models forablemn

Convergence tests were carried out to determine the order of the substructural finite
element models. Thie-method of refinement in which the size of the mesh is varred
results converges enployed in this work. This method, due to its ease in implementation is
preferredover thep-method of refinement in which the order of the polynormgdd for the
shape function is changed while keeping the mesh size the same.

Modal analyss investigatios were carried out for each of the substructwiés several
different mesh sizes and the convergence rate for the first 100 natural frequeees
comparedThe working definition of convergence criterion employed in this work is an error
of up to 5% i in natural frequencies over the frequency range of interest for a given model
size when compared with the natural frequencies obtained from the model having the highest
number of DOFsFigure 3.3 shows convergence chedds the first ten nofrigid body
modes for the example of the columsubstructureFor a5% error in natural frequencies, a
model size of 17103 DOFs is found adequate. If however, the convergence criterion was set
as 2%, the model sizeequired would be considerably higher ai02681 DOFswith
significantly highedemand orromputing resources

Mesh refinement was carried oUASYS%Swhichg t he
results in refinement of mesh only at locations with abrupt changes insacssns and

geometry[104]. Hence, ulike structures with uniform mesh distributions for which the
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lower frequency modes converge quicker than the higher frequency modes and the
convergence is generally monotonj@06]; in the present case, the nRoMNOtONIC
convergence of modes is thought to be due to theundorm mesh refinement procedure.
Similar convergence checks to determine the size of the miodehll other major

substructures arecarried out

FE Convergence Test — Errors in Natural Frequencies as a Function of Mesh Size
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Figure 3.3 Convergence checks to decide on the order of the substructures

3.2.2. Modeling Machine Tool Spindles

The spindle assemblghown in Figre 3.4, includesthe toottool-holder, spindle shaft,
spindle cartridge, bearings, spacers, drive pulley, andr @beessories such as nuts and
rotary couplings This spindle assembig modeled as described in detail[#V,107]} The
spinde shaft, spindle cartridge, and the ttmbl-holder combination are all modeled with
Timoshenko beam elements. Bearings are modeled as -aadibl springs, and other
accessories are modeled as lumped mass elemdrgstoottool-holderspindle interface

connections are assumed to be rigidthis stage of the investigation; Chapter 4 deals
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separately with modeling and identification of these joifitsis comprehensive spindle
assembly model has been previously validated against measuremg@%&1ii/] and is

integrated as a separate substructure coupled rigidly to the spindle housing.

Figure 3.4 Crossection of Spindle un{top) and its FE modglbottom)[27]

3.2.3. Modeling Feed Drive Units

Feed drive unitéor each of the three linear axes are modakedeparate subsystermbe
mechanical elements constituting the feed drive model are shownureBigp. The bal
screws are modeled with Timoshenko beam elem&htstranslating unit (table, creside
or the spindle housing) are structural components modeled as desaitiedin Section
3.2.1. Support bearings and the connection between thedoall and the nut are modeled
as radialaxial springg25,40] The motor and other accessoriesramgleled as lumped mass

elements.
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