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Abstract

A generic mechanistic approach for simulating multi axis machining of complex sculp-
tured surfaces is presented. A generalized approach is developed for representing an
arbitrary cutting edge design, and the local surface topology of a complex sculptured
surface. A NURBS curve is used to represent the cutting edge profile. This approach
offers the advantages of representing an arbitrary cutting edge design in a generic
way, as well as providing standardized techniques for manipulating the location and
orientation of the cutting edge. The local surface topology of the part is defined as
those surfaces generated by previous tool paths in the vicinity of the current tool
position. The local surface topology of the part is represented without using a com-
putationally expensive CAD system. A systematic prediction technique is then de-
veloped to determine the instantaneous tool/part interaction during machining. The
methodology employed here determines cutting edge in-cut segments by determining
the intersection between the NURBS curve representation of the cutting edge and
the defined local surface topology. These in-cut segments are then utilized as inte-
gration limits for a comprehensive force modeling methodology. A systematic model
calibration procedure that incorporates the effects of varying cutting edge geometry,
cutting speeds, and feed rates is developed. Experimental results are presented for

the calibration procedure. Model verification tests were conducted with these cutting
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force coefficients. These tests demonstrate that the predicted forces are within 5% of
experimentally measured forces.

An enhanced approach for dynamic mechanistic modeling for multi-axis machin-
ing is developed. The dynamic process simulation methodology is presented as a
continuous solution for complex sculptured surface machining. The methodology is
formulated to include the instantaneous deflection of the tool, and the tool deflec-
tion history over the entire tool path. The continuous dynamic process simulation
methodology is compared with both static and dynamic simulation methodologies
based on control points. The comparison is for linear cuts with constant and variable
tool/workpiece immersion. This comparison shows that the modeling methodologies
based on control points only offer a piece-wise continous representation of the static
and dynamic cutting force and tool deflection over a given tool path. The accuracy
of the cutting force prediction and the calculation of tool deflection using method-
ologies based on control points degrades for variable tool/workpiece immersion. The
continous dynamic simulation methodology demonstrates a good representation of
the static and dynamic cutting force and tool deflection for variable tool/workpiece
immersion. The continous dynamic process simulation methodology is demonstrated
for a complex sculptured surface machining operation. The rough machining opera-
tion for an airfoil-like surface is presented. The simulation results demonstrate how
the continuous dynamic process simulation methodology is capable of predicting the
cutting force and tool deflection for variable tool/workpiece immersions that occur
during complex sculptured surface machining operations.

The generic simulation approach for multi-axis machining has been demonstrated

as a process optimization tool. Feed scheduling was used to demonstrate the process



optimization for multi-axis machining. A feed scheduling methodology for multi-axis
machining was developed. The feed scheduling methodology was formulated based
on maximum chipload and maximum force constraints. A case study for process
optimization of machining an airfoil-like surface was used for demonstration. Based
on the predicted instantaneous chip load and/or a specified force constraint, feed
rate scheduling was utilized to increase metal removal rate. The feed rate scheduling
implementation results in a 30% reduction in machining time for the airfoil-like surface
without any sacrifice in the surface quality or part geometry.

The machine tool feed drive performance capabilities were integrated with the feed
scheduling methodology. Two strategies were developed. The first strategy guaran-
teed that the scheduled feed rates were attainable within the machine Acc/Dec time
constant, T;oee;- The second strategy optimized the use of the feed drive capabilities
while tracking the changes in cutting geometry along the tool path. A compara-
tive study was performed for feed scheduling based on control points, Acc/Dec time
constant, and optimized strategy. Both simulated and experimental results were
given for each feed scheduling strategy. The criteria for comparison were the pro-
duction savings, the machining integrity, and the machining safety. The optimized
feed scheduling strategy was the unique strategy that improves simultaneously the
production saving while guaranteeing the machining integrity.

The concept and implementation of an Internet-based facility for multi-axis milling
process simulation and optimization was presented. The facility integrates the generic
simulation approach for multi-axis machining, and state of the art multimedia and
Internet technologies. The Internet-based facility for multi-axis milling process sim-
ulation and optimization provides a formalized system for designing and proofing



machining processes. Process develoment can occur iteratively, without the need for
lengthy and/or expensive process trials. Implementing these development tools using
internet technologies has several advantages. It allows all of the development tools
to be in a centralized location, allowing for quick and reliable upgrade paths. Inter-
net accessibility also gives quick and easy access to these development tools to users

around the world.
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Chapter 1

Introduction

Complex scuptured surfaces are common features in parts and/or components that
are produced in the die and mold, automotive, aerospace, and appliances industries.
The representation of these surfaces may be approximated by a collection of plane-
faced polyhedral with straight edges that involve hundreds of faces and edges or by
a collection of curved surface patches bounded by curved edges. These surfaces have
been mathematically defined in various ways; including Bezier, B-spline, and Non-
uniform rational B-spline (NURBS) surfaces (33, 69]. Machining these surfaces using
a computer numerical control (CNC) machine has been a challenging task due to
problems associated with interpolating points on the complex surface. Commercially
available CAD/CAM systems use different methodologies for design and manufacture
of complex sculptured surfaces. The main objective for these systems has been to
generate cutter path motions that increase the efficiency of the machining process,
eliminating surface gouging, and reducing the surface roughness (cusp height). Pro-
cess planning and optimization has been restricted to geometric modeling and tool

path planning. Optimizing the process parameters (feed per tooth, cutting speeds,

1



CHAPTER 1. INTRODUCTION 2

cut geometry) has not typically been addressed by commercially available CAD/CAM
systems. The process parameters are usually selected from available databases in
machining handbooks. The values given by the machining handbooks are primarily
intended for machining parts with polyhedral features such as slots, holes, pockets,
and faces where the cut geometry is held relatively constant. Incorrectly determining
the prucess parameters for complex sculptured surface machining can result in inferior
products. toul breakage, and lower productivity.

The optimization of the process parameters should be based on the physics of the
interaction between the tool and workpiece, the values of the cutting forces, tool/part
deflections, and temperatures generated during machining. During machining of com-
plex sculptured surfaces the process parameters (cut geometry and feed per tooth)
vary. These instantaneous changes to the process parameters results in variable cut-
ting forces, temperatures, and stresses acting on the tool. The effect is to degrade
tool performance and the surface quality of the part. In addition, the selected cutting
speed can cause chatter or forced vibration that will chip the tool and/or reduce the
quality of the produced surface.

It is clear from the above discussion that a model-based machining simulation is
required to allow process simulation and optimization for complex sculptured surface
machining. Spence [79] used a constructive solid geometry (CSG) part representa-
tion to perform flat-end milling simulations. The instantaneous immersion geometry
(entry and exit angles) was determined by sweeping a semi-circle along the tool path.
El-Mounayri et al [28] simulated ball-end milling using a B-rep polyhedral-based solid
modeler. The tool cutting edge was modeled with a cubic Bezier curve. The removed

volume was determined using the B-rep solid modeler. The in-cut segments were



CHAPTER 1. INTRODUCTION 3

determined by intersecting the removed volume with the cutting edge. Imani [39]
developed a model-based simulation methodology for die cavity milling operations.
The simulation integrates a geometric modeling environment with a mechanistic force
model. A commercially available B-rep geometric modeler (ACIS) was used. The im-
mersion geometry is computed using the contact face between the ball-end mill and
the machined part. Abrari (3] developed a model-base simulation methodology similar
to Imani. Abrari used the same geometric modeler (ACIS) for development. Abrari’s
research focus was multi-axis milling simulation of flexible parts. A dynamic force
model was developed for modeling the tool/workpiece structural interaction. The
dynamic response of the workpiece to instantaneous forces was modeled using a finite
element approach. A solid model based automatic mesh generation algorithm was
also developed.

All of the model-based machining simulations above incorﬁorate a solid modeler.
The efficient implemention of a solid modeling approach for sculptured surface ma-
chining requires a powerful spatial tool kit and/or a geometric engine. The commer-
cially available spatial tool kits and geometric engines that can adequately simulate
both complex tool and workpiece geometries are cost prohibitive to many industries.
In addition, only global surface topology information is utilized to represent the work-
piece using commercial systems. The global surface topology representations reduce
the accuracy of the machining simulation. An enhancement for this type of modeling
is to use local surface topology in the analysis. The ability to model the local surface
topology of the workpiece is necessary to accurately determine the tool/workpiece
interaction during machining. Modeling the local surface topology of the workpiece

accounts for the material removed by previous tool paths in the vicinity of the current
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tool location.
The key factors necessary for accurately modeling the machining of complex sculp-

tured surface parts are:

e A generalized representation of an arbitrary cutting edge design.

A generalized representation of the local surface topology of a complex sculp-

tured surface part.

A systematic prediction technique for determining the instantaneous tool/workpiece

interaction during machining.

Allowing the use of an arbitrary tool path specification (CLData file)

Providing the ability to integrate multiple machining operations within the
simulation (ie. specified by multiple tools and CLData ﬁl&s).

1.1 Research Objectives

There are three main objectives for the proposed research. The first objective is
to develop a generic simulation approach for multi-axis machining. To meet this

objective the following tasks are identified:

e Develop a geometric modeling scheme that is generic to multi-axis machining.
The modeling should offer a generalized approach to representation of the cut-

ting edge, the local surface topology of the part, and the tool/part interaction.

e Develop a comprehensive mechanistic force modeling methodology for multi-

axis machining.
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e Develop a systematic model calibration procedure that incorporates the effects

of varying cutting edge geometry, cutting speeds, and feed rates.

e Develop a continuous dynamic force simulation methodology for multi-axis ma-

chining.

A second objective is to demonstrate how the generic simulation approach for
multi-axis machining can be used as a process optimization tool. Feed scheduling
is used to maximize feed rate subject to specific process constraints for multi-axis

machining. The following tasks are identified to meet this objective:
e Develop a feed scheduling methodology for multi-axis machining.

e Incorporating machine tool feed drive performance capabilities with the feed
scheduling methodology.

The third objective is to integrate the generic simulation approach for multi-
axis machining with internet technologies to provide an Internet enabled process

simulation and optimization environment.

1.2 Thesis Outline

The thesis will be presented as follows:

In chapter 2 a literature review is presented. The scope of this thesis includes
research areas related to process modeling, process optimization and internet tech-
nologies. This chapter provides a detailed overview of these research areas as they

relate to the research objectives given in section 1.1.
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Chapter 3 presents the modeling methodologies for a generic simulation approach
for multi-axis machining. A geometric modeling scheme offering a generalized ap-
proach for representing the tool cutting edge, the local surface topology of the part,
and the tool/part interaction during machining is presented. A comprehensive force
modeling methodology for multi-axis machining is also given in this chapter. A sys-
tematic model calibration procedure that incorporates the effects of varying cutting
edge geometry, cutting speeds, and feed rates is developed. A dynamic process simu-
lation methodology is also presented. The concept and implementation of an Internet
based facility for multi-axis milling process simulation and optimization is also de-
scribed in this chapter.

The feed scheduling methodologies are developed in chapter 4. A feed scheduling
methodology for multi-axis machining is presented. This chapter also presents a
methodology for integrating the machine tool feed drive performance capabilities
with feed scheduling.

Simulated and experimental results are presented in chapters 5 and 6. Chapter 5
provides an overview of the simulations and experimental verification for the modeling
methodologies presented in chapter 3. This chapter also discusses various applications
of the Internet based machining system. Chapter 6 demonstrates the feed scheduling
concept for the methodologies presented in chapter 4.

The major contributions of this thesis are summarized in chapter 7. Recommen-

dations for future extensions to this work are also given in this chapter.



Chapter 2

Literature Review

2.1 Introduction

The scope of this thesis includes research areas related to process modeling, process
optimization and Internet technologies for machining systems. This chapter provides
a detailed overview of these research areas as they relate to the research objectives
given in section 1.1. A review of process modeling is given in section 2.2. This review
discusses both flat and ball milling models as well as model calibration techniques.
Section 2.3 discusses research for modeling complex sculptured surface machining.
Feed scheduling is the chosen process optimization method for this thesis. Feed
scheduling is discussed in section 2.4. Internet based machining systems are reviewed

in section 2.5.
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2.2 Process Modeling

Process modeling has been extensively studied in the literature. Both mechanistic
and semi-empirical cutting force models have been presented. In metal cutting re-
search, mechanistic cutting force models are based on the general mechanisms of chip
formation and tool flank - workpiece contact. The cutting forces are determined from
pressure and friction coefficients on the rake and flank contact surfaces. For milling
these models have been classified primarily based on the cutter geometry. The two

main classifications are flat and ball end milling.

2.2.1 Flat End Milling Models

To adequately define any cutting process the cutting speed, v, and the feed rate,
fr must be specified. For milling this translates into defining a spindle speed, Nypm =
% (re: cutter radius), and a feed per tooth, s;. As the part is moved toward the cutter
the path traced by a single tooth is trochoidal [62]. However, because the rotational
speed is usually much higher than the feed per tooth, a circular path can be assumed.
Accordingly, the instantaneous chip thickness varies sinusoidally as the cutter rotates.
Figure 2.1 shows that the instantaneous chip thickness, f., can be determined at any

immersion angle 8 by:

t. = s,sinf 2.1)

Models based on equation 2.1 have been extensively published in the literature.

An overview of several models for the milling process was provided by Smith and
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Figure 2.1: Sinusoidally varying chip thickness

Tlusty [76]. This paper classified and evaluated the various models based on the
methods of force computation and deflection feedback to the force. The models were

presented in ascending order of sophistication and accuracy.

Average Rigid Force, Static Deflection Model This is the most basic model.
It is based on the relationship between the metal removal rate (MRR) and the average

power consumed during cutting, P. The governing relation is:

P=P,MRR (22)
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The parameter P,,, termed specific power, has been experimentally determined for
common materials and is available in the literature [64]. The MRR is determined

from the incut parameters

MRR = adNip 5t Nepm (2.3)
where
a axial depth of cut
d radial depth of cut
Ny, number of teeth on the cutter
s¢ chip load (feed per tooth)
Nrpm spindle speed

The average cutting force, ., is approximated as

S, = P,MRR/v (2.4)

where v is the peripheral cutting speed. As a first approximation the thrust force,

Sy, acting on the cutter to cause deflection normal to the cut is given as

S = =8 (2.5)

The deflection of the cutter is then computed by assuming that the thrust force
is concentrated at the tip of the cutter and that the cutter can be modelled as a
cantilever beam. This deflection is then taken as the surface error for the milled

surface.
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This model calculates the cutting force based on an average cutting power. Hence,
the cutting force is given as an average value. Also, the deflection of the cutter is not
used in the force computation (the cutter is assumed rigid). The deflection of the
cutter is taken as simply being proportional to the average force. Inertia effects of
the tool, spindle, and workpiece have been neglected in force calculation. This model
has been widely used as a 'first approximation’, to predict average cutting power
and torque [95]. However, it lacks the necessary sophistication to adequately predict
the instantaneous cutting forces and deflections. The instantaneous variation of the

cutting force and deflection as well as their histories must be considered.

Instantaneous Rigid Force, Static Deflection Models This class of models
considers an instantaneous force acting on the cutter. The force is computed as a
vectoral sum of the incremental forces along each helical cutting edge for each tooth
in cut, figure 2.2 [76]. Again the deflection of the cutter is not considered in the force
formulation.

The force calculations were based on Sabberwal’s observation that the tangential
force acting on an incremental tooth element was proportional to the frontal area of
the chip being removed and that the radial component of the force is proportional to

the tangential force [74]. The tangential and radial forces are given as:

S = K,at, (2.6)

S, = K, S (2.7)

where
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Figure 2.2: Instantaneous Rigid Force Model [76]

K, constant related to the specific tool/workpiece material, cuttings speeds/feeds

and cutting geometry

K, constant related to the specific tool/workpiece material, cuttings speeds/feeds

and cutting geometry
a axial depth of cut
t. instantaneous chip thickness

The cutter deflection is static and taken as simply proportional to the force.
Although this model calculates the instantaneous cutting forces, it does not con-

sider the effects of deflection histories. There must be feedback incorporated into the
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force model to account for both the current and previous deflections.

Instantaneous Force with Static Deflection Feedback This model uses the
static deflection as feedback in the calculation of the force [81]. It has been assumed
that the deflection of the cutter only affects the feed per tooth. Incorporating feed-

back, equation 2.6 becomes:

S= Kgd(St - g/k) (2.8)

where k is the stiffness of the cutter. Solving for the force

$= [K,a/(l + Kgd/k)]St (2.9)

As the cutter deflects, the thickness of the formed chip is less than the nominal feed
per tooth. The next tooth will see a higher chip load, acting to increase the cutting
force. This demonstrates that the deflection histories (surfaces generated by previous

teeth) plays an important role in the calculation of the cutting forces.

Regenerative Force, Dynamic Deflection Model The regenerative force, dy-
namic deflection model incorporates the effects of the feed per tooth, the current
deflection of the cutter, and the deflection histories in the calculation of the force
[40]. The model is termed regenerative because it considers the surface that is pro-

duced by previous teeth. The force on any tooth is given as:

3{.;.1 = K,a(tc +D2Zy - mm(DZI, D2Z,, DZ3)) (210)

where
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Figure 2.3: Two-Degree-of-Freedom Model of Milling Cutting [76]

1 time step counter
DZ, current deflection of the cutter normal to the surface of the cut
DZ,, DZ,, DZ; are the deflections of the previous 3 tooth periods

This model also accounts for the system inertias (tool, workpiece, spindle). Figure
2.3 [76] depicts how the dynamics of the cutter have been modeled. The model con-
siders a two degree of freedom system in two mutually perpendicular directions. The
modal parameters; equivalent mass, damping and stiffness are typically determined
experimentally using impact tests.

During the simulation, the instantaneous force on each tooth is computed, then

vectorally summed to give the total force at each angular position of the tool. From
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the force, the coordinate accelerations can be computed. By integrating the accel-

eration twice the displacement of the tool can be found. For each coordinate the

governing equation for force is:

S; = mi;+cEi+k (2.11)

Integration can be approximated using Newton’s method

.'L',";.l = (gg - C:l:‘i - k:z:,-)/m (212)
Tip1 = Z;+ T; At (213)
Tiv1 = ZTi+ Z;At (2.14)

where m is the equivalent mass, k is the stiffness, c is the damping coefficient, z is
the displacement, % is the velocity, and Z is the acceleration.

The deflection of the cutter normal to the cut is given by

z; = z;sinf + y;cosf (2.15)

As the simulation progresses, the position of any tooth in contact with the workpiece
is stored as a record of the surface left behind. In this way, the chip thickness can
be adjusted for both the current deflection of the cutter and the surface left by the
passage of previous teeth. The model includes nonlinearities that occur in the physical
machining process. If the vibration amplitude is large enough, the tooth will loose
contact with the workpiece. Equation 2.10 produces a negative force when this occurs.

A negative force is meaningless and a condition must be included to account for this
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phenomena.
ifS; < 0 ;=0 (2.16)

The addition of regenerative feedback into the force model allows it to correctly
simulate chatter and forced vibration phenomena for milling operations. However,
the mudei 1~ sensitive to the chosen time step for iteration during simulation. Large
time steps result in a decrease in accuracy, excessively small time steps may cause

the integration method to become unstable.

Closed Form Models All the models presented above have obtained the force
along a helical cutting edge by summing the instantaneous forces at incremental
locations along the helix. The class of models presented in this section attempt
to analytically perform the integration of the force along the helical cutting edge.
This form of model has historically been closely coupled with CAD simulations for
the milling process. Analytic expressions have been reformulated into closed forms
suitable for solid modeler, CAD based systems.

Spence et al. [78] developed a mechanistic force model for end milling with con-
stant axial depth of cut. The final force formulation provides an instantaneous resul-

tant force for each angular position of the cutter. It has the form:
3(6) = 0.55:K2(1 + K2)Saa(6) (2.17)

where 44 is independent of the cutter calibration parameters K;, K, and is solely

based on the analytic integration along the incut portion of the helical tooth. The
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Figure 2.4: Intersection Zones and Cases [78]

axial integration limits for each helical flute are supplied by a CAD solid modeller.
They were classified based on how the part face section interacted with the helical
tooth (figure 2.4 [78]).

This formulation for the forces in milling has particular advantages for process
planning purposes. When the model is coupled with a CAD solid modeler it can pre-
dict undesirable transients in the force to prevent catastrophic failures such as tooth
and shank breakage. This is because the force is proportional to Sq, a geometric
quantity, which can be determined explicitly prior to actual machining. The com-
putational efficiency of this model also allows it to be used for online identification,
monitoring and control applications. This model is, however, limited to constant axial
depth of cut (two dimensional) and can not be used for sculptured surface machining.

Other analytic expressions for the force in end milling have been carried out sepa-
rately by Armarego ef al. [7], Yucesan et al. [107], and Wang et al. [93]. Armarego’s

analytic expressions modeled the elemental components of the force as oblique. The
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components of force due to an elemental oblique cut were expressed as functions of the
cutting and edge force intensities. These parameters were predicted based on orthog-
onal cutting tests. The integration limits for this model was the angular engagement
of the cutter. This model was capable of predicting three dimensional forces (x,y,z).
The analytic expressions were, however, not conveniently formulated. They did not
provide an explicit geometric expression proportional to the elemental force which
could be used for process planning.

Yucesan’s mechanistic cutting force model was based on a force equilibrium on
the cutter rake surface. This required that the cutter surface geometry be defined as
a curvilinear coordinate sytem along the cutting edge. The integration of elemental
forces acting on this surface produced the analytic expressions.

The elemental forces (§F,, 6Fy) can be integrated over the engagement length of

the cutter to give the overall effects of normal and frictional forces

m==-/nm&m (2.18)

Sy

/nmmm, (2.19)

The integration limits are functions of the instantaneous angular position of the cutter
and its tooth engagement angle.

This model provides analytic expression for the forces in three coordinate direc-
tions (x,y,z). After integration its final form is similar to Spence [78] in that the forces
are proportional to a purely geometric quatity.

Wang et al. [93] presents a closed formulation for the dynamic forces in end

milling. The dynamic forces are expressed as explicit functions of cutting parameters
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and tool/workpiece geometry. The cutting force is formulated as the angular domain
convolution of three cutting process component functions. These functions include
the elementary cutting function, the chip width density function, and the tooth se-
quence function. The elementary cutting force function describes the chip formation
process for an elemental cutting area. The elementary cutting force function is char-
acterized by the chip thickness variation and radial cutting configuration. The chip
width density function defines the chip width per unit cutter rotation along a cutter
flute within the range of axial depth of cut. The tooth sequence function is defined
by the tooth pitch of the tool and order of tooth engagement. The force model is
transformed into the frequency domain. This transformation allows the Fourier se-
ries coefficients of the cutting forces to be defined explicitly as algebraic functions
of tool parameters and cutting conditions. This force model formulation presents a
mechanism for investigating the effects of various process parameters on cutting force
prediction.

In general, the above models for end milling are restricted to static cutting condi-
tions. Process dynamics and system inertias are not considered in these formulations.
They are, however, computationally effecient and can be integrated with CAD mod-
eling software to provide a scheduling tool for milling operations.

2.2.2 Ball End Milling Models

Ball end milling is one of the most widely used cutting processes for machining sculp-
tured surfaces in the die/mold and aerospace industries. The primary reason for their
wide spread implementation is their ability to be easily positioned relative to curved

surfaces. Often ball end mills only require two dimensional cutter compensations,
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Figure 2.5: Ball end mill with Chip load element [2]

generating simpler NC machine programs.

The cutting action of ball end mills was first studied by Hosoi [37]. However, he
made no attempt to study the mechanics of cutting with ball end mills, limiting his
investigation to mechanisms for redesigning the cutting tool to avoid cutter breakage
and edge chipping.

Investigation of the mechanics of ball end milling has only recently been seen
in the literature. An experimentally verified model for ball end mills was recently
published by Feng et al. [32]. This model clarified the misconceptions that the
cutting mechanics of the ball portion of the tool could be expressed as a series of end
mills with varying diameters [57]. Feng’s model formulated the forces based on the
chip geometry and the undeformed chip load distribution along the engaged cutting
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edges. The tangential and radial components of the cutting force, §S3;, and JS;, at a

differential cutting element (figure 2.5 [32]) is given by:

53 = Ki(Z)6Z[t(0, Z) (2.20)
§S, = K.(2)6Z[t:(0, Z))™ (2.21)

where §Z is the differential width of cut , ¢;(#, Z) is the undeformed radial chip thick-
ness, M, and M, are constants characterizing the size effects of the workpiece, and
K,(Z) and K,(Z) are the specific cutting forces (approximated by polynomials). To
obtain the instantaneous cutting forces on the ball end mill, the elemental tangential
and radial cutting forces of all engaged teeth are resolved into the reference coordi-
nate system and summed. Feng’s force model has been formulated assuming that the
cutter is rigid. The system dynamics and inertias have not been considered. This
model has a tendency to over estimate the cutting forces [2].

A mechanistic model for ball end milling was presented by Yucesan [105]. The
model is based on an analytic representation of the ball shaped helical flute geometry,
and its rake and clearance surfaces. The friction and pressure forces (Sn, $y) on the
rake face are assumed proportional to the uncut chip thickness area in a direction
defined by 6, (figure 2.6 [2]). The forces exerted on the flank contact face (Snys, Syy)
are concentrated on the in cut portion of the cutting edge. The total cutting force is

expressed as a function of tool rotation angle (6) and immersion (a) of the flutes.

- az(8) -
$@) = / Ka[—7i(a+8) + Kj(a,0) T(a + 0)|6A,
01(9)

a2(0)
+/ an["'ﬁ} (a+6) + Kﬁ' 7-’}((1 + 9)]5.4f (2.22)
a1(8)
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Figure 2.6: Geometry and Tool Coordinates for a Ball Mill Cutter [105]

where J A, is the area of an infinitesimal rake surface element. The integration limits
are functions of the cutter geometry, immersion of the cutter in the workpiece, feed
direction and the tool rotation angle. This model is based on general mechanisms
of chip formation and tool flank - workpiece contact. The cutting forces are deter-
mined through experimental determination of pressure and friction coefficients on the
rake and flank contact surfaces. It is capable of predicting forces in three cartesian
directions for unique axial and radial depths of cut, and feed rate.

A simpler model for the mechanics of ball end milling was provided by Jain and
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workpiece

Figure 2.7: Chip Section Geometry in Ball End Milling [2]

Yang [41], though no experimental verification was presented. The normal and tan-

gential components of the cutting force were given as:

gg = K¢asgsin0 (2.23)

8'- = T]pKrGSg Sin 0 (2-24)

where K, K, and 7, are cutting constants, a is the depth of cut, and s; is the feed
per tooth (figure 2.7 [2]).

A model presented by Imani [39] for ball end milling is similar in structure to
Yucesan’s model [105]. A methodology is implemented which incorporated the ef-

fects of varying axial depth of cut when experimentally determining the pressure and
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friction coefficients.

Abrari [3] developed a closed form, analytic expression for the forces in ball end
milling. The coordinate forces are assumed to be functions of the projected chip
load areas. An average specific force matrix K was determined experimentally to
include the effects of normal and shear forces. Both Imani [39] and Abrari (3] use a
commercially available geometric modeler (ACIS) to represent the cutting edge, and

calculate the tool/part intersection.

2.2.3 Model Calibration

The majority of the models presented in sections 2.2.1 and 2.2.2 require a set of
calibration coefficients. Several techniques for determining these coefficients have
been presented in the literature. Budak et al[16] presented a procedure for predict-
ing milling force coefficients based on orthogonal cutting data. Ehmann et al[27]
proposed a calibration procedure for determining constant cutting force coefficients.
The cutting force coefficients were assumed constant irrespective of the cutting condi-
tions and cutter rotational angle. A key feature of this methodology was the provision
of a systematic procedure for synchronizing experimental cutting forces with those
generated by a simulation. Force peaks were used for synchronization. Yucesan
et al[105] assume an average value for the cutting force coefficients, fitting them to
experimental data using a linear regression analysis. Imani [39] provided a calibration
procedure specific to ball end milling. The cutting force coefficients were expressed
as a function of axial depth of cut. Indirectly, this calibration procedure accounts for

the variation in cutting speed for ball end milling. The calibration procedure uses
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a constrained optimization algorithm (Sequential Quadratic Programming) to fit ex-
perimental data. A calibration procedure proposed by Kapoor et al[43] expresses
the pressure and friction cutting force coefficients as a function of chip thickness and
cutting speed. This procedure is applied to insert end milling. Each coefficient is
expressed as an exponentially decaying function of chip thickness and cutting speed.

2.3 Complex Sculptured Surface Machining

Complex scuptured surfaces are common features in parts and/or components that
are produced in the die and mold, automotive, aerospace, and appliances indus-
tries. The representation of these surfaces may be approximated by a collection of
plane-faced polyhedral with straight edges that involve hundreds of faces and edges
or by a collection of curved surface patches bounded by curved edges. These sur-
faces have been mathematically defined in various ways; including Bezier, B-spline,
and Non-uniform rational B-spline (NURBS) surfaces [33, 69]. Machining of such
surfaces using a computer numerical control (CNC) machine has been a challenging
task due to problems associated with interpolating points on the complex surface.
Therefore, different methodologies have been developed for design and manufacture
of complex sculptured surfaces. Several researchers have investigated the develop-
ment and optimization of a machining strategy for such surfaces in the last decade
[61, 12, 56, 36, 30, 35, 44, 60, 23, 55] . Their main concern has been to generate
cutter path motions that increase the efficiency of the machining process, eliminating
surface gouging, and reducing the surface roughness (cusp height). Very few systems

appear to have been developed that allow for highly accurate machining of complex
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sculptured surfaces within user specified tolerances. Cutting tool geometry was in-
cluded in most of these methodologies and angles of tool inclination were optimized
to reduce the sculpt’s height in [72]. The process planning and optimization discussed
in the references above are restricted to geometric modeling and tool path planning.
Optimizing the process parameters (feed per tooth, cutting speeds, cut geometry) was
not investigated in the above research. The process parameters were usually selected
from available databases in machining handbooks. The values given by the machin-
ing handbooks are primarily intended for machining parts with polyhedral features
such as slots, holes, pockets, and faces where the cut geometry is held relatively con-
stant. Incorrectly determining the process parameters for complex sculptured surface
machining can result in inferior products, tool breakage, and lower productivity.

The optimization of the process parameters should be based on the physics of the
interaction between the tool and workpiece, the values of the cutting forces, tool/part
defiections, and temperatures generated during machining. During machining of com-
plex sculptured surfaces the process parameters (cut geometry and feed per tooth)
vary. These instantaneous changes to the process parameters results in variable cut-
ting forces, temperatures, and stresses acting on the tool. The effect is to degrade
tool performance and the surface quality of the part. In addition, the selected cutting
speed can promote chatter or forced vibration that will chip the tool and/or reduce
the quality of the produced surface.

Several investigators have simulated the physics of milling complex sculptured
surfaces [92, 19, 5, 42, 96, 95, 84, 83, 79, 28, 29, 39, 103, 32, 9, 10, 1, 106, 54] . These
simulations provide the following; the instantaneous chip geometry (chip load), the

instantaneous cutting forces, and the static and dynamic tool deflections. The tool
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deflection and surface error are demonstrated in {32, 9, 10, 1, 106]. Optimizing the feed
rate was addressed in [58, 21, 104]. Providing a representation of the tool was usually
the first step presented in the above references. The second step was extracting the
tool/workpiece interaction during cutting to determine chip loads, cutting forces, and
tool deflections. The above authors have used two basic approaches for simulating
the machining of complex sculptured surfaces. The first utilizes a solid modeling
approach, the other takes an analytical approach.

The most common tool geometry used for machining complex sculptured surfaces
is ball nose end mills {103, 32, 9, 10, 1, 106] . The geometry of other types of tool
configurations such as flat, torus, and ball taper end mills were also simulated [108].
Both solid modeling and analytical modeling are used to simulate the complex tool
geometry.

Solid modeling allows complex workpiece geometry and tool path locations to be
simulated [79, 28, 29, 39] . A model of the material removed from the workpiece as
a function of the tool geometry and tool path motion (usually called swept volume)
can be developed much faster and easier using solid modeling than analytical mod-
eling. Booleen operations are used to determine the intersection of the cutting edge
representation in space and the swept volume at different time intervals. This inter-
section is called an in-cut segment and defines the instantaneous boundary of the chip
geometry. The in-cut segment is multiplied by the feed per tooth to determine the
chip load. Using solid modeling also allows a complex tool motion including tilt an-
gles to be implemented. The efficient implemention of a solid modeling approach for
sculptured surface machining requires a powerful spatial tool kit and/or a geometric

engine. The commercially available spatial tool kits and geometric engines that can
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adequately simulate both complex tool and vfrorkpiece geometries are cost prohibitive
to many industries. In addition, only global surface topology information is utilized
to represent the workpiece using commercial systems. The global surface topology
representations reduce the accuracy of the machining simulation. An enhancement
for this type of modeling is to use local surface topology in the analysis. The ability
to model the local surface topology of the workpiece is necessary to accurately de-
termine the tool/workpiece interaction during machining. Modeling the local surface
topology of the workpiece accounts for the material removed by previous tool paths
in the vicinity of the current tool location.

Analytical modeling of the machining of complex sculptured surfaces offers a more
robust methodology because it does not require a spatial tool kit or geometric engine
to perform the simulation. Several analytical models for representing the tool geom-
etry in space are available in the open literature [96, 79, 28, 29, 32, 9, 10, 1, 106, 54] .
Analytical models for predicting the geometry of the instantaneous chip load are also
available [39, 43]. Due to large computational times that are required to calculate
the instantaneous chip load over the whole tool path, chip loads are only predicted
for one or several revolutions of the tool. Cutting forces are then computed using
mechanistic or semi empirical force models.

Most of these publications concentrate on one type of tool geometry, and a large
percentage of them are developed for ball nose end mills. In the above research efforts
the developed tool geometric model is only valid for the type of tool under investi-
gation. In industry the machining of complex sculptured surfaces often necessitates

the use of custom tool geometry. It is more practical in this case to develop a general
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analytical model that will be able to represent a large number of tools. Also, the pre-
dicted process variables (cutting force, temperature, deflection) are only simulated for
a few revolutions of the tool in the above research. In practice, the process variables
will change continuously during machining of a complex sculptured surface. It is,
therefore, important to have an accurate prediction of the process variables at each
point along the tool path so that optimization stategies can be reliably implemented

(ie. feed rate scheduling).

2.4 Feed Scheduling

During machining of complex sculptured surface parts, the interaction between the
cutting tool and workpiece varies continuously. This variation influences both the
cutting force and tool deflection. In conventional machining, it is standard practice
to set a constant feed rate based on the worst case cut geometry. While this practice
provides guaranteed machining integrity (ie. moderate cutting forces, no tooth or
cutter breakage, no chatter), the resulting machining time is not optimal. In order
to obtain an optimal machining condition, both guaranteed machining integrity and
minimum production time need to be considered. Two approaches have been used; in-
process adaptive control, and pre-process planning. The following paragraphs identify
the notable research work in these two areas.

Adaptive control strategies monitor the machining process using various sensors
(force, vibration, etc.). Several types of adaptive control systems have been proposed;
adaptive control optimization (ACO) [18, 97), adaptive control constraint (ACC) [31],
and model reference adaptive control (MRAC) [87, 31, 73]. ACO designs attempt to



CHAPTER 2. LITERATURE REVIEW 30

optimize on-line a certain performance index, typically metal removal rate or machin-
ing costs, by manipulating the cutting speed and the feed rate [31]. ACC and MRAC
systems are designed to regulate the cutting force, torque or power during machining.
Regulation is achieved by adjusting the feed rate based on a transfer function relating
the feed rate to the cutting force. Implementations of ACC and MRAC have been
shown to offer better machine utilization and increased tool life.

During machining of complex sculptured surfaces, the cutting conditions are char-
acterized by rapid changes in the cutting force (i.e depth of cut, feed rate) [99]. The
performance of adaptive control systems is reduced when presented with severe tran-
sient phenomena (ie. sudden changes in axial depth of cut) (87, 24, 53, 83]. The
response time of an adaptive control system is often large, resulting in poor control
of the feed rate during transient phases [45].

If the interaction between the tool and workpiece can be accurately modeled prior
to machining the part, a pre-process planning strategy can be utilized to achieve
higher productivity and better product quality simultaneously. Force regulation is
regarded as a practical way to satisfy safety, quality, and maximum metal removal rate
criteria [6]. Force regulation can be achieved by adjusting the feed rate to maintain
a constant maximum allowable force value. Feed rate scheduling is an example of
an optimization strategy that can be implemented to ensure stable cutting during
machining and/or to increase production rates. Several authors have considered this
strategy 104, 21, 58, 34].

Yazar et al [104] offers a feed rate optimization strategy based on cutting force
prediction in 3-axis milling of dies and molds with sculptured surfaces. The strategy

first estimates the resultant cutting force at selected intervals along a specific cutter
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path. The maximum resultant cutting force along the path is used to schedule a
feed rate that would not exceed a constraint force level. The cutting forces are
then predicted again for that cutter path with the new feed rate. If the predicted
forces are less than the constraint level force, the feed rate is increased to improve
machining efficiency. The feed rate is adjusted based on a linear relationship between
the resultant cutting force and the feed rate. The calculation of the cutting forces
and the adjustment of the feed rate are carried out in an iterative way.

Chu et al [21] relates the feed rate selection to the local shape features during
machining. These shape features includes plain, concave and convex corners, upward
and downward ramps, and contour cutting. Machining tests investigating the geomet-
ric characteristics of the local shape features are carried out to establish a database
for stable cutting conditions. A relationship between the local shape features and the
optimal feed rate are developed based on this database. To maintain the cutting sys-
tem integrity and reduce the cutting time, a post-processor is implemented to modify
the feed rate specified by the G-Code file. The dynamics of the feed drive system
are implicitly considered because the optimal feed rate is related to the local shape
features obtained from machining experiments.

Lim et al [58] proposes a cutting path-adaptive feed rate strategy. A maximum
feed rate map is used to select an optimum cutting direction and a feed rate to reduce
machining time. A feed rate map for the desired part surface topology is defined by
first dividing the part surface into a grid lattice of control points. At each control
point, a maximum feed rate boundary is determined by applying either a force or
dimensional constraint in different directions. This procedure is repeated for each

control point. The distribution of the maximum feed rate boundaries is used to
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determine the cutting path direction. The intersection of the chosen cutting path
direction and the control point feed rate boundary determines the scheduled feed
rate.

Fussel et al [34] implements feed rate scheduling for multi-axis milling to maintain
a constant force level. The proposed feed rate process planner is based on an inte-
grated mechanistic and geometric end milling model. An iterative solution is used to
solve for the optimal feed rate at each step along a tool path. The mechanistic model
first estimates the force produced by a "first guess” feed rate value. Using a bisection
method, the feed rate is adjusted and the mechanistic model is invoked again. The
iterations continue until the predicted force is within a given tolerance range of the
target force value. This procedure is repeated for each tool move in the G-Code file,

resulting in a set of optimal feed rate.

2.5 Internet Based Machining Systems

The Internet is a global information system that provides a communications medium
for connecting computers, and computing resources around the world. Since its early
inception in the 1970’s, the internet has grown in size and popularity to provide
many services and applications. The major internet services and applications include:
electronic mail, file transfer protocols, electronic discussion groups, search tools, and
the world wide web, a hypertext based information medium. Commercial entities have
also begun to leverage the internet for various forms of e-commerce and/or e-business.
In the area of engineering, the internet offers a medium for technology integration.
This involves both information exchange and providing access to engineering resource

tools. Notable research and development efforts in this area have included those of
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the Machine Tool Agile Manufacturing Research Institute (MTAMRI) and University
of California- Berkeley.

The MTAMRI is an inter-university collaborative research group that has devel-
oped a series of software testbeds for modeling machining systems. A software testbed
is simply defined as a web-based interface to an application program. The software
testbeds that have been developed by MTAMRI include: EMSIM, TAPSIM, DRSIM,
FIXMA, and CFEST. EMSIM is a software application that simulates an end milling
machining process [26, 25]. The user inputs for the EMSIM simulation include: cut ge-
ometry, workpiece material, end mill geometry, and machining conditions (feeds and
speeds). The outputs of the simulation include cutting forces, cutting power, and
part/cutter deflections. TAPSIM simulates the cutting forces (torque and thrust)
in the tapping process [65]. The simulation software requires input information on
the tap geometry, workpiece type, and process parameters. The simulation output
includes thrust forces and torque. DRSIM simulates the cutting forces (torque and
thrust) in the drilling process [65]. The simulation input includes the drill geometry,
workpiece type and process parameters. The simulation output includes thrust and
radial forces and torque. FIXMA is a fixture design and analysis simulation pack-
age [25]. It integrates process modeling, fixture analysis, and fixture optimization.
CFEST is a cutting fluid evaluation toolkit [82]. The user inputs information related
to cutting fluid type, application method, machining parameters and site specific fac-
tors. The output gives quantitative information related to the cutting fluid’s process
performance, environmental impact, health and safety hazard scoring, and the costs

for procurement as well as for waste disposal treatment.
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The University of California-Berkeley has developed an internet-accessible, inte-
grated CAD/CAPP/CAM development environment termed CyberCut [75, 101]. A
feature-based, constrained destructive solid geometry CAD environment is utilized
by CyberCut. The concept here is to create a part from a prismatic stock by re-
moving feature primitives. Feature primitives are defined by conventional machining
operations and include pockets, holes, arcs and face-off operations. Although the part
design may be limited by the available feature primitives, the part design is determin-
istic with respect to manufacturability. The Cybercut CAPP system can be utilized
in either an incremental or batch mode. When used in incremental mode, the manu-
facturing plan is updated after each feature is added to the part design. A computa-
tionally intensive knowledge-based CAPP system is used here. The knowledge-based
CAPP system is accessed remotely and does not reside on the client’s computer. The
batch mode process planner uses client-side processing. A set of design rules specific
to the fabricating machine is uploaded from the fabrication site. The designer uses
this set of rules to create the part. Once the part has been designed and a process
plan completed, the information is passed to a fabrication site where a prototype part

is produced.

2.6 Summary

The scope of this thesis includes research areas related to process modeling, process
optimization and Internet technologies for machining systems. This chapter provided
a detailed overview of these research areas.

The review of process modeling methods reveals several key elements necessary

for developing a generic approach for simulating multi-axis machining. The modeling
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methodology should offer a generalized approach for representing the cutting edge,
the local surface topology of the part, and the tool/part interaction during machin-
ing. The force modeling methodology should be developed for multi-axis machining.
The force model calibration technique used should incorporate the effects of varying
cutting edge geometry, cutting speeds, and feed rates. The modeling approach should
also include process dynamics.

The review of feed scheduling revealed two basic approaches; in-process adaptive
control, and pre-process planning. The performance of adaptive control systems is
reduced for complex sculptured surface machining where the cutting conditions are
characterized by rapid changes in the cutting conditions. The pre-process planning
approach for feed scheduling can be applied for complex sculptured surface machining
provided the tool/workpiece interaction can be accurately modeled. The machine tool
feed drive performance capabilities were not integrated with feed scheduling in any
of the reviewed literature.

The review of Internet based machining system reveals the potential for leveraging
existing internet technologies to create a virtual process simulation and optimization

environment.



Chapter 3

Process Modeling

3.1 Introduction

This chapter presents the modeling methodologies for a generic simulation approach
for multi-axis machining. To accurately simulate the machining process for complex
sculptured surface parts, a comprehensive geometric modeling scheme and cutting
force model are required. The geometric modeling scheme must offer a generalized
approach for representing the tool cutting edge, the local surface topology of the part,
and the tool/part interaction during machining. The geometric modeling scheme is
presented in section 3.2. The cutting force modeling methodology for multi-axis ma-
chining is given in section 3.3. The cutting force model requires a set of calibration
coefficients. A systematic model calibration procedure that incorporates the effects of
varying cutting edge geometry, cutting speeds, and feed rates is developed in section
3.4. A methodology for incorporating tool runout is described in section 3.5. A de-
scription of the implementation procedure for the modeling methodologies presented

in sections 3.2 and 3.3 for simulating multi axis machining of complex sculptured

36
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surfaces is presented in section 3.6. Two methodologies are presented for simulating
process dynamics in multi-axis machining. A piece-wise continous solution based on
tool path control points is given in section 3.7. A continous solution for multi-axis
machining is presented in section 3.8. The concept and implementation of an Internet
based facility for multi-axis milling process simulation and optimization is described

in section 3.9. A summary is given in section 3.10.

3.2 Geometric Modeler

3.2.1 Introduction

The key elements of the machining process that must be considered when formulating
a geometric modeling scheme for multi-axis machining include the representations
for the tool cutting edge, the local surface topology of the part, and the tool/part
interaction during machining. The following sections provide an overview of these

key elements including details related to their implementation.

3.2.2 Cutting Edge Representation

The primary type of tooling used today for multi-axis machining of complex sculp-
tured surfaces include ball and flat end mills. However, the specific cutting edge
design varies significantly within this class of tooling. In addition, custom tooling is
often required. Therefore, it is important to have a generalized modeling procedure to
represent this varied cross-section of tooling. The majority of the literature has dealt

with simple cutting edge designs (ie. zero helix, constant helix, constant pitch)[77].
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Only recently has the literature presented work that attempts to generalize the repre-
sentation of the cutting edge. Imani [39] and Abrari [3] use a cubic piecewise NURBS
curve to represent the tool cutting edge profile for a constant lead /pitch ball end
mill. A p** degree NURBS curve is defined by [69]

_ ZT Ni.p(“)wipi

>¢ Nip(u)w; (3.1)

C(u)

where the P; are the control points, the w; are the weights and the N;,(u) are the p**

B-spline basis functions defined on the non-periodic knot vector

U = {a,..-,8,%41,---, YUm—p-1,0,...,b (3.2)

p+1 p+l

The i** B-spline basis functions of degree p, denoted by N; ,(u), is defined as
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0 otherwise
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The goal here is to extend this work to include NURBS curve representations of
an arbitrary cutting edge design. To accomplish this goal, a generalized modeling

procedure is necessary. The following steps outline the proposed procedure:

1. For a given cutting edge design, a set of 3D points are generated along the
cutting edge profile. There are several plausible methods for generating these

3D points; an analytical expression for the edge profile, a tooling drawing, or
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discrete 3D points measured by a Coordinate Measuring Machine (CMM).

2. Interpolate the 3D points with a NURBS curve. The curve fitting algorithm

used here interpolates the 3D points precisely.

3. If the 3D points are generated by a CMM, the data usually contain measurement
and computational noise. To avoid this noise, the user may want to approximate
the 3D points with a NURBS curve. Facilities are provided to approximate a
NURBS curve to 3D points.

A generalized NURBS curve form can now be used to represent an arbitrary
cutting edge profile. The primary advantage of representing the cutting edge profile
as a NURBS curve is that there are standard techniques available for manipulating
the location and orientation of a NURBS curve. This manipulation is necessary for
multi-axis machining, where the orientation of the cutting edge changes continuously

along a specified tool path.

Implementation

A set of goﬁware modules (written using the C' ++ language) were used to implement
the facilities for constructing a generalized representation of the cutting edge. A cubic
piecewise NURBS curve is used to represent an arbitrary cutting edge design. Figure
3.1 depicts the major software routines used. The 3D points are generated from either
a CMM, analytic expression of the cutting edge, or tool drawing. The type of cutting

edge designs that are currently supported include:
1. straight inclined edge (ball/flat end mill)

2. constant helix flat end mill
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Cutting Edge 3D Point
Generation

CMM Analytic
Tool Drawing

! '

NURBS NURBS
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Figure 3.1: Software Routines for NURBS Representation of Cutting Edge

3. constant lead helical ball end mill

4. constant helix taper ball end mill

o

. custom edge design (points provided by CMM)

The user is then presented with the option of using either a global interpola-
tion routine or global approximation routine to fit a NURBS curve to the set of 3D
points. The global interpolation routine is used to precisely fit the data points. The
approximation routine is used to fit a smooth NURBS curve to data that has either
measurement or computational noise. The approximation routine is typically used to

interpolate points provided by a CMM.
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3.2.3 Local Surface Topology

To accurately model the tool/part interaction during machining of a part composed
of many complex sculptured surfaces, the local surface topology of the part must be
represented. The local surface topology of the part is defined here as those surfaces
generated by previous tool paths in the vicinity of the current tool position. Commer-
cially available CAD systems are effective at representing the global surface topology
of the part. However, their representation of local surface topology (as defined here)
is limited and at best computationally intensive. The concept here is to offer a gen-
eralized approach to representing the local surface topology of the part without using
a computationally expensive CAD system. The proposed methodology is as follows.
The local surface topology will be represented by only those surfaces generated by
previous tool paths in the vicinity of the current tool position. The surface generated
by each tool path will be represented as a set of geometric primitives (ie. planes,
cylinders, spheres, torus). The procedure for generating the local surface topology of
the part will be:

1. Extract the tool path information from the given CLData files (roughing, semi-
finishing, finishing).

2. Generate a data structure for each tool path segment. This data structure
contains the primitive surface representation and a bounding box for the given

tool path segment.

3. During simulation, a control space is defined at the current tool position. A
control space is defined here as a bounding box surrounding the current tool

position. The size of the control space is defined by the user and is related to
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the geometry of the tool.

4. A simple bounding box intersection algorithm is used to determine which tool
path segments contribute to the local surface topology of the part in the vicinity

of the current tool position.

The advantage of the above methodology is that all the information required to
create an accurate representation of the local surface topology of the part is contained
within simple data structures for each tool path segment. For a complex sculptured
surface, the number of tool path segments may be large as well as the required memory
storage for each tool path data structure. However, this memory storage is held
static during a simulation and each tool path data structure is pre-computed prior to

running the simulation.

Implementation

The software module that generates the local surface topology performs the following
tasks:

1. Parses the given CLData file to extract individual tool path segments

2. Creates a data structure for each tool path segment. This data structure con-
tains the primitive surface representation (cylinder, plane, sphere, torus) and a

bounding box for the given tool path segment (see figure 3.2)

3. Defines a control space for the current tool position and determines which tool
path segments contribute to the surface topology of the control space. Only
those tool path segments which intersect the control space are used to create

the local surface topology (see figure 3.3). A simple bounding box intersection
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algorithm is used here to efficiently extract the set of tool path segments that

contribute to the local surface topology.

3.2.4 Tool/Part Interaction

Determining the tool/part interaction is necessary to define the cutting edge incut
segments. Figure 3.4 shows how the incut segment varies for semi-finishing and
finishing machining operations. These incut segments define the integration limits
for a multi-axis milling force model. The proposed methodology for determining the
cutting edge incut segments is:

For a defined local surface topology and angular position of the cutting edge

1. For each point along the cutting edge, classify as either in/out of each tool path
bounding box which defines the local surface topology. |

2. If the point on the cutting edge is contained within a tool path bounding box,
determine the corresponding Z value from the primitives representing that sur-

face (Zsurs,i)-
4. If the cutting edge point Z value is less than Z,,;, then the cutting edge is incut.

The above methodology is used to extract both the start and end of incut segment.

Implementation

The software module that determines the cutting edge incut segments classifies each

point along the cutting edge against the local surface topology of the part. If the
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Figure 3.2: Tool Path Representation

Figure 3.3: Control Space Definition
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Figure 3.4: Variation of InCut Segments (semi-finishing, finishing)

current point on the cutting edge is below the part surface, it is incut. If the current
point on the cutting edge is above the part surface, it is out of cut. This classification
scheme defines the incut segments for the cutting edge at each incremental angular
position of the tool. The incut segments are used as the integration limits for the
multi-axis milling force model. Figure 3.5 and 3.6 show incut segment limits for 1/2
and 1/4 immersion ball end milling.

3.3 Force Modeler

A mechanistic force model for multi-axis machining is presented in this section. This

model has been formulated similar to the models presented by Imani [39] and Yucesan
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[105]. The modeling approach taken was to first develop the cutting edge geometry,
then to develop the cutting force expressions.

The cutting edge geometry for a ball end mill is shown in figure 3.7. The orienta-
tion of the differential cutting forces on the rake and clearance face are determined by
the unit vectors shown in the figure. The derivation of these unit vectors follows from
the defined NURBS curve profile of the cutting edge, and the nominal rake, clear-
ance, and helix angles for the cutting edge. The nomenclature used will be defined
throughout the derivation.

At any point, F;, along the cutting edge, the coordinate values can be determined
from the NURBS curve representation, given the corresponding parameter 4. The
parameter, u;, is extracted from a parameter set, {U}. This parameter set gives
u; having equal z-axis spacing. The unit vector tangent to the cutting edge flute, 7,

is defined as

T o= —’i—'f‘—‘l (3.5)
[ i—l“

where P; and P_, are vectors defined by consecutive points on the cutting edge
(P;, P:_;) and the origin of the tool. The instantaneous cutter helix angle, 3, is
determined from the angle between 7 and a unit vector along the direction of the tool

Z-axis (Z = (01 01 1))7
B = cos™}(F- 2Z) (36)

The lag angle, ¢, is measured from the cutting edge tip (at parameter value, ;) in a



CHAPTER 3. PROCESS MODELING

z
Y o eeedeaal_ X
- ~
4444 ‘5
l" ‘\5

' Y '\c
4 A}
' .

:

l R
LY

.

AY
N
‘\
-
= S - - -
N
D \
‘h
““0.-100".
Flute
Top View

24
»

Figure 3.7: Ball End Mill Geometry

CCW direction. This angle lies in the XY plane (see figure 3.7).

y = cos-l(jsi : ﬁO)z:O

The instantaneous angle of rotation, at P, is 6;. It is defined from the angle of

rotation at the cutting edge tip, 6o, and the lag angle, .

b; = 6h—¢
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The lead angle, p;, is defined by the nominal radius of the tool, Ry, and the current
z position, z;,

b = sin™t (%) (39)

The instantaneous normal rake angle, o;, is determined from the nominal rake angle,

oy, the lead angle, p;, and the instantaneous cutter helix angle, 3,
o; = tan~'([tan B;-]sin p; + tanayg - cos p;] - cos B;) (3.10)

Determine x. This unit vector lies on the rake face and along the intersection of a
parallel xy-plane at the cutting edge point that meets the rake surface (see figure
3.7). A unit vector,V,, is defined as,

-

7, = Do (3.11)
1Bomoll

V, is rotated by the instantaneous rake angle, a;, to determine x,

Ko = Vi~ 005 (~0s) = Vi sin (~x)

ky = Vuz-sin(—a;) — Vyy - cos(—a;) (3.12)

The unit vector that is normal to the rake face, 7i,, is computed as the cross product

of the vectors T and x.

Fxk (3.13)

431
i
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The unit vector, b, that lies on the plane created by the vectors 7 and «, and is

perpendicular to 7, is determined from the cross product of 7 and 7.
b = A, x7 (3.14)

The unit vector on the rake face that defines the direction of chip flow is 7is,. 7isr is

computed from b, 7, and the chip flow angle, 7,

-

figp = b-cosn.+T-sinn, (3.15)

Determine £. This unit vector lies on the clearance face and along the intersection
of a parallel xy-plane at the cutting edge point that meets the clearance surface (see

figure 3.7). A unit vector, T,, is defined as,
T. = 1V, (3-16)
T, is rotated by the instantaneous clearance angle, v;, to determine &,

& = Tu,z - COS ('Yi) - Tu,y - sin ('Yi)

& = Tyuz-sin(y) —Tyuy-cos(n) (3.17)

The unit vector that is normal to the clearance face, 7., is computed as the cross

product of the vectors T and &.

fi, = TxE (3.18)



CHAPTER 3. PROCESS MODELING 51

The unit vector, 7ij,, that lies on the plane created by the vectors 7 and &, and is

perpendicular to 7, is determined from the cross product of ¥ and 7,.
fife = e XT (3.19)
The length of an infinitesimal cutting edge segment, 45, is given as

88 = |IP— Pl (3-20)
The instantaneous chip thickness, ¢, at any angular position, 6; is given by

t.(8) = ssin(8)cos())- (x-b) (3.21)

where s, is the nominal feed per tooth and A is the current tool path inclination

angle. The differential contact area is given as,
A, = t[(0)-6S (3.22)

The force model expressions are considered as the summation of the normal and
friction forces acting on the rake face and the cutting edge. The differential normal

and frictional forces on the rake face are calculated as

I‘s%.nrl = Knr'6Ar (323)
légfrl = Kyr-0Ar (3.24)

where K, and K, are the pressure and friction cutting coefficients on the rake face.
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These coefficients are functions of cutting edge geometry, cutting speed, and feed per
tooth.

The differential normal and frictional edge forces are calculated as

Ias‘ncl = Kne'és (3.25)

6] = Kp.-68 (3.26)

where K,, and Ky, are the pressure and friction cutting coefficients acting on the
cutting edge. These coefficients are functions of cutting edge geometry, cutting speed,
and feed per tooth.

The instantaneous force acting on an incut, cutting edge segment is given as the
summation of the differential normal and friction forces acting on the rake face and

cutting edge.

Sp(8) = Sur(6) +S1r(6) + Fne(8) + Sre(6)
/22 {Km- . [—’r-i,-(o, z) + Ky, - ﬁ.f,-(ﬂc, 0, Z)] - 0A, (3.27)
zl

+K,, - [—ﬁe(a, Z) + Kfe . r'i,,(o, Z)] . 65}

3.4 Calibration Procedure

Calibration tests are used to determine the friction and pressure cutting force coeffi-
cients. It is proposed that these coefficients are functions of cutting edge geometry,

cutting speed, and feed per tooth. The functional form of the equations representing
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the variation of pressure and friction coefficients will take the form
K, = eo1tazVitass; (3.28)

where K; is the instantaneous cutting coefficient, V; and B; are the instantaneous
cutting speed and geometric constant respectively. The coefficients a,, aj, a3 are
functions of the instantaneous feed per tooth. The functional form of equation 3.28
was formulated similar to Kapoor et al[43]. Kapoor expressed the cutting force co-
efficients as an exponential function of chip thickness and cutting speed. Kapoor did
not incorporate the effect of cutting edge geometry.

Following the theoretical derivation of the multi-axis force model in section 3.3, a

calibration procedure was developed. The calibration procedure is as follows:

1. The first step in the calibration procedure is to reformulate the multi-axis force
model presented in section 3.3 into a form that separates the cutting force

coefficients and geometric factors.

F,0) = Snr(6) + S7(6) + Sne(8) + S7.(6)
z2
= / K [=7(6,2) + Kpe -l 0,2)] -4, (329

+Khpe [‘ﬁc(oa Z) + Kfe - ﬁfc(oi Z)] : 65}

if 7ifr (0,8, 2) = b(6, z) - cosn. + 7(6, z) - sinn,
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e 22 -
6 = [ (K- (70,2 + K- (56, 2)-cosne
+ 78, 2) - sinn.)] - 6A, (3.30)

+ Kne . [_ﬁe(ov Z) + Kfe : ﬁfe(a: z)] . 65}

Rearranging using:

K, = Ko - Kf,- -COSTe | < K, (3'31)

(3.32)

e
|
[

RO,2)=| -n, b, T, (3.33)

E@0,2)= | —ney e (3.34)

$,0) = /:2{R(0,z)-K,-JA,(O,z)+E(0,z)-Kf-JS} (3.35)
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It can be shown that equation 3.35 can also be represented in the form (see

Appendix A)

gpz = Ki-Ai+Ky-Ay+ K3 - A3+ Ky - A4+ K5 - As
S‘py = K, -Bi+K;-B;+K3;-B;+Ky-By+ K5 - Bs (3.36)

= Kl‘01+K2°02+K3-C3+K4'C4+K5'Cs

Sz

Equation 3.36 is in the form of a multiple parameter, linear regression model.

2. A series of cutting tests are performed using the chosen tool/workpiece combi-
nation. These tests are performed over a range of cutting speeds, feed rates,
axial depth of cut, and radial width of cut. For each cutting test, cutting force
data is obtained (Smz; Smy, Smz)-

3. For each cutting test, average cutting force coefficients [K, K2, K3, Ky, K]
are determined using a multiple parameter linear regression technique (Least-

Square Estimation) (see Appendix B).
4. It is assumed that for constant feed rate, each K; can be represented in the form
given by equation 3.28. Taking the natural logarithm of equation 3.28 gives:

InK; = a1+a2-Vj+a3-ﬂ,— (337)

Grouping those tests that have constant feed rate, the parameters a; are deter-
mined for each K; using multiple parameter log-linear regression (see Appendix

Q).
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5. For each Kj, the parameters a;, az, and a3 are expressed as a function of the

feed rate as:

& = bi+of (3.38)

where a; is the chosen parameter, b; is the y-intercept of a best fit line, ¢; is the
slope of a best fit line, and f; is the instantaneous feed per tooth. Equation 3.38

expresses each parameter, a;, as a linear function of feed per tooth.

3.5 Tool Runout

Tool runout affects the cutting force profile for each cutting edge during machining.
The tool runout acts to increase or decrease the effective feed per tooth for each
cutting edge. Several investigators have modeled tool runout [94, 109, 108]. Tool
runout has been identified as either radial, axial, or combinational. Tool runout can
also be non-linear due to secondary disengagement resulting from insufficient depths
of cut. Radial effects have been shown to contribute the most to tool runout. The
tool runout also affects the incut segments for each cutting edge.

Radial tool runout has been included in the modeling methodology presented here.
The tool runout is taken as a user supplied input parameter for each cutting edge.
Tool runout is quantified as a radial displacement relative to the nominal radius of
the tool. The tool runout can be either positive or negative.

The effective feed per tooth for each cutting edge, s :, is determined by summing
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the nominal feed per tooth, s,, and cutting edge runout, r;.

Sti = St + Ty (3.39)

To include the effects of tool runout on the determination of each cutting edge
incut segment, the NURBS curve representation of each tool cutting edge is translated
a distance equal to the cutting edge runout. The translation is in the tool radial
direction.

A set of simulations were performed to demonstrate the effects of different tool
runout on the cutting force. All simulations are performed with a four flute 330M
Garr 3/4” diameter, solid carbide ball end mill. The workpiece material was Titanium
(Ti6Al4V). The feed per tooth is 0.004” and the spindle speed is 1176 rpm. The

immersion ratio is 1/8. The force calibration constants are given in table 3.1.

Rake face Clearance Face
K, (Ib/inch®) | K, (Ib/inch®) | K3 (Ib/inch?) | K4 (Ib/inch) | K5 (Ib/inch)
152176 199736 3610 39.06 26.18

Table 3.1: Force Calibration coefficients

Figures 3.8 and 3.9 demonstrate the effect of different tool runout on the resultant
cutting force. The resultant force profile is shown in each figure. The solid line in
each figure is the predicted resultant force with runout. The dotted line in each figure
is the predicted resultant force without runout. Table 3.2 shows the measured tool

runout for each figure.
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Figure | Edge 1 | Edge 2 | Edge 3 | Edge 4
3.8 0.0 | +0.0005 | +0.0006 | 0.0
3.9 0.0 | +0.0005 | +0.0009 | -0.0008

Table 3.2: Tool Runout

3.6 Static Simulation Methodology

The implementation for the methodology for analytically simulating multi axis ma-
chining of complex sculptured surfaces is shown in figure 3.10.

The simulation begins by reading the tool path information from a CLData file.
For each tool path segment a data structure is created. This data structure contains
the primitive surface representation (cylinder, plane, sphere, torus) and a bounding
box for the given tool path segment (figure 3.2). A set of control points are defined
at a user specified interval along the tool path. At each control point the following

steps are performed:

1. A control space is defined for the current tool position. A control space is
defined as a bounding box surrounding the current tool position (figure 3.3).
The size of the control space is defined by the user and related to the geometry

of the tool.

2. The local surface topology is constructed for the current tool position. The
local surface topology is defined by previous tool path segments that intersect

the control space.

3. An instance of the tool cutting edge is created and translated to the current

tool position.
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4. The tool immersion is determined. The tool immersion is defined by the cut-
ting edge incut segments (/CSeg) at each angular increment of the tool. The
instance of the tool cutting edge is incrementally rotated through one full rev-
olution of the tool. At each angular increment the cutting edge incut segment
is determined by classifying points on the cutting edge against the local surface

topology.

5. The cutting force is calculated at each angular increment of the tool. Figure 3.11
shows a flow chart for the static force prediction. For each angular increment,
i, and each cutting edge, j, the incut segment, ICSeg[i][j], is used as the
integration limits for the force prediciton. For each incut segment the cutting
edge is discretized into a number of axial elements, Az;,.

ICSegli][y]

- (3.40)

Azim: =

where dz is the minimum axial distance. For each axial element the following

are determined:

e The unit vectors (7., i, 7, fife) defining the orientation of the cutting

edge.

e The static chip thickness.
t.(d) = sysin(f)cos(N) - (x-b) (3.41)

e The differential area, A,, and cutting edge length, dS.
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e The differential cutting force, dF’

dS = Ky - [~ + Kpr - iy - 64,
+Kpe - [~ + Ko - fige] - 65 (3.42)

The total cutting force is calculated by summing the differential force for all

axial elements.

JEAZinc
g = ) d3fj (3.43)

7=0

3.7 Dynamic Simulation Methodology based on Con-

trol Points

This section describes the implementation of a strategy for dynamic modeling sim-
ilar to those presented in 3, 39]. For complex sculptured machining operations the
regenerative force, dynamic deflection model has been implemented as a piece-wise
continuous solution. The solution is considered piece-wise continuous in the sense
that the dynamic simulation is carried out at user specified intervals along the tool
path (control points). At each control point on the tool path, the following steps are

performed:
e The tool immersion (incut segments) is determined from the static tool/workpiece

model.

e The tool immersion is used as integration limits for the regenerative force, dy-

namic deflection model.
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o The dynamic simulation is performed for a user specified number of tool rota-

tions.

The implementation of this strategy closely parallels the methodology presented in
section 3.6. The implementation steps shown in figure 3.10 are used to define the
cutting edge incut segments. However, the static force prediction block (figure 3.11)
is substituted with the regenerative force, dynamic deflection model shown in figure
3.12. The cutting force and tool deflection are calculated for a number of user specified
tool rotations (0 : N,,). For each angular increment, z, and each cutting edge, j, the
incut segment, ICSeg(i][j] (determined from the static tool/workpiece model), is used
as the integration limits for the force prediciton. For each incut segment the cutting
edge is discretized into a number of axial elements, Az;,. (equation 3.40). For each

axial element the following are determined:
e The unit vectors (7i,, 7isr, T, fife) defining the orientation of the cutting edge.

e The chip thickness.

t. = St,st + DZo - min(DZl, DZ2, DZ3) (3.44)

where s, 4 is the static chip thickness given by equation 3.41, DZ, is the current
deflection of the tool, and DZ;, DZ,, DZ; are the deflections of the previous 3

tooth periods.

o The differential area, d A,, and cutting edge length, dS.
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e The differential cutting force, dF°

a3 = Knr'[—ﬁf-{-Kfr-ﬁfr]'&Ar

+Khpe - [—ﬁe + Kfc . ﬁfe] -4S (345)

The total cutting force is calculated by summing the differential force for all axial

elements.
j SAzinc

$ = Y dS[j] (3.46)

7=0

The current tool deflection can be determined by integrating the governing dynamic
force equation in each coordinate direction (X,Y). The governing dynamic force equa-

tion is:
S; = mzI; +cx; + kz; (3.47)

Integration is approximated by using a fourth order Runge-Kutta method [70).

3.8 Continuous Dynamic Simulation Methodology

The objective of the work presented in this section is to provide an enhanced dynamic
mechanistic model for multi-axis machining. This work builds upon the modeling
methodologies presented in sections 3.6 and 3.7. The dynamic process simulation

methodology will be presented as a continuous solution for complex sculptured surface
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machining.
A continuous dynamic process simulation methodology for multi-axis machining

needs to be formulated to include the following:
1. The simulation step size is given by a minimum time period.

2. The instantaneous location of the cutting edge is determined from the original
tool centre (defined by the current tool path location) and the current deflection

of the tool.

3. The instantaneous chip thickness is determined from the feed/tooth and the

deflection of the previous N tooth periods.

4. Incorporate the deflection effects of previous tool path segments.

The minimum time period is defined by the dominant system natural frequencies. The
dominant system natural frequencies for a typical machining operation (assuming a
rigid part) include the spindle and tool natural frequencies. These values are typically
determined by experimental modal analysis. The minimum time period is defined by
the user. The NURBS representation of the tool cutting edge allows item 2 to be
easily implemented. The instantaneous location of the cutting edge can be obtained
by applying the translations and rotations for the tool centre and current deflection
to the NURBS curve. To determine the instantaneous chip thickness (item 3), the
deflection history of the tool needs to be retained. To incorporate the deflection effects
of previous tool path segments the deflection information along a tool path must be
linked to the specific tool path segment. Each tool path segment is represented by
a data structure. For the static modeling methodology presented in section 3.6 this

data structure contains:
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e tool path tangent vector, T
e swept surface representation

e tool path bounding box (static)

To include the effects of deflection, the following information must be added to each

tool path data structure:

e actual tool path curve

e dynamic bounding box

Figure 3.13 depicts the information contained within each tool path data structure.
The actual tool path curve is determined from the corresponding tool deflection his-
tory for each tool path segment. The dynamic bounding box is determined from the
actual tool path curve. The maximum tool deflections normal to the tool path are
used to calculate the size of the bounding box.

The implementation of the methodology for a continuous dynamic process sim-
ulation for multi axis machining of complex sculptured surfaces is shown in figure
3.14. The simulation begins by reading the tool path information from a CLData
file. For each tool path segment a data structure is created. The static bounding box
shown in figure 3.13 is used to initialize this data structure. The simulation proceeds
by looping through each tool path segment. For each tool path segment the number
of simulation time steps, ngep, is determined from the length of the tool path seg-
ment, T P,.,, the feed per revolution, f,.,, and the number of simulation steps per

revolution, N,.,.

TPlen - Nrev

Nstep = 7
rev

(3.48)
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Figure 3.13: Dynamic Tool Path Information

For each simulation time step the following are performed:

1. The next point along the tool path, P,, is determined. P, is calculated by

applying two translations (T},T;) to the last point, P,.

P, = P,+T,+Ty (3.49)

The translation are:

e T, is a translation in a direction defined by the tool path tangent vector,

with magnitude equal to the feed per time step

7 (3.50)
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e Ty is a translation normal to the tool path, with magnitude equal to the

current deflection, DZ,

T, = DZ,-7 (3.51)

2. A control space is defined for the current tool position.

3. The local surface topology is constructed for the current tool position. The
local surface topology is defined by previous tool path segments that intersect

the control space.

4. An instance of the tool cutting edge is created and translated to the current
tool position, P,. The tool cutting edge is then rotated about P, by an angle,

— 360
df = Nrev

5. The cutting edge incut segment (ICSeg) is determined by classifying points on

the cutting edge against the local surface topology.

6. The dynamic cutting force is calculated. Figure 3.15 shows a flow chart for
the dyhamic force prediction. For each cutting edge, j, the incut segment,
ICSeglj], is used as the integration limits for the force prediciton. For each
incut segment the cutting edge is discretized into a number of axial elements,

Azn. (equation 3.40). For each axial element the following are determined:

e The unit vectors (7i,, fif,, 7, ife) defining the orientation of the cutting

edge.



CHAPTER 3. PROCESS MODELING

Loop for Number of Cutting
> Edges [[=0:N_, ]

!

Get [ncut Segment
ICSeg(j)

No

If ICSeg(j] != NULL
Yes

Calculate Number of Axial
Increments
Age = mt(CSegfj}/dz)

Loop for Number of Axial
> Increments {k=1:Ax;, ]

Calculaie Cutting Edge
Unit Vectors
(nlv n&i net nﬁ)

Calculate Chip Thickness
(¢t =t . *DZ - min[DZ,, DZ,, DZ,])

'

Calculate Differential Area and
Cutting Edge Length
(dA,, dS)

Force
dF=K or[-; +Kgng JdA p#K ne[-Be +Kg 0e1dS

Sum Differential Cutting Forces
F{i] = F[i] + dF

T
y

ICalculate Current Tool Deflection
®Z,)

!

Figure 3.15: Dynamic Modeling Force prediction (Continuous)




CHAPTER 3. PROCESS MODELING 73

e The chip thickness.
t. = St,st + DZO - min(DZI, DZQ, DZ3) (352)

where s 4 is the static chip thickness given by equation 3.41, DZj is the
current deflection of the tool, and DZ,, DZ,, DZ; are the deflections of

the previous 3 tooth periods.
e The differential area, dA,, and cutting edge length, dS.

e The differential cutting force, d

4S8 = Kpp- [~ + Kyr - igy] - 6A,

+K,. - [—ﬁe + Kfe . ﬁfe] -0S (353)

The total cutting force is calculated by summing the differential force for all

axial elements.
jSAziue
3 = ) a3(j] (3.54)

=0

The current tool deflection can be determined by integrating the governing
dynamic force equation in each coordinate direction (X,Y) . The governing

dynamic force equation is:
S; = mT; +cz; + kz; (3.55)

Integration is approximated by using a fourth order Runge-Kutta method [70].
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After each tool path segment has been simulated, the deflection history is utilized
to set the size of the dynamic bounding box. The dynamic bounding box is then used

in subsequent simulation steps to determine the local surface topology of the part.

3.9 Internet Based Machining System

The Internet is a global information system that provides a communications medium
for connecting computers, and computing resources around the world. Since its early
inception in the 1970’s, the Internet has grown in size and popularity to provide
many services and applications. The major Internet services and applications include:
electronic mail, file transfer protocols, electronic discussion groups, search tools, and
the world wide web, a hypertext based information medium. Commercial entities have
also begun to leverage the Internet for various forms of e-commerce and/or e-business.
In the area of engineering, the Internet offers a medium for technology integration.
This involves both information exchange and providing access to engineering resource
tools.

The Internet based machining system integrates advanced process simulation soft-
ware, and state of the art multimedia and Internet technologies to realize an Internet
enabled process optimization environment. This environment leads the manufactur-
ing engineer through formalized procedures in which physics based process simulations
allow process parameters and operational sequences to be evaluated and optimized
with respect to desired product features. These features include dimension, surface
quality, tool life, and cost and lead time reduction. The modeling methodologies
presented in this chapter have been developed to accurate predict instantaneous chip

load and cutting forces. The inputs for the simulation are the cutter location file and



CHAPTER 3. PROCESS MODELING 75

tool geometry. The outputs of the simulation are the instantaneous chip load, cutting
forces, and tool deflection. The simulation outputs are utilized for optimizing process
parameters through feed scheduling and changes to cutting conditions to reduce tool
deflection. The process optimization provides an increase in the dimensional accu-
racy of the resulting part geometry, improves the quality of the surface produced, and
increases tool life. All this occurs within an Internet enabled process optimization
environment.

The Internet based machining system provides a formalized system for designing
and proofing machining processes. The interactive nature of the Internet based im-
plementation of the multi-axis machining simulation offers the user valuable insight
into the machining process. This information can be used for reducing or eliminating
the need for expensive process trials. Specific process problems can also be diagnosed
more efficiently when this information is available. Having this information allows
the user to optimize the machining process by testing different process parameters
(feed, speed, tool paths, etc.). Process develoment can, therefore, occur iteratively.
Implementing these development tools using Internet technologies has several advan-
tages. It allows all of the development tools to be in a centralized location, allowing
for quick and reliable upgrade paths. Internet accessibility also gives quick and easy
access to these development tools to researchers and manufacturing engineers around
the world.

The implementation of the Internet based machining system is based on a
client/server model. The client, running on the user’s web browser, makes requests for
services. The server, running on the host computer, services the requests. The client

and server are on different machines across the Internet. Communication between
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the client and server uses the TCP/IP (Internet Protocol). The implementation

methodology and details on running the simulation are given in appendix E.

3.10 Summary

This chapter presented the modeling methodologies required for a generic simulation
approach for multi-axis machining of complex sculptured surface parts.

A generalized approach is developed for representing an arbitrary cutting edge
design, and the local surface topology of a complex sculptured surface part. A NURBS
curve is used to represent the cutting edge profile. This approach offers the advantages
of representing an arbitrary cutting edge design in a generic way, as well as providing
standardized techniques for manipulating the location and orientation of the cutting
edge. The local surface topology of the part is defined as those surfaces generated
by previous tool paths in the vicinity of the current tool position. The local surface
topology of the part is represented without using a computationally expensive CAD
system. A systematic prediction technique was then developed to determine the
instantaneous tool/part interaction during machining. The methodology employed
here determines cutting edge in-cut segments by determining the intersection between
the NURBS curve representation of the cutting edge and the defined local surface
topology.

A comprehensive cutting force model for multi-axis machining was presented.
The cutting force model considers both normal and friction components of force on
the rake and clearance faces on the cutting edge. A systematic model calibration
procedure was developed to incorporate the effects of varying cutting edge geometry,

cutting speeds, and feed rates.
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This chapter also presents an enhanced dynamic mechanistic modeling method-
ology for multi-axis machining. The dynamic process simulation methodology is
presented as a continuous solution for complex sculptured surface machining. The
methodology is formulated to include the instantaneous deflection of the tool, and
the tool deflection history over the entire tool path.

This chapter also presented the concept and implementation of an Internet based
facility for multi-axis milling process simulation and optimization. The facility in-
tegrates advanced process simulation software, and state of the art multimedia and
Internet technologies to realize an Internet enabled process optimization environment

for machining systems.



Chapter 4

Feed Rate Scheduling

4.1 Introduction

During machining of complex sculptured surfaces, the chip geometry is constantly
changing along the tool path. This causes wide fluctuations in the process variables
(cutting force and tool deflection). In the worst case, the tool may break or cutting
may become unstable (chatter) and/or the quality of the finished product may be
unacceptable. To ensure stable machining conditions and guarantee the quality of
the finished product, conservative process parameters are typically used (feeds and
speeds). The result is lower productivity. Feed rate scheduling can be used to opti-
mize the manufacture of complex sculptured surface parts. The productivity will be
increased with guaranteed machining integrity. Section 4.2 develops the feed schedul-
ing methodology for multi-axis machining.

The machine tool feed drive performance capabilities have not been integrated
with feed scheduling in any of the reviewed literature. Integrating a model of the

machine tool feed drive with a feed scheduling strategy is necessary to smooth the feed

78
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rates and to ensure that the scheduled feed rates and corresponding accelerations are
within the machine performance limitations. Section 4.3 presents two strategies for
integrating the feed drive performance limitations with feed scheduling (Acc/Dec time
constant). The term Acc/Dec is used throughout the following sections to describe the
different phases of acceleration that the machine experiences during changes in feed
rate. The time that the acceleration rate is increasing is referred to as the Acc phase.
The time that the acceleration rate is decreasing is referred to as the Dec phase. The
first strategy implements feed scheduling considering the feed drive Acc/Dec time
constant. The second strategy optimizes the use of the feed drive capabilities for feed
scheduling.
A summary of the feed scheduling methodologies is given in section 4.4.

4.2 Methodology for Multi-Axis Machjning

To properly implement feed rate scheduling, a set of process constraints must be
formulated. Several authors have presented various process constraints for milling
applications [39, 79, 8]. The cited authors included shank and tooth breakage con-
straints, and surface dimensional error constraints. In practice, the above process
constraints can be satisfied by imposing either a maximum chip load constraint or
maximum force constraint. Maximum chip load and force constraints have been im-
plemented here for feed rate scheduling. The chosen process constraint is determined
by the type of machining operation. For roughing machining operations the max-
imum force constraint is imposed. This will eliminate force spikes during cutting
that could either chip or break the cutting edge. The maximum force constraint can

also be used to limit tool deflections. For semi-finishing or finishing operations the
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maximum chipload constraint can be used to control surface finish and/or increase
productivity.

Feed rate scheduling is performed at user specified intervals along the given tool
path (control points). The number of control points chosen depends on the accuracy
requirement and the available computing tool. The control point density can either
vary or be uniform along the tool path, depending on the curvature of the surface
[58]. For each control point, the cutting geometry and cutting forces are extracted
using the modeling methodologies presented in chapter 3. The assumption here is
that the machining process is stable (ie no chatter). The process dynamics are not
incorporated with feed scheduling. The static cutting geometry and cutting force are
used for feed scheduling. The maximum allowable feed rate is scheduled by applying
the chosen process constraint (maximum chip load or maximum force).

The procedure implemented here is illustrated by the flow chart given in figure 4.1.
The maximum force constraint is used to develop the methodology. The procedure is
similar for feed scheduling using a maximum chipload constraint. The control points

P(k) are defined at equal distance increments AX along the tool path:

P(k) = P(k—-1)+AX (4.1)

At each distance increment AX, an iterative technique is used to solve for the
optimal feed rate. As a "first guess”, the feed rate is set to the maximum allowable

feed rate:

Fs(k) = Fuma (4.2)
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Figure 4.1: Flow chart for feed scheduling based on control point strategy
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The instantaneous cut geometry is then extracted for the "first guess” of the feed
rate value and the cutting force S(k) is evaluated. If the cutting force value does not

exceed the maximum allowable force,

IS(k) < IStm + 69| (4.3)

the tool move is incremented and the following control point is considered. The
constraint given in equation (4.3) includes the machine condition when air cutting
occurs. Air cutting can occur when approaching the workpiece, when leaving the
workpiece or when there is a pocket in the workpiece. When the cutting force value

exceeds the maximum allowable force,

ISR)| > [Stim + 09 , (4.4)

the feed rate value Fg(k) should be decreased. The cutting force value is then set to

the limit value of the cutting force:

(k) = Sum (4.5)

The mechanistic model is then inverted to solve for the feed rate Fs(k). The feed
rate Fg(k) is determined by applying a bisection method. The iterations continue
until the predicted force is within a given tolerance of the target force value. The
tool move is incremented and the next control point is considered.

This procedure is repeated for each tool move resulting in a set of feed rates for a

given machining operation.
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4.3 Incorporating Feed Drive Performance Capa-
bilities

The feed scheduling methodology presented in section 4.2 was formulated indepen-
dently of the machine tool feed drive performance capabilities. The assumption made
by this methodology is that the scheduled commanded feed rate, Fy, is always equal
to the actual feed rate, F,, that the machine tool achieves during machining. This
would mean that the step changes in feed rate specified by the feed scheduler are
achievable instantaneously by the machine tool feed drives. Practically, this is not
the case. Each feed drive on a machine tool has a set Acc/Dec profile that it must
follow when a step change of feed rate is specified. Therefore, the scheduled com-
manded feed rate, Fs, is not equal to the actual feed rate, F,, during Acc/Dec phases.
There are several implication for feed scheduling. The actual feed rates attained by
the machine tool during Acc/Dec may cause the process constraints (force, chipload)
to be violated. The force prediction is also not reliable during the Acc/Dec phases. If
the feed rate step between successive control points is large, the time interval between
control points will be small. If the time interval is less than the Acc/Dec time for the
feed drive, the actual feed will be truncated so that the machine tool tracks its path.
This may cause the process constraints to be violated.

It is evident from the above discussion that the performance capabilities of the
machine tool feed drive need to be integrated with the feed scheduling methodology.
The first step is to develop a model of the feed drive dynamics that can be used
to generate the Acc/Dec profile. The second step is to formulate a feed scheduling

methodology that incorporates the feed drive Acc/Dec profile.



CHAPTER 4. FEED RATE SCHEDULING 84

The first step is to identify the low frequency dynamics of the feed drive system.
The identification is limited to the transfer function relating the actual feed rate,
assumed to be proportional to the motor shaft velocity, to the desired feed rate spec-
ified in the CLData file. An empirical method based on experimental identification
has been adopted since it results in a more accurate model for the real feed drive
dynamics. A systematic procedure of identification based on time series modeling
is developed. In this procedure, specific criteria are introduced to evaluate the ade-
quacy of the model and, consequently, to select the appropriate model structure and
orders. The input excitation used for identification is considered to account for both
the spectrum and the shape. The input excitation is specified as a multilevel sequence
of feed rate with mainly low frequency components. The input is shaped so that the
identified model is valid over a wide range of the feed rate within the physical limits of
the machine. The identified model is an average of the forward and backward models
of the feed drive system. The application of the identification procedure results in an
ARMAX model with the following orders: n, = 3, n, =1, n. = 1, and n, = 1. This
model is transformed into a FIR filter and used as an Acc/Dec processor to generate
the actual feed rate from the desired feed rate specified by the CLData file. The
transformation considers variable, user-specified sampling frequencies different from
that used for identification. The FIR filter coefficients have been normalized so that
the actual feed rate converges to the desired feed rate at a steady state. The applica-
tion of the Acc/Dec processor only describes the acceleration or the deceleration of
the feed drive. It does not account for the effects of friction. A detailed overview of
the identification procedure is given in appendix D.

The second step is to formulate a feed scheduling methodology that incorporates
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the feed drive Acc/Dec profile. The following sections detail the strategies that are

developed and implemented.

4.3.1 Acc/Dec Time Constant Strategy

In order to achieve the desired feed rate at the appropriate position, it is necessary to
take into account the dynamic capabilities of the feed drive system. A time domain
based strategy for feed scheduling is introduced in this section. This strategy considers
the feed drive dynamics described by the Acc/Dec profile. The objective of this
strategy is to guarantee that the actual feed rate, F,, of the machine will reach the
commanded feed rate, Fs. In this strategy, the commanded feed rate, F§, the actual
feed rate, F,, and the cutting force are simultaneously generated for a given machining
operation. This procedure is illustrated by the flow chart given in figure 4.2.

Given that the feed drive is moving initially with a consta.nt‘ feed rate (acceleration
equal to zero), a step change in the feed rate can only be achieved in a time period
equal to the machine Acc/Dec time constant, T;,;e;. TO guarantee that the actual feed
rate, F,, reaches the commanded feed rate, Fis, the tool move is split into equal time
segments. The period of each time segment is equal to the Acc/Dec time constant,
Total- Each time segment will correspond to one block of tool motion. For each
block of motion, the commanded feed rate value should be determined so that the
actual feed rate is guaranteed to respect the force constraint during the acceleration or
deceleration phase. A sampling period is introduced to subdivide the time segment,

Tiotal, iNto smaller periods of time. This period is specified equal to the tooth passing
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Figure 4.2: Flow chart for feed scheduling based on Acc/Dec time constant
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period:

60
= — 4.
T N - Nepm (4.6)

where N is the number of teeth on the cutter, and Ny, is the spindle rpm. Using this
sampling period, the Acc/Dec profile is transformed into a FIR filter (see appendix
D). Each block of motion will have a number of periods equal to the number of
coefficients of the FIR filter, N..

The distance traveled within each block is dependent on the commanded feed rate,
and can not be known a priori. An iterative strategy is proposed to determine the
incremental tool motion. The following paragraphs provide an overview of the feed
scheduling strategy. The first paragraph describes the generation of the intermediate
tool motion blocks. The second paragraph describes the generation of the tool motion

blocks at the end of the tool path.

Generation of intermediate tool motion blocks

For each block, I, the commanded feed rate is set to the maximum allowable feed

rate value:
Fs(k) = Fnaz fOTkG[(Ib—l)'Nc+1 :Ib'Nc] (4.7)
Then, the actual feed rate is evaluated using the coefficients, Cj, of the FIR:

N,
Fu(k) = Y Cj-Fs(k—j+1) forke[(l,—1)-Ne+1:L-N] (48)

i=1
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Based on the actual feed rate, the tool moves, P(k), can be evaluated:
u T
P(k) = PO+ZFa(i—1)-% forke[(I,—1)-N.+1:1,-N] (4.9)
i=2

where P, is the initial position of the tool. The instantaneous cut geometry is then
extracted at each tool position, P(k), and the cutting force, S(k), is evaluated.

If the cutting force value does not exceed the target force for all the increments k,
ke[ly—1)-N.+1:1,-N], the number of the tool motion blocks is incremented
and the next block is considered.

If the cutting force value, S(k), exceeds the target force for a given increment, k,
the value of the actual feed rate, F,(k), should be decreased. To decrease this value,
the commanded feed rate for this block should be reduced. A bisection method is
used to solve for the commanded feed rate value. The upper bound for the bisection
method is set as the maximum allowable feed rate. This upper bound has been treated
above. The lower bound is set to the minimum allowable feed rate. The lower bound
is first checked to ensure its validity. The commanded feed rate is set equal to the

minimum allowable feed rate.
Fs(k) = Fpin for k€[(ly—1)-N.+1:1,- N (4.10)

The actual feed rate, F,(k), the tool position, P(k), and the cutting force, I(k), are
evaluated. If all the cutting forces, S(k), are less than the target force, |S(k)| <
|Stim + 65|, the lower bound is valid. The bisection method can proceed to solve for
the optimum commanded feed rate. The iterations continue until the change in the

commanded feed rate is within a specified tolerance.
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If any of the cutting forces, S(k), are greater than the target force, |S(k)| >
|Stim + 053], the lower bound is not valid. The commanded feed rate of the previous
tool motion block should then be reduced. The number of tool motion blocks is
decremented, I, = I, — 1, and the commanded feed rate is reduced by a user-defined

coefficient:
Fs(k) = Ong(Ib . Nc) fork € [(Ib - 1) -N.+1:1- Nc] (4.11)

The actual feed rate and the cutting force are re-evaluated for this block. The cutting
forces evaluated for this block will always be less than the target force because the
actual feed rates have been reduced.

The tool position at the starting of the next block is expressed as:

IyNe+1 T
P(I,-N.+1) = P+ Y Fi-1)- 5 (4.12)

=2

While this position does not exceed the tool path length, the number of the tool
motion blocks is incremented and the above procedure is repeated. When the starting
point of the next block exceeds the tool path length, the generation of the tool motion
blocks is. adapted to decelerate the feed drive to stop at the end of the tool path. This

will be studied in the next section.

Generation of the tool motion blocks at the end of the tool path

When the starting point of the current block, I, of the tool motion exceeds the tool
path length, the number of the blocks should be decremented, I, = I, — 1. This block

is adapted to allow the feed drive to decelerate to zero velocity at the end of the path.
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The target tool position at the end of the path is designated by Pr. To decelerate
to zero velocity, the machine requires an interval of time equal to the Acc/Dec time
constant, Tye- The number of time increments needed for this deceleration is equal
to the number of FIR filter coefficients. The commanded feed rate is set to zero for

the deceleration block:

Fs(k) = OfOT k e [(Ib—l)'Nc-l-l:Ib'Nc] (4.13)

The actual feed rate is evaluated using the Acc/Dec FIR filter coefficients. The
tool position is consequently determined for each increment of time k. The distance
traveled by the tool can be equal to the target tool position, P(I-N.) = Pr, overshoot
the target tool position, P(I - N.) > Pr, or undershoot the target tool position,
P(I, - N.) < Pr. If the distance traveled equals the target tool position, the cutting
force is evaluated and the generation of the tool motion blocks is completed. Special

procedures are necessary for other cases.

Overshoot target tool position If the distance traveled by the tool exceeds
the target tool position, P(I, - N.) > Pr, the commanded feed rate of the previous
block should be reduced. Given the tool position at the end of the second last block,
P((I, - 2) - N.), and the target tool position, Pr, the distance the tool should travel

within two blocks is equal to JP:

6P = Pr—P((I,-2)-N,) (4.14)
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The commanded feed rate for the last block is equal to zero to allow the deceleration
of the feed drive to stop at the end of the path. Suppose that the feed rate for the

second last block is equal to Fgg, then:
Fs(k) = Fg for ke [(Ib - 2) N +1: (Ib - 1) . Nc] (4.15)

Using the FIR filter coefficients to express the actual feed rate for each increment of
time k, k € [(Iy ~2) - N.+1: I, - N,] and using equations (4.13), (4.14), and (4.15),

the unknown is determined by the following expression:

606 P

Fsg = [—— -S51-Fs((Ilb—-1)- Nc)] (4.16)

1
T 5

where §; = 1+ YN S, Cjand S, = 1+ LN T Ci+ i Tk, C.
Once the commanded feed rate is determined, the actual feed rate, F,(k), the tool
position, P(k), and the cutting force, S(k), are evaluated for each increment of time &,

k€ [(Is—2)- N.+1:1I,- N The generation of the tool motion blocks is completed.

Undershoot target tool position If the distance traveled by the tool undershoots
the target tool position, P(l; - N.) < Pr, the tool must travel the remaining path
distance § P with a constant feed rate. The constant feed rate is equal to the actual
feed rate at the end of the last block, F, ((I, — 1) - N.). The remaining path distance

6P is equal to:

§P = Pp—P(I,-N,) (4.17)
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To travel the distance P at the constant feed rate, a number of time increments are

added. This number, designated N,, is estimated by the formula:

(4.18)

N, = round( 606P )

T-F,((I-1)-N,)
The commanded feed rate and the actual feed rate are adjusted accordingly. The
tool position and the cutting force are then evaluated for each increment of time k,
ke[(ly—1)-N.+1:1I,- N.+ N,]. The generation of the tool motion blocks is then

complete.

4.3.2 Optimized Strategy

This strategy is formulated to achieve higher productivity and to improve the ma-
chining integrity. This strategy combines different constraints and various criteria in
modifying the feed rate to maintain a constant cutting force. The constraints include
the cutting force magnitude, the feed rate boundaries, and the characteristics of the
Acc/Dec profile of the feed drive system. The criteria are the maximum produc-
tion rate, and guaranteeing the machining integrity and safety. To generate the tool
motion, the optimized feed scheduling strategy uses search and decision logic. This
strategy is very complex due to large number of sequences in the logic. Flow charts

are given to indicate clearly the logic sequences.

Problem formulation

Suppose that the tool is moving along a straight line from a starting position, Py, to

an end position, P,. At both positions, P, and P., the feed rate and the acceleration
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of the feed drive are zero. The feed drive system has to accelerate at the start of the
path to begin the tool motion. At the end of the path the tool motion is decelerated
to reach the position P, with zero velocity and zero acceleration. To generate the
tool motion, the optimized feed scheduling strategy aims to generate the commanded

feed rate, Fs, so that:

e The commanded feed rate, Fs, is within the limits of the feed drive system. The
upper limit is set equal to the maximum allowable feed rate. The feed drive has

a lower limit for the feed rate when there is no reverse direction in the motion.

e To stop tool motion at the end of the path, the feed drive system needs an
interval of time equal to the Acc/Dec time constant, Ti,. This time interval
allows deceleration from any given feed rate to zero velocity. The commanded
feed rate, Fi, should be set equal to zero for the N, last lags. N, is the number

of the FIR coefficients.

e The actual feed rate, F,, respects the Acc/Dec capabilities of the feed drive
system. The relationship between the commanded feed rate and the actual feed

rate is described by the Acc/Dec FIR given in appendix D.

o The actual feed rate, F,, guarantees that the cutting force, ¥, respects the
target force constraint, Sy;m- The variation of the cut geometry can result in
a rapid change in the cutting force. When this change is composed of a rapid
decrease followed by a rapid increase in the force magnitude, the feed drive has
to accelerate to reach a higher feed rate, then decelerate to reach a lower value
of the feed rate. Due to the Acc/Dec capabilities of the feed drive, the high

feed rate may not be attained. The cutting force magnitude will be lower than
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the target force in this case. The target force constraint is, therefore, defined
so that the cutting force is less than or equal to the target force value. The
difference (Syim — S(k)) should also be minimized.

e The tool motion is determined to maximize the production rate.

For a given time period, the above problem can be formulated as:

findavector Fs of asize N sothat :

Foin < Fs(k) < Fonaz fork€[l: N — N

Fs(k)=0 forke[N—N.+1:N]
[ forke1:N] (4.19)
\ Fo(k)=3705,C; - Fs(k—j+1)

} ISR < Bt
min (Slim - %(k))
min(N)

S \

This problem is highly nonlinear. An iterative solution to generate the tool motion is
proposed. The above problem (4.19) is decomposed into two parts. In the first part,
the time is incremented gradually, ¥ = k + 1, and the tool motion along the tool path

is generated as if there is no stop at the end of the path. This is equivalent to the
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problem (4.19) where the equation Fs(k) =0 for k € [N — N, + 1: N] is removed:

find a vector Fs of a size N so that :

r

FminSFS(k)SFmaz fOTkG[lIN—Nc]

forke(1:N] (4.20)
) Fo(k) =33, C;- Fs(k—j +1)

1S < [Suim]
min (Sim — S(k))
min(N)

\ \

The second part of the solution is to adjust the commanded feed rate generated from
the first part to allow the feed drive to stop at the end of the pa.th. For this part, the
formulation of the problem given by the system of equations (4.19) holds.

These two parts will be described in the following sections; generation of the tool
motion along the tool path, and generation of the feed drive deceleration at the end
of the tool path respectively. A flow chart for the generation of the tool motion is

depicted in figure 4.3.

Generation of the tool motion along the tool path

A sampling period is introduced to generate the tool motion increments. The sampling

period is specified equal to the tooth passing period:

60
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where Ny, is the number of teeth on the cutter, and Ny, is the spindle rpm. Using this
sampling period, the Acc/Dec profile is transformed into a FIR filter (see appendix
D).

Along the tool path, the cutting force is evaluated for each sample period, t = k-T'.
The tool position, P(k), and the actual feed rate, F,(k), are determined to estimate
the in-cut geometry. The tool position, P(k), is determined given the tool position

and the actual feed rate for the previous lag:
T
P(k) = P(k - 1) + Fa(k - 1) . E (422)

The actual feed rate, F,(k), is determined by a first guess of the current commanded
feed rate. The commanded feed rate, Fs(k), is set equal to the previous commanded

feed rate, Fs(k — 1):
Fs(k) = Fs(k-1) (4.23)

This first guess is valid because the commanded feed rate of the previous lag is within
the limits of the feed drive system. The feed rate, F,(k), is evaluated based on the
Acc/Dec profile:

Ne
Fo(k) = ) C;-Fs(k—j+1) (4.24)
Jj=1
The mechanistic model is invoked to evaluate the magnitude of the resultant cutting
force, |S(k)|. Given a tolerance interval, §S5, on the target force value, four cases are

identified:
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e The force magnitude is null (air cutting) |S(k)| =0,

e The force magnitude is within the tolerance interval of the target force, |Siim — 0] <

IS(k)| < |Sim + 63,

e The force magnitude is less than the maximum value of the target force and

not null, 0 < [S(k)| < [Sim — 69,

e The force magnitude is greater than the maximum value, [Sym — 0S| < [S(k)]-

Case 1 [3(k)| = 0 When air cutting, the actual feed rate F,(k) should be increased
as fast as possible. The maximum value that the actual feed rate can reach within
a time period is obtained when the commanded feed rate, Fs(k), is set to the upper

limit of the feed rate, Finaz.
Fs(k) = Fmas (4.25)
The actual feed rate, F,(k), is evaluated based on the Acc/Dec profile:

Ne
Fi(k) = ) C;-Fs(k-j+1) (4.26)

i=1

The time is incremented, k£ = k+1, and the next tool position, P(k+1), is considered.

Case 2 [Syum — 0S| < [S(k)] < |Stim + 0S| The solution is accepted. The time is

incremented, k£ = k + 1, and the next tool position, P(k + 1), is considered.

Case 3 0 < |S(k)| < |Stim — 6| The cutting force magnitude is less than the target

force but it is not null. To minimize the difference between the target force, |Siiml,
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and the actual cutting force, |S(k)|, min (Sum — S(k)), the actual feed rate, F,(k),
should be increased. The optimal value of the current actual feed rate is obtained

when the cutting force magnitude, |S(k)], is equal to the target force value, [Siim|:
IS(k) = [Siiml (4.27)

The mechanistic force model is inverted to determine the actual feed rate, F;(k), that
satisfies equation (4.27). The feed rate, Fy(k), is determined using a bisection method.
The iterations continue until the actual cutting force is within a given tolerance of the
target force value. Due to the Acc/Dec profile of the feed drive system, the resulting
actual feed rate, F,(k), may not be attainable if the commanded feed rate, Fs(k),
exceeds the limits of the machine. The commanded feed rate, Fs(k), is evaluated
using the Acc/Dec FIR filter definition:

Fu(k) = £, Gy Fs(k = j +1)

< (4.28)

Fs(k) =

In this case, the objective is to increase the actual feed rate, F;(k). The only violation
that can occur is that the commanded feed rate, Fs(k), exceeds the maximum value
of the feed rate, Fs(k) > Finaz-

If the commanded feed rate, Fs(k), does not exceed the maximum value of the
feed rate, Fs(k) < Fpaz, the time is incremented, ¥ = k + 1, and the next tool
position, P(k + 1), is considered.

If the commanded feed rate, Fs(k), exceeds the maximum value of the feed rate,

Fs(k) > Finz, the commanded feed rate, Fs(k), is set equal to the maximum value
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of the feed rate:
Fs(k) = Fmaz (4.29)

The actual feed rate, F,(k), is then re-evaluated based on the Acc/Dec FIR filter.
The mechanistic force model is invoked to evaluate the magnitude of the cutting
force. 3.k1. The resulting cutting force is less than the target force. This specific
case points out how the feed drive system capabilities do not allow a change in the
feed rate to occur as fast as changes in the cutting geometry. Maintaining a constant
cutting force is not possible in this case. The actual feed rate value, F,(k), is the best
that the feed drive can achieve. The time is then incremented, k¥ = k + 1, and the

next tool position, P(k + 1), is considered.

Case 4 |Sym — 0S| < |S(k)| When the cutting force magnitude, |I(k)|, exceeds
the target force value, its magnitude should be reduced. The maximum desired value
for the cutting force is the target force value. The cutting force is set equal target

force:
1SK) = [Stim| (4.30)

The mechanistic force model is inverted to solve for an actual feed rate, F,(k). The
resulting actual feed rate, F,(k), is the feed rate that should be achieved to guarantee

that the target force is attained. The objective is to achieve the actual feed rate, F,(k),
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designated F,r, where T stands for target, at the tool position, P(k), designated Pr:

For = Fa(k)

. (4.31)
Pr = Ej:l Fa(j) -T

To achieve this objective, the actual feed rate may have to be reduced for some
previous lags. This is termed the "regular procedure” and is explained in the next

paragraph.

Regular Procedure The initial conditions for the tool motion are the tool posi-
tion, the actual feed rate, and the acceleration of the feed drive at the previous lag

k — 1. A reference index [ is introduced for these initial conditions, ] = k — 1.

P(I) = S0 FRG)-T

F.(I) (4.32)
Fs(I)

To achieve the feed jump from the actual feed rate of the previous lag to the target
feed rate, AF = (F,r — F,(i)), a number N, of time periods is necessary. Another
index, N, is introduced to increment the current lag and account for the added
periods, N = I + N,. The objective is to determine a new vector of actual feed rates,
designated [F;], and a new vector of the commanded feed rates, designated [Fg).
These vectors have a size equal to V. These vectors are composed of previous values

of the actual feed rate or commanded feed rate up to the index I. The remaining
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values up to the index N are new values:

[Fg] = [Fa(1)--- Fo(D) F3(I+1)--- F3(N)]
[F§] = [Fs(1)---Fs(I) Fs(I+1)---F5(N)]

(4.33)

To search for the number of added time periods, N,, and, consequently, the number,
N, an iterative procedure is used. In this procedure, the time is incremented gradually
starting from ¢t = N - T = (I + 1)T. The feed drive system, in the worst case, needs
a duration of Tyt to achieve a feed jump. The maximum value of N, is, therefore,

equal to the number of coefficients, N, of the Acc/Dec FIR filter.
N, < N, & (N-1 < N, (4.34)

For any given I and N, the unknowns are the commanded feed rate F3(z), for i €
[I+1:N], the actual feed rate F;(i), for i € [/ +1: NJ], and the tool position
P(N) that the feed drive can achieve. The number of unknowns is equal to 2- (N —
1)+ 1

The equations to solve for these unknowns are given by the relationships between
actual and commanded feed rate, the expression of the target feed rate, and the

current tool position:

F6) = Yi1Ci-Fs(i—j+1)+ 0 1,1Ci-Fs(i—j+1) for i€ [I+1:N]

j=1
F;(N) = For

I-1 Fo(3)-T F2 ()T
P(N) = 3.5 m + J‘I_"f(i_JO)—

(4.35)

The number of equations is equal to N — I + 2. The number of equations is less than
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the number of unknowns. The problem is indeterminant. To solve it, the number of
unknowns must be reduced to equal the number of equations. To reduce the number
of unknowns the commanded feed rate are set equal to Fsr for the added lags ¢,
t€[I+1:N]:

Fs(i) = Fsrforie[I+1:N] (4.36)

The system (4.35) becomes:

F:(6) = S5 C; Fsr + T 111 Ci - Fs(i—j+1) forie[I+1:N]

F;(N) = Fur
P(N) = Y5 2QT 4 5 BT
(4.37)
The system (4.37) can be solved for the commanded feed rate,l Fsr:
N. )
FST = FQT _2j=N-I+1 CJ.FS(N-J +1) (438)

pDpiny
The commanded feed rate, Fsr, must be within the limits of the feed drive system.
The initial objective was to decrease the actual feed rate. The only violation that

can occur is that the commanded feed rate, Fsr, is less than the minimum value of

the feed rate, Fst < Fiuin. Two cases are considered:

e The commanded feed rate is less than the minimum allowable feed rate, Fsr <

Fnin;

o The commanded feed rate is greater than or equal to the minimum allowable

feed rate, Fsr > Frin-
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Case 1 : Fsr < Fpi The feed drive system will overshoot the target feed rate
Fur, F;(N) > F,r. More time periods are needed to achieve the feed jump AF,
AF = (Fur — Fo(I)). The number N is increased and the regular procedure is

repeated.

Case 2 : Fsr > Fnin The commanded feed rate, Fsr, does not violate the lower
limit of the feed drive system. The target feed rate, F,r, is achieved, F;(N) = F,r.
The target position, Pr, must be checked. The values of the actual feed rate are

evaluated, and the tool position, P(N), is estimated:

i1 N
Fi@i) = Y.Cij-Fsr+ Y, Cj-Fs(i-j+1)
j=1 j=i=I+1
forie[I+1:N-1] (4.39)
i-1 . N-l porny
PNy = ) ﬂ%—T +) F—"%—T] (4.40)
j=1 Jj=I

Given a certain tolerance interval on the tool location, § P, the tool position, P(N),

can be:
¢ Equal to the target position, Pr — 6P < P(N) < Pr + 6P;
o Greater than the target position, Pr — 0P < P(N);

o Less than the target position, P(N) < Pr +éP.

Case 2-1: Pr— 0P < P(N) < Pr + 6P; The tool position, P(N), is equal to

the target position, Pr. The target position and the target feed rate are satisfied.
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The intermediate values of the actual feed rate, {F;(I +1)--- F;(N — 1)}, may not
satisfy the force constraint for one or more lags. The mechanistic force model is
invoked to evaluate the force magnitude for each lag, ¢, i € [[ +1: N]. If the force
constraint is satisfied for all the lags, the time is incremented and the next tool
position, P(K + 1), is considered. If the cutting force exceeds the target force for a
lag 4, i € [I +1: N], the solution is to reduce the cutting force magnitude for this
lag by reducing the actual feed rate for the initial condition, F,(I). The current lag,
k, is set equal to 7. The maximum desired value for the cutting force is the target
force value. The mechanistic force model is inverted to solve for an actual feed rate,
F,(k). The objective is to achieve the actual feed rate, F,(k), designated F,r, at the
tool position, P(k), designated Pr. The index I is decremented, I = I — 1. If the
index I is not equal to zero, the regular procedure is repeated. If the index I is equal
to zero, an approach procedure is applied. The approach prdcedure is explained in
the next paragraph.

Case 2-2: Pr—4¢P < P(N); The tool position, P(N), is greater than the target
position, Pr. The target position is overshot. The solution is to reduce the actual
feed rate for the initial condition, F,(I). The index, I, is decremented, I =I — 1. If
the index, I, is not equal to zero, the regular procedure is repeated. If the index, I,

is equal to zero, an approach procedure is applied.

Case 2-3 : P(N) < Pr + 6P; The tool position, P(N), is less than the target
position, Pr. The target position is undershot. The target feed rate is achieved in a
number of added periods equal to N, = N — I. By examining the number N,, there

are two conditions that can occur:
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o If the number of the added periods, N,, is less than the number of coefficient
of the filter, the number of added periods is increased, N = N + 1. The regular

procedure is repeated.

o If the number, N,, is equal to the number of the coefficient of the Acc/Dec FIR,
N, = N_, the acceleration at the target position is zero because the feed drive
can achieve any feed jump within a time interval equal to Tyu. The target
position is achieved by adding a number of periods, n, with a constant feed
rate. The constant feed rate is equal to F;(N). The number, n, is estimated
by:

n = round (60 . E%:‘)(—N;&l) (4.41)
The vectors of the actual feed rate and commanded feed rate are extended. The
intermediate values of the actual feed rate,
{F:(I+1)---F}(N —1) F;(N) F;(N)---Fz(N + n)}, may not satisfy the force
constraint for one or more lags. The mechanistic force model is invoked to
evaluate the force magnitude for each lag, i, ¢ € [[ +1: N +n]. If the force
constraint is satisfied for all the lags, the time is incremented and the next tool
position, P(K + 1), is considered. If the force constraint is not satisfied for
one lag, the solution is to reduce the cutting force magnitude for this lag by
reducing the actual feed rate for the initial condition, F,(I). The current lag, &,
is set equal to z. The maximum desired value for the cutting force is the target
force value. The mechanistic force model is inverted to solve for an actual feed

rate, F,(k). The objective is to achieve the actual feed rate, F,(k), designated
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F,r, at the tool position, P(k), designated Pr. The index, I, is decremented,
I = I —1. If the index, I, is equal to zero, the regular procedure is repeated. If

the index, I, is equal to zero, an approach procedure is applied.

The flow chart for the regular procedure is depicted in figure 4.4.

Approach procedure The approach procedure is applied if the feed drive system
cannot sati~fv all the constraints with a given feed rate (F,(1),Fs(1)). The constraints
that may have been violated include the target position is overshot, the force con-
straint is not satisfied, or the commanded feed rate does not respect the limits of the
feed drive system. The necessary conditions are the index, I, for the last iteration is
equal to one, and the value of N is less than the number of FIR filter coefficients, N..
The actual feed rate, F,(1), is reduced so that the tool reaches the target position,
Pr, with the target feed rate, Fgr, within a minimum traveliﬁg time. The objective
is to determine a vector of actual feed rate, designated [F;}, and a vector of the com-
manded feed rate, designated [F§]. The actual feed rate must be reduced. Therefore,
the feed drive needs more time than the number of periods given by IV to achieve the
target feed rate at the target position. As a first guess, the size of these vectors is set

equal to N. These vectors should guarantee that:

e The actual feed rate respects the Acc/Dec profile of the feed drive. The actual
feed rate is determined from the commanded feed rate using the Acc/Dec FIR

filter:

Ne
Fi(i) = Y C;-Fi(i—j+1) forie[l:N] (4.42)

i=1
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Figure 4.4: Flow chart of the “regular procedure”
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e The target position is reached:

N-1
Bro= YRG5 (4.43)

i=1

e The target feed rate is achieved:

F;(N) = Fur (4.44)

e The number of time periods, N, is minimized to guarantee the shortest traveling

time.

For a given number of time periods, N, the unknowns are the commanded feed
rate, F§(i), for ¢ € [1 : N], and the actual feed rate, F(i), for z € [1 : N]. The number
of unknowns is equal to 2N. The equations to solve for these; unknowns are (4.42),
(4.43), and (4.44). The number of equations is equal to N + 2. N is greater than
2. Therefore, the number of equations is less than the number of unknowns. The
problem is indeterminant. To solve it, the number of unknowns must be reduced to
equal the number of equations. To reduce the number of unknowns, the commanded
feed rate is divided into two sections with constant value. The commanded feed rates

are designated by Fgo and Fgp.

[Fs(@)] = [Fs(1)---F5(I) Fs(I+1)---F§(N)]
F3(k) = Fso forke[1:1] (4.45)
F3(k) = Fsp forke[I+1:N]
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The index I introduced in equation (4.45) is also unknown. It is determined in an
iterative way. For any given I and N, the values of the commanded feed rate, Fso and
Fsr, are determined using equations (4.42), (4.43), (4.44), and (4.45). The expressions
for Fso and Fsr are different, depending on the value of N —I. When N — I is less
than the number of the FIR filter coefficients N,, the target feed rate, F,r, will not

reach the commanded feed rate, Fsr. The expressions for Fso and Fsr are:

_ [60Pr 1
Fo = |5E-Si-5-Fa| gpas (4.46)
Far — Y7oty Ci Fso
Fop = F=N-I+ (4.47)
ppuinde’
where: S, = (Ef_]’ C,) = (E;"_'#l_v;ﬁ) C ) = (Z;_I-m ;:Ilc )’ and

S¢= (Z,i;il Y Ci+ T T ¢ ) If N — I is greater than or equal

to the number of the FIR filter coefficients, N — 1 > N, the target feed rate, F,r,

will reach the commanded feed rate, Fst. The expressions for Fsy and Fsr are:

60P,; 1
Fso = [ TT - S5 'FaT] ‘5 (4.48)
Fer = For (4.49)

where: S5 = (Z,’:ﬁf; ! E;:Il C;+ Z:—H-N )’ and

= (21—1 e O+ e el e ) In both cases, Fgo is greater

than Fsr. To save production time, the solution where the most traveling time is
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generated by Fso is preferred. The Index, I, is initialized to N — 1 to guarantee
the minimum time of traveling. The commanded feed rate, Fso and Fsr , should be

within the limits of the feed drive system:

Fai Fso

Fmin S FS’I’ S Fmaz

IA
I

Fn
* (4.50)

If the commanded feed rates, Fsy or Fsr , violates one of the constraints given by
equation (4.50), the actual feed rate must be reduced. To guarantee minimum trav-
eling time, the number of lags where the commanded feed rate, Fisy, is effective must
be reduced. The index, I, is decreased and the iterations to find a valid I continue.
If the index, I, equals one, the index, N, is increased and the ,approach procedure is
repeated.

If the commanded feed rates, Fsy and Fsr, do not violate these constraints, the
mechanistic model is invoked to evaluate the force magnitude for each lag, ¢, ¢ €
[1: N]. If the force constraint is respected for all lags, then the time is incremented
and the next tool position, P(k + 1), is considered. If the force constraint is violated
for one lag, the index, I, should be decreased and the iterations to find a valid I should
continue. If the Index, I, equals one, the index, N, is increased and the approach
procedure is repeated.

The approach procedure results in the appropriate value of the number of lags,
N, the appropriate value of the Index, I, the commanded and the actual feed rate,
the tool position and the cutting force for lags ¢, ¢ € [1 : N]. The flow chart for this

procedure is shown in figure 4.5.
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Generation of the feed drive deceleration at the end of the tool path

When the current tool position exceeds the tool path length, the commanded feed
rate should be reduced for some previous lags to allow the deceleration of the feed
drive to reach zero velocity and zero acceleration at the end of the tool path. At the
end of the path, the tool target position is designated by Pr. The actual feed rate
and the commanded feed rate are designated as F,r and Fst, respectively, and are
both null. To decelerate from any given feed rate to zero velocity requires an interval
of time less than or equal to the Acc/Dec time constant, Tia;- The objective is to
determine the commanded feed rate vector, [F¢], and the actual feed rate vector, [Fy],
so that the target position, Pr, is reached with the target feed rate, Fyr, within the
minimum traveling time. These vectors have size N. These vectors should guarantee

that:

e The actual feed rate respects the Acc/Dec profile of the feed drive. The actual
feed rate is determined from the commanded feed rate using the Acc/Dec FIR

filter:

Nc
F;() = ) Cj-Fs(i—j+1) fori€[I+1:N] (4.51)

i=1

e The target position is reached:
N-1 T
= *(7) - — .52

e The target feed rate is equal to zero in order to stop at the end of the path.

The feed drive system requires an interval of time equal to the Acc/Dec time
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constant, Ty, in Order to decelerate from any given feed rate to zero velocity.

The commanded feed rate is, therefore, set equal to zero for the last IV, lags:

FXN) = Fugr = 0
Fi(i) = Fsg = 0 fori€[N—N,+1:N]

(4.53)

¢ The number of time periods, N, is minimum in order to guarantee the shortest
traveling time. For a given number of time periods, N, and a given Index, I,
the unknowns are the commanded feed rate, F3(i), for i € [I +1: N], and the
actual feed rate, F(¢), for i € [[ +1: N]. The number of unknowns is equal
to 2(NV — I). The equations to solve for these unknowns are (4.51), (4.52), and
(4.53). The number of equations is equal to N — I +2 + N.. The number of
equations is less than the number of unknowns. The problem is indeterminant.
To solve it, the number of unknowns must be reduced to equal the number of
equations. To reduce the number of unknowns, the commanded feed rate is
assumed to be constant and equal to Fso for the lags ¢, i € [I +1:r| where

r=N-N_.:

[ 1F5] = [F3) - F3(D) Fs(I+1)-+F5(r) Fi(r+1)-- F5(V)]
F3(k) = Fs(k) for ke [1:1]

\ F3(k) = Fsy forke[I+1:7]

Fi(k) = Fsr=0 forkefr+1:N]

r= N—N.

\
(4.54)

The index I is also an unknown. The index I is determined in an iterative way.
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The value of the commanded feed rate, Fsq, is determined using the equations

(4.51), (4.52), (4.53), and (4.54). Fgq is expressed as:

[@1& - ZLI F;(‘i) - Ss]

Fso = 4.55
% = (4.55)
r i=I N-—1 min(Nc,i-I)
S = | XXG+2 > G
i=I+1 j=1 i=r+l1 j=t-r+l

r  min(Nei)
S = (Z Y Ci-Fii-ji+1)

i=I+1 j=i—I+1

N=1 min(Ne,i)
+> Y C,--Fg(i-—j-i-l))

i=r+l j=i-I+1

Once the commanded feed rate is evaluated, three cases have to be considered:

e The commanded feed rate is less than the minimum allowable feed rate, Fsr <
Fipin. The commanded feed rate, Fsr, violates the lower limit of the feed drive

system. The index, I, is decreased. Then the deceleration procedure is repeated.

o The commanded feed rate is greater than the maximum allowable feed rate,
Fsr > Fpnuz. The commanded feed rate, Fsr, violates the upper limit of the

feed drive system. The number of time periods, NV, is increased.

e The commanded feed rate is within the limits of the feed drive, Fin < Fsr <
Fpnaz. The feed rate set, Fsr, does not violate the limits of the feed drive
system. The commanded feed rate, the actual feed rate, and the cutting force
is evaluated for the lags 7 , i € [ +1: N|. The generation of the tool motion

is completed.
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The flow chart for the generation of the feed drive deceleration at the end of the

tool path is shown in figure 4.6.

4.3.3 Generation of the G-Code

Each motion block k in the G-Code file is composed of a commanded feed rate Fs(k),
and a move distance AX(k). When more than one move is specified in succession,
with no pause in between, the first move will be blended into the second move ac-
cording to the Acc/Dec time parameters: T, and Tgee = Tiotal — Tace [13]- These
parameters are specified in appendix D. For blended motion, the CNC controller will
determine the time for the move, designated Tjs(k), based on the commanded feed
rate and the move distance:

AX(k) - 60

Fs(k) (4.56)

T (k)

The commanded feed rate Fs(k), for k € [1: N], used to generate the tool motion
is determined as a function of time ¢t = k - T. The time period T corresponds to the

time for the move, T)y = T. The move distance is determined from:

AX(k) = %1 (4.57)

This expression is effective while the commanded feed rate is not null. During the
deceleration phase at the end of the path, the commanded feed rate has been set to
zero for a number of lags equal to the number of the coefficients of the Acc/Dec FIR

filter. The characteristics of the last move are:
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¢ The move distance is equal to the distance that the tool travels in the deceler-

ation phase.
Y OFR@G)-T
AX(N-N.+1) = 23-@7‘ (4.58)
i=N-N.

e The commanded feed rate is equal to the commanded feed rate value immedi-

ately before the deceleration phase:

Fs(N-N,+1) = Fs(N—N,) (4.59)

The resulting number of the motion blocks is N — N, + 1. The number of motion
blocks is dependent on the sampling period and the tool path length. Combining
successive motion blocks with an identical commanded feed rate could reduce the

number of blocks and, consequently, reduce the size of the G-Code file.

4.4 Summary

A feed scheduling methodology for multi-axis machining was presented in this chapter.
Feed rate scheduling is performed at user specified intervals along the given tool path
(control points). For each control point, the cutting geometry and cutting forces are
extracted using the modeling methodologies presented in chapter 3. The maximum
allowable feed rate is scheduled by applying a process constraint, either maximum
chip load or maximum force.

A methodology for integrating the machine tool feed drive performance capabilities

with feed scheduling was also presented in this chapter. Two strategies were presented.
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The first strategy considered the feed drive Acc/Dec time constant for feed scheduling.
The second strategy optimizes the feed drive capabilities for feed scheduling. This
strategy integrates the feed drive performance capabilities with the generation of the

tool path in order to achieve the desired feed rate at the appropriate tool position.



Chapter 5

Force Model Calibration and

Verification Results

5.1 Introduction

This chapter provides an overview of the simulations and experimental verification
for the modeling methodologies presented in chapter 3. The force model calibration
results are presented in section 5.2. The force model verification results are given
in section 5.3. An overview of some of the simulation capabilities is discussed in
section 5.4. The dynamic process simulation methodology is demonstrated in section
5.5. Applications of the Internet based machining system are discussed in section 5.6.

Finally, a summary is offered in section 5.7.
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5.2 Calibration Results

The calibration procedure detailed in section 3.4 was used to determine the cutting
force coefficients (K, K>, K3, Ky, Ks) for a set of ball end milling experiments. The
tool used was a 330M Garr 3/4” diameter, solid carbide ball end mill. The cutting
edge for this tool was a custom grind. Therefore, the cutting edge profile had to
be determined from measurements taken using a CMM. The workpiece material was
a commercial Titanium (Ti6Al 4V). The experiments were divided into a series of
cutting tests that varied the effective cutting speed, V}, and helix angle, §; , for a
constant feed rate. This variation in V; and B; was achieved by cutting over different
radial and axial immersion of the ball part of the tool. The ball section was divided
into five regions, each having equal included angles.

A range of feed rates were also selected for calibrating the tool (0.003”,0.004”,
0.005”,0.006” feed per tooth). At each feed rate, a cutting test was performed for
each of the five regions of the ball described above, the total number of calibration
tests being 20.

For each test, the average calibration coefficient, K;, was determined using cali-
bration procedure step 3. The coefficients having constant feed per tooth were then
combined, and equation 3.28 was fit to these combined coefficients using calibration
procedure step 4. Finally, the parameter values a;, a;, and a3 (for each K;) were
fit over the range of feed rates using calibration procedure step 5. Figures 5.1, 5.2,
5.3, 5.4, and 5.5 show the results of the calibration procedure for cutting coefficients
K., K,, K3, K4, Ks respectively. The units for K;, K5, and K3 are N/mm?, and for
K, and K5 are N/mm. In each figure; the first graph (a) shows trends for a feed per

tooth of 0.003”. The average coefficient (determined by calibration step 3) are shown
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as points with (A). The coefficient determined using equation 3.28 in calibration step
4 are shown as solid lines. The second graph (b) shows trends for a feed per tooth
of 0.006”. The average coefficient (determined by calibration step 3) are shown as
points with (A). The coefficient determined using equation 3.28 in calibration step 4
are shown as solid lines. The third graph (c) shows a plot of the predicted coefficient
using equation 3.28 for both feed rates, 0.003” and 0.006”.

In Graph a, and b of each figure the average coefficients are determined for each
specific cutting test (ie. constant cutting velocity and helix angle). The cutting
coefficients determined by equation 3.28 incorporate the effect of varying cutting
velocity and helix angle. The fit obtained by using equation 3.28 is quite good for
all K;. The third graph (c) in each figure demonstrates the effect of varying the feed

rate. For K;, K5, and K3, an increase in feed rate causes a decrease in the cutting
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force coefficient. For K; and K; an increase in feed rate causes an increase in cutting

force coefficient.

5.3 Force Model Verification Results

To verify the force predictions for the modeling methodology, a series of cutting tests
were performed. The test conditions were selected to vary the cutting conditions
(cutting speed, feed rate, tool immersion geometry). The results presented here have
the following cutting conditions; 1/4 radial and axial immersion with a feed per tooth
of 0.0045” and a cutting speed of 215 sfpm. The cutting force coefficients determine in
the previous section are used for the force prediction. Figure 5.6 shows a cutting force
profile for a single tooth. The experimentally measured force is shown as dots, the
predicted force using an average coefficient as a thin line, and the predicted force using
coefficients determined using equation 3.28 as a thick line. The force profile predicted
using an average coefficient fits the experimental data better than the force profile
predicted using equation 3.28. This better fit is a bit misleading because the average
coefficients are only valid for this specific test. The coefficients determined by using
equation 3.28 are valid over a range of cutting conditions. Therefore, calibration
coefficients determined using equation 3.28 have a wider, more practical range of

application. The multi-axis force model holds cutting force prediction within 5%.

5.4 Simulation Capabilities

The multi-axis force model can also be used to predict dynamic cutting forces and

static/dynamic tool deflection. A set of simulations were performed to demonstrate
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Test | Rad. Imm Constant

1 1/8 fpt: 0.004”
2 1/4 | Ax. Imm: 0.75"
3 3/8 Dia: 1.0

Tool Len: 2.5

Table 5.1: Static Deflection Test Conditions

the effect of tool radial immersion on predicted process values. The first simulation is
used to demonstrate the effect of variable radial immersion on tool static deflection.
Tool deflections in both the normal and tangent directions relative to the tool path are
predicted. The test conditions simulated variable radial immersion for flat end milling.
Test conditions are summarized in table 5.1. The cutting force coefficients determine
in the previous section are used. Figure 5.7 shows the predicted tool deflections for
the different radial immersions. Figure 5.7a shows tool deflection normal to the tool
path. Figure 5.7b shows tool deflection tangent to the tool path. As the radial
immersion increases, both the normal and tangential tool deflection increases. The
second simulation is used to demonstrate how the modeling methodology can be used
for predicting dynamic cutting forces and tool deflection. A flat end mill is used.
The test conditions are selected to vary the radial immersion. The cutting force
coefficients determine in the previous section are used. Figure 5.8a and 5.8b shows
predicted dynamic forces for 1/8 and 1/4 radial immersion respectively. Figure 5.9
shows the corresponding predicted dynamic deflections. Figure 5.9a and 5.9b are
the dynamic deflections in the x and y directions for 1/8 radial immersion. Figure
5.9c and 5.9d are the dynamic deflections in the x and y directions for 1/4 radial

immersion.



CHAPTER 5. FORCE MODEL CALIBRATION AND VERIFICATION RESULTS 128

—t 18

16 17 18 19 2 21
Tool Length (in)

Figure 5.7: Static Tool Deflections for various radial immersions a) Normal b) Tan-
gential

@

Force (1)
e 8 BEBEE

05 0.1 015 02 025 a3 0.35 04 045
Time (3)
800 r r r v . r
5001 ®) L
.. 400 <
2
8 300} .
o
% 00k |
100f 4
8os 0.1 0.15 02 025 03 0.35 0.4 0.45

Time (s)

Figure 5.8: Predicted Dynamic Forces 2)1/8 rad imm b)1/4 rad imm



CHAPTER 5. FORCE MODEL CALIBRATION AND VERIFICATION RESULTS 129

X 10° Jno"
2 (a 2 ®)
- 1 1
£ g
PN P
-1 -1
-2 -2
Y] 02 [¥] 04 ) a2 03 [
Time (3) Time (s}
Jx 10° 3' 10
1 - 1
£ £
i° 3°
-1 -1
-2 -2
T 02 03 0.4 = 02 03 0.4
Tene (s) Time (3)

Figure 5.9: Predicted Dynamic Deflection (x,y directions)

5.5 Dynamic Modeling Methodology

This section demonstrates the enhanced approach for dynamic mechanistic modeling
methodology for multi-axis machining. The outline for this section is as follows. Sec-
tion 5.5.1 compares the simulation capabilities for simple linear cuts for the static and
dynamic implementation based on control points and the continuous implementation.
Section 5.5.2 demonstrates the continuous dynamic process simulation methodology

for a complex sculptured surface part.

5.5.1 Dynamic Modeling Methodology Comparison

The modeling methodologies described in sections 3.6, 3.7, and 3.8 are compared here
for linear cuts. All simulations are performed with a four flute 330M Garr 3/4” diam-

eter, solid carbide ball end mill. The workpiece material was Titanium (Ti6Al4V).
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Cutting experiments are used to determine the force calibration constants (table 5.2).

The modal parameters; equivalent mass, damping and stiffness, are determined ex-

Rake face Clearance Face
K, (Ib/inch®) | K, (Ib/inch?) | K; (Ib/inch®) | K4 (Ib/inch) | K5 (Ib/inch)
152176 199736 3610 39.06 26.18

Table 5.2: Force Calibration coefficients

perimentally using impact tests (table 5.3).

The first set of simulations are performed for a linear cut with constant axial
depth and radial width of cut. The axial depth of cut is 0.1546” and the radial width
of cut is 0.1546”. The length of cut is 0.08” (4 revolutions of tool). The feed rate
is 18.0 ipm and the spindle speed is 900 rpm. Figures 5.10, 5.11, and 5.12 show the
simulation results. Figures 5.10 and 5.11 show the force resuits for the last revolution
of the tool. Figure 5.12 show the deflection results for 4 revolutions of the tool. The
X force components are shown in figure 5.10. Figure 5.10a is the X force component
for the static force modeling methodology. Figure 5.10b is the X force component
for the dynamic modeling methodology using control points. Figure 5.10c is the X
force component for the continuous dynamic modeling methodology. The Y force

is shown in figure 5.11. Figure 5.11a is the Y force for the static force modeling

X Y
mass (Ib) 0.00725 | 0.006975

stiffness (Ib/in) | 154203 | 114203

damping (Ib/s) | 1.639943 | 2.454205

Table 5.3: Modal Parameters
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methodology. Figure 5.11b is the Y force for the dynamic modeling methodology
using control points. Figure 5.11c is the Y force for the continuous dynamic modeling
methodology. The X and Y deflection components are shown in figure 5.12. Figure
5.12a and 5.12b are the X and Y deflection components for the dynamic modeling
methodology using control points. Figure 5.12c and 5.12d are the X and Y deflection
components for the continuous dynamic modeling methodology.

Experimental forces are overlayed with the predicted forces for the different mod-
eling methodologies in both figure 5.10 and figure 5.11. In figures 5.10a and 5.11a
the static modeling methodology predicts the general force profile but does not show
any dynamic effects. In figures 5.10b and 5.11b the dynamic modeling methodology
using control points predicts both the force profile and dynamic effects. In figures
5.10c and 5.11c the continuous dynamic modeling methodology also predicts both
the force profile and dynamic effects. It is evident from these figures that both the
control point methodology and the continuous methodology are capable of modeling
machining dynamics for constant immersion cuts. It is also evident from these figures
that there is a difference in the dynamic behavior of the tool between the two method-
ologies. The continuous methodology captures more of the process dynamics. This
difference is a direct result of how the tool incut segments are determined. The control
point methodology calculates the tool incut segments based on a static tool/workpiece
model. The control point methodology does not consider the effect of instantaneous
tool deflection on the tool incut segments. The continuous methodology calculates
the tool incut segments based on the instantaneous location of the cutting edge. The
instantaneous location of the cutting edge is determined by considering both the tool

centre position and the deflection of the tool.
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The second set of simulations are performed for a linear cut with constant axial
depth of cut and variable radial width of cut. The axial depth of cut is 0.125” and
the radial width of cut varies between 0.25” and 0.314”. The length of cut is 0.128”
(16 revolutions of tool). The feed rate is 9.6 ipm and the spindle speed is 1200 rpm.
Figure 5.13 shows the simulated resultant cutting force over the entire tool path.
Figure 5.14 shows the resultant force in the range between 10 and 14 tool revolutions.

Figure 5.13a and 3.14a show the resultant force for the dynamic modeling method-
ology using control points. The control point spacing along the tool path is set equal
to 0.016". This distance corresponds to the distance travelled during two revolutions
of the tool. At each control point the dynamic simulation is performed for two rev-
olutions of the tool. The dynamic simulation for each control point are combined to
represent the dynamic simulation over the entire tool path. The dynamic simulation
over the entire tool path is considered piece-wise continuous. |

These figures shows that there is a step-wise increase in the static and dynamic
component of the cutting force for each control point. The step increase in cutting
force is a result of the incut segment calculation and the tool deflection history. At
each control point the incut segments are determined assuming a static tool/workpiece
model. The incut segments are also calculated assuming constant tool/workpiece
immersion over the tool path interval between control points. When the immersion
of the tool/workpiece varies between control points the incut segments calculated
will not reflect this change. The tool deflection history is not carried over between
control points. The initial tool deflection is set to zero for each control point dynamic
simulation. Figure 5.14a demonstrates the effect that this will have on the dynamic

cutting force. Force peaks 1 to 8 represent a dynamic simulation for tool revolutions 10
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and 11. Force peaks 9 to 16 represent a dynamic simulation for tool revolutions 12 and
13. The tool deflection is set to zero at force peak 1 and 9. The tool deflection history
is then only used for the dynamic simulation over the user specified 2 revolutions of
the tool (ie. 1 to 8, 9-16).

Figure 5.13b and 5.14b show the resultant force for the continuous dynamic mod-
eling methodology. Here the incut segments are calculated for the instantaneous
location of the tool cutting edge. The instantaneous location of the tool cutting edge
is determined from the feed per time step and the current deflection of the tool. The
tool deflection history is maintained éontinuously over the entire tool path. These
figures show that the resultant force tracks the variation of the tool/workpiece im-
mersion.

The modeling methodologies described in sections 3.6, 3.7, and 3.8 were compared
here for simple linear cuts. The modeling methodologies based on control points offer
a piece-wise continous representation of the static and dynamic cutting force and tool
deflection over a given tool path. The accuracy of the cutting force prediction and
the calculation of tool deflection degrades for variable tool/workpiece immersion. The
continous dynamic simulation methodology offers a good representation of the static

and dynamic cutting force and tool deflection for variable tool/workpiece immersion.

5.5.2 Sculptured Surface Machining

This section demonstrates the continuous dynamic process simulation methodology
for a complex sculptured surface machining operation. A complex sculptured surface
part is machined from a titanium block using a 3/4” solid carbide ball end mill (figure
5.15). The feed rate is 10.0 ipm and the spindle speed is 1176 rpm. The machined part
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Figure 5.15: AilFoil like Surface - Roughing Operation

was designed to be similar to an airfoil-like surface used in industry. The roughing
machining operation consists of five passes on both the leading and trailing edges of
the airfoil-like surface. Each set of five passes is repeated at tﬁree axial depths of cut
on both the leading and trailing edges of the airfoil-like surface. This gives a total of
thirty roughing passes.

Simulation results are presented for roughing passes 1 and 2 on the leading edge
of the airfoil-like surface. Figure 5.16 shows the resultant cutting force for roughing
pass 1 (5.16a) and roughing pass 2 (5.16b). The tool deflection history for each
roughing pass is given in figures 5.17 and 5.18. Figure 5.17a shows the tool deflection
in the X-direction for roughing pass 1. Figure 5.17b shows the tool deflection in
the Y-direction for roughing pass 1. Figure 5.18a shows the tool deflection in the X-
direction for roughing pass 2. Figure 5.18b shows the tool deflection in the Y-direction
for roughing pass 2.

Each of these figures demonstrates how the continuous dynamic process simulation
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Figure 5.16: Resultant Force - a) Roughing Pass 1 b) Roughing Pass 2
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Figure 5.17: Tool Deflection - Roughing Pass 1
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methodology is capable of predicting the cutting force and tool deflection for variable
tool/workpiece immersions that occur during complex sculptured surface machining
operations. The ability to predict the cutting force and tool deflection for complex
sculptured surface machining allows the user to gain valuable insight into the cutting
process. Tool path segments that result in excessive force or tool deflection can
be identified from the simulation results. As an example, the tool entrance into
the workpiece for roughing pass 1 is shown in figure 5.19. Figure 5.19a shows the
resultant cutting force. Figure 5.19b and 5.19c show the tool deflection in the X
and Y directions respectively. The tool/workpiece immersion at the start of roughing
pass 1 is high. This results in large cutting forces and tool deflections. Large cutting
forces and tool deflections may cause tooth chipping or breakage. Having identified
this tool path segment as potentially problematic, the user may decide to specify a
lower entrance feed rate or alter the tool path specification for this segment. The goal
is to reduce the cutting force and tool deflection. The continuous dynamic process
simulation can be used to verify that the changes made will result in the desired

cutting force and tool deflection.

5.6 Internet Based Machining System Applications

The Internet-based facility for multi-axis milling process simulation realizes an In-
ternet enabled process optimization environment. This environment leads the man-
ufacturing engineer through formalized procedures in which physics based process

simulations allow process parameters and operational sequences to be evaluated and
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Figure 5.20: Simple Workpiece Geometry

optimized with respect to desired product features. To illustrate some of the possible
applications for the Internet-based multi-axis milling process simulation, cutting force

and tool deflection are considered in section 5.6.1.

3.6.1 Cutting Force and Tool Deflection

Predicting the cutting force and tool deflection offers the manufacturing engineer
valuable insight into the process. This information can be used for reducing or elim-
inating the need for expensive process trials. Specific process problems can also be
diagnosed more efficiently when this information is available. Having this information
allows the engineer to optimize the manufacturing process by testing different process
parameters (feed, speed, tool paths, etc.).

The process information is presented to the manufacturing engineer in various
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ways. The cutting force and tool deflections can be represented as instantaneous
values at specific tool path locations or can be represented globally over the entire
tool path.

The simple workpiece geometry shown in figure 5.20 is used to illustrate both
cutting force and tool deflection. To perform a simulation, the user must input
parameters related to the workpiece, cutting tool, and tool path. The workpiece
input parameters are the stock dimensions and material type (titanium Ti6Al4V).
The cutting tool input parameters are the tool type (ball), diameter (3/4 in.) and
material (solid carbide). The tool path input parameter is the name of the CLData
file. The cutting speed and feed per tooth used for these simulation were 215 sfpm
and 0.003 inch.

The cutting force for the simple workpiece geometry are presented in figures 5.21
and 5.22. Figure 5.21 shows the global representation of the cutting force over the
entire tool path. Fiigure 5.21a shows the predicted cutting force using the simulation.
Figure 5.21b shows the cutting force obtained from an actual cutting experiment.
In Figure 5.21a the value of each point on the force curve is equal to the maximum
cutting force at the corresponding tool path position. Two reference locations (Pt 1,
Pt 2) are labeled in figure 5.21a. The instantaneous resultant cutting force versus tool
rotational angle is shown in figure 5.22 for each reference location. Figure 5.22a shows
the resultant cutting force for reference Pt 1. Figure 5.22b shows the resultant cutting
force for reference Pt 2. The value of the cutting force at each reference location, given
in figure 5.21, is equal to the maximum instantaneous resultant cutting force given
in figure 5.22.

The tool deflections along the tool path for the simple workpiece geometry are
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presented in figures 5.23 and 5.24. The tool deflections shown in these figures are
normal to the path direction. Figure 5.23 shows the global maximum tool deflection
over the entire tool path. The value of each point on this curve is equal to the maxi-
mum tool deflection at the corresponding tool path position. The same two reference
locations (Pt 1, Pt 2) are labeled on this figure. The tool deflection, expressed as a
function of the axial distance from the tool holder, is shown in figure 5.24 for each
reference location. The value of the tool deflection at each reference location, given

in figure 5.23, is equal to the maximum tool deflection given in figure 5.24.

5.7 Summary

This chapter provided an overview of the simulations and experimental verification
for the modeling methodologies presented in chapter 3. Experimental results were
presented for the calibration procedure. The cutting force calibration coefficients
account for the effects of feed rate, cutting speed, and a complex cutting edge de-
sign. Model verification tests were conducted with these cutting force calibration
coefficients. These tests demonstrate that the predicted forces are within 5% of ex-
perimentally measured forces. An overview of some of the simulation capabilities was
discussed. Simulated results were shown for predicting dynamic cutting forces and
static/dynamic tool deflection.

The enhanced approach for dynamic mechanistic modeling methodology for multi-
axis machining was demonstrated. The continuous dynamic process simulation method-
ology was compared with both static and dynamic simulation methodologies based
on control points. The comparison was for linear cuts with constant and variable

tool/workpiece immersion. This comparison showed that the modeling methodologies



CHAPTER 5. FORCE MODEL CALIBRATION AND VERIFICATION RESULTS 147

based on control points only offer a piece-wise continous representation of the static
and dynamic cutting force and tool deflection over a given tool path. The accuracy of
the cutting force prediction and the calculation of tool deflection using methodologies
based on control points degrades for variable tool/workpiece immersion. The con-
tinous dynamic simulation methodology demonstrates a good representation of the
static and dynamic cutting force and tool deflection for variable tool /workpiece im-
mersion. The continous dynamic process simulation methodology was demonstrated
for a complex sculptured surface machining operation. The rough machining opera-
tion for an airfoil-like surface was presented. The simulation results demonstrate how
the continuous dynamic process simulation methodology is capable of predicting the
cutting force and tool deflection for variable tool/workpiece immersions that occur
during complex sculptured surface machining operations.

Applications of the Internet based machining system were discussed. Simulation
results were presented for a simple sculptured surface part. Both cutting force and
tool deflection were given. The cutting force and tool deflection can be presented to
the user as either instantaneous values or globally over the entire tool path. This

information gives the user valuable insight into the machining process.



Chapter 6

Feed Scheduling Results

6.1 Introduction

During machining of complex sculptured surfaces, the chip geometry is constantly
changing along the tool path. This causes wide fluctuations in the process variables
(cutting force and tool deflection). In the worst case, the tool may break or cutting
may become unstable (chatter) and/or the quality of the finished product may be
unacceptable. To ensure stable machining conditions and guarantee the quality of
the finished product, conservative process parameters are typically used (feeds and
speeds). The result is lower productivity. Feed rate scheduling can be used to opti-
mize the manufacture of complex sculptured surface parts. The productivity will be
increased with guaranteed machining integrity.

This chapter demonstrates the feed scheduling concept for the methodologies pre-
sented in chapter 4. Section 6.2 presents a case study for optimizing the machining
process for a complex sculptured surface part. Section 6.3 demonstrates the method-

ologies for incorporating the feed drive performance capabilites with feed scheduling.

148
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6.2 Complex Sculptured Surface Part

A case study of manufacturing a complex free form surface produced by a 3-axis
milling process is used to demonstrate the feed scheduling methodology for multi-axis
machining presented in section 4.2. A complex sculptured surface part was machined
from a titanium block using a 3/4 inch solid carbide ball end mill (figure 6.1). The

Figure 6.1: Airfoil Like Surface Section

machined part was designed to be similar to an airfoil-like surface used in industry.
The roughing machining operation consisted of five passes on both the leading and
trailing edges of the airfoil-like surface. Each set of five passes was repeated at three
axial depths of cut on both the leading and trailing edges of the airfoil-like surface.
This gave a total of thirty roughing passes. Figure 6.2 shows intermediate part
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Figure 6.2: AirFoil like Surface Roughing Stages

geometry for the roughing operation generated by the modeling procedure detailed
in section 3.2. Figure 6.2a is the part geometry after the first roughing pass on the
trailing edge of the airfoil-like surface. Figure 6.2b is the part geometry after the
fifteen roughing passes on the trailing edge of the airfoil-like surface. Figure 6.2c is
the part geometry after the first roughing pass on the leading edge of the airfoil-like
surface. Figure 6.2d is the part geometry after the fifteen roughing passes on the
leading edge of the airfoil-like surface.

Feed rate scheduling is performed for both maximum chipload and maximum force

constraints. Results of the different simulation runs are shown in figures 6.3 and 6.4.
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Figure 6.3: Scheduled Feed Rates

Figure 6.3 shows the scheduled feed rates. Figure 6.4 shows the predicted force. The
force profile shown in figure 6.4 is the maximum force at each simulation time step.
Each force spike represents a single roughing pass. There are a total of 30 roughing
passes. Figure 6.4a is the force profile for feed scheduling using a maximum chipload
constraint. Figure 6.4b is the force profile for feed scheduling using a maximum force
constraint. Figure 6.4c is the force profile for a nominal feed of 0.002 inch per tooth.
The production savings is evident through a comparison of the total machining times
in each figure. The time to rough machine the part using a nominal feed is 295 seconds
(fig. 6.4c). The time to rough machine the part with feed scheduling using a chipload
constraint is 210 seconds (fig. 6.4a) and the machining time using a force constraint
is 195 seconds (fig. 6.4b). By using feed scheduling with a chipload constraint, the
machining time is reduced by 28.7%. Feed scheduling with a force constraint reduced
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the machining time by 33.7%. Figure 6.4b also demonstrates how feed scheduling can
be used to help guarantee machining integrity. The force is regulated at a level of

450N. Force regulation is a method that can be used to guarantee machining integrity.

Experimental tests were performed to demonstrate the production savings at-
tained using feed scheduling with a maximum chipload constraint. Figure 6.5a shows
the resultant cutting force versus time for the roughing operation with no feed schedul-
ing. Figure 6.5b shows the resultant cutting force versus time for the roughing oper-
ation with feed scheduling using the maximum chipload constraint. The production
savings is evident through a comparison of the total time required to machine the
airfoil-like section in each case. With no feed scheduling, the total time of machin-
ing was 295 seconds. Using feed scheduling, the machining time was 210 seconds.
This results in a production savings of 28.7%. Figures 6.6a and 6.6b show the actual
airfoil like surface section that was machined with feed scheduling and without feed
scheduling respectively.

6.3 Incorporating Feed Drive Performance Capa-
bilities

This section demonstrates the methodologies for incorporating the feed drive per-
formance capabilites with feed scheduling. This section begins with a description of
the experimental setup. The results for a feed scheduling strategy based on control

points without incorporating feed drive performance capabilities are then given in
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(b)

Figure 6.6: Airfoil Like Surface Section a) Feed Scheduling, b) No Feed Scheduling
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6.3.2. The results for the feed scheduling strategy based on the Acc/Dec Time Con-
stant are presented in 6.3.3. The results of the optimized feed scheduling strategy are
given in 6.3.4. A comparative summary of all the feed scheduling strategies is given

in section 6.3.5.

6.3.1 Experimental Setup

The experiments are carried out on a 5-axis vertical milling machine "FADAL VMC4020”.
The G-Code file is generated by the simulation on a personal computer (PC),
and then transferred to the CNC control unit via a serial connection RS-232. Each
G-Code file is composed of three parts; the header, the body and the footer. The
header specifies the general set up of the machine. In this study, the header includes
the interpolation plane (XY plane (G17)), the interpolation mode (linear (G01)), the
position unit (inch (G20)), the reference mode (incremental (G91)), and the blend
mode (with no return to zero feed rate at each change of feed rate (G08)). The
function (G08) ensures a continuity of the velocity profile and a higher productivity
while machining. The function (M49) is introduced to disable the feed/speed operator
override. In addition, two functions, (M60) and (M62), are introduced to actuate
pneumatic brakes for the two rotary axis of motion. The function (M3) specifies
that the spindle is rotating in a clockwise direction. The function (M8) turns on
the coolant. To synchronise the data acquisition with the start of execution of the
signal command, the following two M functions, (M67) and (M66), are introduced
at the end of the header. The descending slope of the (M67)/(M66) signal is used
as an external trigger for the data acquisition system. Thus, the acquisition of all

data will start at the same time as the processing of the trajectory blocks. The body
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is composed of the trajectory specifications. The footer specifies the return of the
machine to the home position and the end of the program.

A Kistler milling dynamometer type "9255B” is mounted on the table of the
machine to measure the cutting forces during machining. The three axis cutting
force signals are sampled at a frequency of 3600 Hz. The forces are recorded using a
data translation "DT2801” analog-to-digital acquisition card (ADC). The amplifier
and the tachometer signals are supplied to the PC through a separate ADC card.
The signals are sampled at a sampling frequency of 100 Hz. Both data acquisition
systems are triggered by the signal delivered by the (M67)/(M66) functions. The
spindle speed is fixed at 1200rpm. The tool used is a 330M Garr 3/4” diameter, solid
carbide ball end mill. The ball end mill has 4 helical flutes.

The workpiece material is Titanium (Ti6Al4V). To evaluate the performance of
the different feed scheduling strategies, successive channels modulate the surface of
the workpiece (figure 6.7a). A cross section of the workpiece is depicted in figure
6.7b. This surface offers various changes in the axial depth of cut: constant, sudden or
smooth decrease, and sudden or smooth increase in the depth of cut. The radial depth
of cut is kept constant during each test. It is equal to 1/3 of the cutter radius. This
workpiece is used for all experiments and as a reference for all simulations performed.
Between two successive ball end milling experiments, a flat end milling operation is
performed to regenerate the workpiece edge.

To demonstrate the productivity saving, two sets of experiments are conducted.
In the first set, the tool path is short so that the air cutting-to-cutting ratio is small.
In the second set of experiments, the tool path is long providing a higher air cutting-

to-cutting ratio (figure 6.8).
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Figure 6.7: Sketch of the workpiece
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Figure 6.8: Tool paths for the two sets of experiments

Calibration of the Force Model

End milling operations are performed with a constant feed rate, F;, = 28.8ipm, on the
specified workpiece for the two sets of experiments. These experimental results are
used to calibrate the mechanistic force model. The results are also used to provide
the reference time and target force values in order to demonstrate the effectiveness of
the feed scheduling as well as the usefulness of incorporating the feed drive dynamics.

In the region where the cutting conditions are constant (i.e., where the workpiece
is flat), a cutting force profile for a single tooth period is extracted and the calibration
procedure given in section 3.4 is applied. The force coefficients resulting from this
calibration procedure are given in table 6.1:

Figure 6.9 shows the three cutting force components as well as the resultant force
profile for a single tooth period. The thin lines represent the profiles of the averaged

force based on the experimental data while the thick lines represent the profiles of
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Rake face Clearance Face
K, (N/inch?®) | Ky (N/inch®) | K3 (N/inch?) | K4 (N/inch) | Ks (N/inch)
676913.48 888472.77 16059.56 173.73 116.46

Table 6.1: Force coefficients

simulated force using the calibration constants. In all three components of the force
there is a very close agreement in both magnitude and shape.

To validate the calibration procedure, the average cutting force obtained from the
cutting experiment is compared to the force obtained from the simulation. An average
cutting force is defined as follows. For each revolution of the tool, the maximum
cutting force magnitudes of each tooth period are averaged. Repeating this for each
revolution of the tool along the tool path results in the average cutting force. The
average cutting force only contains the average peak force for each tool rotation,
resulting in a force trace that has no variations due to the cutter run-out or slight
changes of cut geometry (figure 6.10).

In the time domain, the simulated force (thick line) is shown with the experi-
mental data (thin line) in figure 6.11a. The shapes of the two plots agree well. An
expansion in time is noticed in the experimental cutting force compared to the sim-
ulated cutting force. This expansion in time increases with the travel period. The
estimated machining period is equal to 7.25s. However, the actual machining period
is equal to 7.67s. The noticeable expansion in time is due to the following reasons.
The simulation is run under ideal conditions of motions. It does not take into account
the friction of the feed drive mechanism. The friction acts to increase the period of
the travel. In addition, the feed rate jump is achieved instantaneously in the simula-

tion. The actual system needs a period of time to accelerate or decelerate. This will
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Figure 6.11: Mechanistic force model validation,(a) Cutting force: Time representa-
tion, (b) Cutting force: Spatial representation, (c) Feed rate: Time representation,
(d) Feed rate: Spatial representation.
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be demonstrated in the following experiments. A spatial presentation of the results
is proposed. The x-axis is the tool path position. At an instant t,t =k -T, zis

obtained by integrating the experimental/simulated feed rate with respect to time:

¢ k
T = /OF(t)-thEF(i-T)-T (6.1)

i=0

Good agreement between experimental and simulated results is observed when using
the spatial representation (figure 6.11b). The calibration constants are accepted and

are used for further development and analysis.

6.3.2 Control Point Strategy

End milling operations are carried out for the two sets of experiments. The predicted
and experimental cutting force are depicted in both the time and spatial domains
in figures 6.12a, 6.12b, 6.13a, and 6.13b. The actual feed rates generated by the
simulation are also plotted against the experimental feed rate in both the time and
spatial domains in figures 6.12c, 6.12d, 6.13c, and 6.13d.

Figures 6.12d and 6.13d clearly show that the acceleration limitations of the feed
drive do not allow the predicted feed rates to be reproduced accurately. The target
feed rate is undershot when approaching the workpiece, as well as at the end of the
path for the first set of experiments (figure 6.12d). The feed drive system also un-
dershoots the target feed rate at many locations along the tool path for both sets of
experiments. Consequently, the target cutting force is undershot. Although under-
shooting the target cutting force gives poor regulation of the force, the machining

process is still safe. However, overshooting the target feed rate at some locations
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along the tool path results in the target force being exceeded. If the target cutting
force is exceeded, the tool may break.

In all the plots represented in the time domain (figures 6.12a, 6.12c, 6.13a, and
6.13c) a time shift between the predicted and experimental results is observed. This
shift increases with the travel period and is explained by the presence of the friction
in the feed drive system. The inability of the actual feed drive system to achieve the
target feed rate results in an increase of the travel period as well.

The estimated and experimental machining time for the short tool path length are
equal to 4.50s and 4.99s, respectively. For the long tool path length, the estimated
and experimental machining time are equal to 5.10s and 5.67s, respectively. Applying
the feed scheduling strategy using control points improves the productivity for these
tests by 35% and 51%, respectively. This strategy fails to achieve the target feed
rate at the appropriate position, resulting in poor regulation of the force and risks of
unsafe machining due to the tool breakage.

6.3.3 Acc/Dec Time Constant Strategy

End milling operations are carried out for the two sets of experiments. The predicted
and experimental cutting force are depicted in both the time and spatial domains
in figures 6.14a, 6.14b, 6.15a, and 6.15b. The actual feed rates generated by the
simulation are also plotted against the experimental feed rate in both time and spatial
domains in figures 6.14c, 6.14d, 6.15¢c, and 6.15d.

In the time domain, experimental and predicted data have the same profile but a
time shift is evident. The time shift is caused by the friction in the feed drive system.

In the spatial domain, good agreement is observed between predicted and experimen-
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Figure 6.12: Feed scheduling strategy based on control points, short tool path,(a)
Cutting force: Time representation, (b) Cutting force: Spatial representation, (c)
Feed rate: Time representation, (d) Feed rate: Spatial representation.



CHAPTER 6. FEED SCHEDULING RESULTS 165

— Simutaton
o} [ Exparment]
o} 200}
20} 20f- -

- - = &% = S
w}- 1 ol e M.

wf i I - . .

[ ] 2 3 . ~l‘ [ 14 [ L] L] e ' 2 '-!“, . s [

(c) (d)

Figure 6.13: Feed scheduling strategy based on control points, long tool path,(a)
Cutting force: Time representation, (b) Cutting force: Spatial representation, (c)
Feed rate: Time representation, (d) Feed rate: Spatial representation.
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Figure 6.14: Feed scheduling strategy based on Acc/Dec time constant, short tool
path,(a) Cutting force: Time representation, (b) Cutting force: Spatial representa-
tion, (c) Feed rate: Time representation, (d) Feed rate: Spatial representation.
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Figure 6.15: Feed scheduling strategy based on Acc/Dec time constant, long tool
path,(a) Cutting force: Time representation, (b) Cutting force: Spatial representa-
tion, (c) Feed rate: Time representation, (d) Feed rate: Spatial representation.
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tal actual feed rate and cutting force. By integrating the feed drive dynamics with
feed scheduling, the target feed rate is achieved at the appropriate position. The
plots of the cutting force clearly show variations in the force magnitude. Although
this magnitude is less than the target force value and there is no risk of the tool
breakage, the force regulation is poor. This is explained by considering the constraint
imposed on the actual feed rate. The actual feed rate has to reach the commanded
feed rate. The feed scheduling interval is set equal to the Acc/Dec time constant of
the machine. This means that changes in the feed rate may be slower than changes
in the cutting geometry resulting in a poor regulation of the force. This constraint is
very conservative, as the feed drive system is capable of changing the feed rate more
rapidly than this strategy demands.

The estimated and experimental machining time, for the short tool path length,
are equal to 5.66s and 5.82s, respectively. For the long tool path length, the estimated
and experimental machining times are equal to 6.38s and 6.65s, respectively. Applying
the feed scheduling strategy based on the Acc/Dec time constant has improved the
productivity for these tests by 24% and 42%, respectively. Although this strategy
allows an accurate prediction of the feed rate and the cutting force, it does not

provide good force regulation.

6.3.4 Optimized Strategy

End milling operations are carried out for the two sets of experiments. For each set of
experiments (short tool path and long tool path), the G-Code file is generated using
the optimized feed scheduling strategy. The experimental cutting forces (thin line)

are plotted against the predicted cutting force (thick line), in both time and spatial
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domain in figures 6.16a, 6.16b, 6.17a, and 6.17b. The experimental feed rate (thin
line) is plotted with the predicted feed rate (thick line) in both the time and spatial
domains in figures 6.16¢c, 6.16d, 6.17c, and 6.17d. From the time domain represen-
tations (figures 6.16a, 6.16¢, 6.17a, and 6.17c) a shift in time is observed between
experimental and predicted signals. This shift is due mainly to the friction effects
of the feed drive system and an error in the predicted gain of the transfer function
for the feed drive system. The friction acts to slow down the motion, increasing the
actual time of travel. The actual time for the tool motion is greater than that pre-
dicted. Friction is a nonlinear effect, and is not modeled in this study. The effects of
friction are observed in figure D.8 in appendix D. The experimental Acc/Dec profiles
derived from the tachometer signal for different feed rate jumps (thin lines) exhibit
high frequency components.

The transfer function of the feed drive system is identified in appendix D along
with the transfer function of the disturbances. The disturbances introduce an error
in the gain of the transfer function of the feed drive system. This error is less than
1.5%. The transfer function of the disturbances is not integrated with the optimized
feed scheduling strategy. The error in the gain of the transfer function is manifested
mainly during tool motions with constant feed rate (figure 6.17d).

Based on the spatial representation (figures 6.16b, 6.16d, 6.17b, and 6.17d), good
agreement is observed between experimental and predicted feed rate. An error of
1.5% is evident in the feed rate magnitude. The predicted feed rate reproduces the

following accurately:

o The acceleration of the feed drive at the start of the path. This validates the

theory developed for the "generation of the tool motion along the tool path”
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and the "approach procedure”.

e The tool motion along the tool path. This validates the theory developed for the

" generation of the tool motion along the tool path” and the "regular procedure”.

e The deceleration of the feed drive at the end of the path. This validates the
theorv developed for the ” generation of the feed drive deceleration at the end of
the path”™. For the long tool path, the feed drive has enough time to accelerate
at the start of the path and reach the maximum allowable feed rate as predicted
(figures 6.17c and 6.17d). For the short tool path, the feed drive does not have
enough time to reach the maximum allowable feed rate resulting in a " triangular

profile” of the velocity (figures 6.16¢c and 6.16d).

e The simulation generates an actual feed rate that is not allowed to reach the

commanded feed rate as shown in figure 6.18.

Considering the cutting force, a force spike is observed when the tool enters the
workpiece in all the experiments. This spike is generated by the impact between the
tool and the workpiece when initial contact is made. It is considered a transient
phenomenon and is not modeled by the mechanistic force model used in this study.

The magnitude of the cutting force drops below the target force during certain
regions within the workpiece. Within these regions, the geometry of the workpiece
changes rapidly. The feed drive system limitations do not allow the feed rate to
change fast enough to maintain a constant cutting force.

In all other regions of the workpiece, there is good agreement between the pre-
dicted and experimental cutting force. The results of the optimized feed scheduling

strategy offer a relatively uniform tool load without high force peaks. This results in
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stable cutting conditions and satisfactory process integrity. Good regulation of the
cutting force is achieved. The actual feed rate of the feed drive does not overshoot
the target feed rate. Therefore the experimental cutting forces are less than the pre-
dicted cutting force. This guarantees that the maximum load on the tool will not be
exceeded, and prevents tool breakage.

The estimated and experimental machining time, for the short tool path length,
are equal to 4.80s and 5.29s, respectively. For the long tool path length, the ma-
chining times are equal to 5.41s and 6.00s, respectively. Applying the optimized
feed scheduling strategy improves the productivity for these tests by 31% and 48%,
respectively.

These results validate the effectiveness of the theory developed for the optimized

feed scheduling strategy.

6.3.5 Summary of Feed Scheduling Strategies

In this section, the different feed scheduling strategies are compared. The criteria for
comparison are the production saving, the machining integrity, and the machining
safety.

Production saving The two sets of experiments, with short and long tool paths,
were introduced to demonstrate the production saving when the air cutting-to-
cutting ratio is high. This productivity gain is effective for the different feed
scheduling strategy (figure 6.19). The feed scheduling strategy based on control
points (FSCP) achieves the best production enhancement. This is followed by
the optimized feed scheduling strategy (OFSS) and finally by the feed scheduling

strategy based on the Acc/Dec time constant (FSAD). In all cases a productivity
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Figure 6.16: Optimized feed scheduling strategy, short tool path, (a) Cutting force:
Time representation, (b) Cutting force: Spatial representation, (c) Feed rate: Time
representation, (d) Feed rate: Spatial representation
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Figure 6.17: Optimized feed scheduling strategy, long tool path, (a) Cutting force:
Time representation, (b) Cutting force: Spatial representation, (c) Feed rate: Time

representation, (d) Feed rate: Spatial representation
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L

Figure 6.18: Commanded and actual feed rate generated by the simulation, (2) Short
tool path, (b) Long tool path

gain was achieved by applying a feed scheduling strategy.

Machining Integrity Machining integrity is achieved when the cutting force can be
accurately predicted and well regulated. The FSCP did not predict the cutting
force well or provide good regulation of the force. This is explained by the poor
prediction of the actual feed rate. The FSAD provides a good prediction of the
force. However, it does not provide good regulation of the cutting force. This is
due to the constraint that the actual feed rate must reach the commanded feed
rate. This constraint is very conservative because the feed drive system is not
pushed to its limits to make the feed rate changes as fast as the variations of the
cutting geometry. The OFSS is the only feed scheduling strategy that achieves

good cutting force prediction and provides good regulation of the cutting force.

Machining Safety Machining safety is achieved when the cutting force is predicted
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Machining Machining Production

Integrity /Safety Time Saving

Pred. Reg. | Short path | Long path | Short | Long

force | Feed | force | Est. | Exp. | Est. | Exp. | path | path

No feed Good | Good - 7.25 | 7.67 | 11.46 | 11.54 - -
scheduling

Feed scheduling | Poor | Poor | Poor [ 4.50 | 4.99 | 5.10 | 567 | 35% {51 %
FSCP

Feed scheduling | Good | Good | Poor | 5.66 | 5.82 | 6.38 | 6.65 | 24 % [ 42 %
FSAD

Feed scheduling | Good | Good | Good | 4.80 | 5.29 | 541 | 6.00 | 31% |48 %
OFSS

Table 6.2: Summary of feed scheduling strategies

Productios saviag (%)

O Short tool path
B Long tool path

FSCP

FSAD OFSS

Figure 6.19: Production Saving
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accurately. Only the FSCP does not satisfy this criterion. The machining safety
is guaranteed when the machining integrity is achieved. However, when good
force regulation is not achieved (i.e., the FSAD or the cutting experiment with

nominal feed rate), the machining operation can still be safe.

These criteria have been summarized in table 6.2. The optimized feed scheduling
strategy is the unique strategy that improves simultaneously the production saving

while guaranteeing the machining integrity.

6.4 Summary

This chapter demonstrates the feed scheduling concept for the methodologies pre-
sented in chapter 4. A case study for process optimization of machining an airfoil-like
surface was used for demonstration. Based on the predicted iﬁstanta.neous chip load
and/or a specified force constraint, feed rate scheduling is utilized to increase metal
removal rate. The feed rate scheduling implementation results in a 30% reduction in
machining time for the airfoil-like surface without any sacrifice in the surface quality
or part geometry.

This chapter also demonstrated the methodologies for incorporating the feed drive
performance capabilites with feed scheduling. A comparative study was performed
for feed scheduling based on control points, Acc/Dec time constant, and optimized
strategy. Both simulated and experimental results were given for each feed schedul-
ing strategy. The criteria for comparison were the production savings, the machining

integrity, and the machining safety. The optimized feed scheduling strategy was the
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unique strategy that improves simultaneously the production saving while guarantee-

ing the machining integrity.



Chapter 7

Conclusions and Future Research

7.1 Research Summary

Complex scuptured surfaces are common features in parts and/or components that
are produced in the die and mold, automotive, aerospace, and appliances industries.
A generic simulation approach for multi-axis machining of complex sculptured surface
parts has been developed in this thesis. The simulation approach includes a geometric
modeling scheme that is generic for multi-axis machining. The approach also includes
a comprehensive force modeling methodology for multi-axis machining.

The geometric modeling scheme was developed to provide:
e A generalized approach for representing an arbitrary cutting edge design.

e A generalized approach for representing the local surface topology of the part,

without using a computationally expensive CAD solid modeler.

e Implementation of a simple methodology for determining the tool/part interac-

tion for complex sculptured surface machining.

178
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The geometric modeling scheme permits an arbitrary tool path (CLData file) to be
specified. The geometric modeling scheme also allows multiple machining opera-
tions to be integrated within a single simulation (ie. specified by multiple tools and
CLData files). This allows the desired machining operation (roughing, semi-finishing,
finishing) to be simulated without having to simulate previous machining operations.
For example: to simulate a finishing operation, neither the semi-finish or roughing
operation need to be simulated first. The local surface topology of the part is con-
structed from only the tool path specifications given by the semi-finish and roughing
CLData files. This methodology provides an accurate representation of the local sur-
face topology and substantially reduces the computation time for the simulation. The
solid modeling approaches that have been presented in the literature have to update
the part geometry after each tool movement in the CLData file. The solid modeling
approaches can only simulate a single machining opera.tion.- To simulate multiple
machining operations, each machining operation must be simulated individually. For
the example cited above, both the roughing and semi-finishing operations would have
to be simulated to provide the updated part geometry for the finishing operation sim-
ulation. The computational work load is substantially increased when using a solid
modeling approach.

A comprehensive cutting force model for multi-axis machining was presented. The
cutting force model considers both normal and friction components of force on the rake
and clearance faces on the cutting edge. A systematic model calibration procedure was
developed to incorporate the effects of varying cutting edge geometry, cutting speeds,
and feed rates. A series of model calibration tests were performed. Model verification

was conducted with the cutting force calibration coefficients determined from the
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model calibration tests. The verification results demonstrate that the predicted forces
are within 5% of experimentally measured forces.
A continuous dynamic simulation methodology for multi-axis machining was de-

veloped. The methodology was formulated to include:
¢ A minimum simulation time period.

e The instantaneous location of the cutting edge based on the original tool centre
(defined by the current tool path location) and the current deflection of the

tool.

e The instantaneous chip thickness determined from the feed/tooth and the de-

flection of the previous N tooth periods (regenerative model).

e The deflection effects of previous tool path segments.

The continuous dynamic process simulation methodology was compared with both
static and dynamic simulation methodologies based on control points. The compar-
ison was for linear cuts with constant and variable tool/workpiece immersion. This
comparison showed that the modeling methodologies based on control points only of-
fer a piece-wise continous representation of the static and dynamic cutting force and
tool deflection over a given tool path. The accuracy of the cutting force prediction and
the calculation of tool deflection using methodologies based on control points degrades
for variable tool/workpiece immersion. The continous dynamic simulation methodol-
ogy demonstrates a good representation of the static and dynamic cutting force and
tool deflection for variable tool/workpiece immersion. The continous dynamic pro-
cess simulation methodology was also demonstrated for a complex sculptured surface

machining operation. The rough machining operation for an airfoil-like surface was
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presented. The simulation results demonstrate how the continuous dynamic process
simulation methodology is capable of predicting the cutting force and tool deflection
for variable tool/workpiece immersions that occur during complex sculptured surface
machining operations

The generic simulation approach for multi-axis machining has been demonstrated
as a process optimization tool. Feed scheduling was used to demonstrate the process
optimization for multi-axis machining. A feed scheduling methodology for multi-axis
machining was developed. The feed scheduling methodology was formulated based
on maximum chipload and maximum force constraints. A case study for process
optimization of machining an airfoil-like surface was used for demonstration. Based
on the predicted instantaneous chip load and/or a specified force constraint, feed
rate scheduling was utilized to increase metal removal rate. The feed rate scheduling
implementation results in a 30% reduction in machining time for the airfoil-like surface
without any sacrifice in the surface quality or part geometry.

The machine tool feed drive performance capabilities were integrated with the feed
scheduling methodology. Two strategies were developed. The first strategy guaran-
teed that the scheduled feed rates were attainable within the machine Acc/Dec time
constant, Tyea- The second strategy optimized the use of the feed drive capabilities
while tracking the changes in cutting geometry along the tool path. A compara-
tive study was performed for feed scheduling based on control points, Acc/Dec time
constant, and optimized strategy. Both simulated and experimental results were
given for each feed scheduling strategy. The criteria for comparison was the pro-
duction savings, the machining integrity, and the machining safety. The optimized

feed scheduling strategy was the unique strategy that improves simultaneously the
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production saving while guaranteeing the machining integrity.

The generic simulation approach for multi-axis machining was integrated with In-
ternet technologies to provide an Internet enabled process simulation and optimization
environment. The research contributions related to the Internet implementation of

the multi-axis machining simulation include:

e The Internet provides an ideal medium to provide wide spread access to ad-
vanced process simulation software. Access to machining process simulation
software has typically been limited to individual research institutions. The In-
ternet based implementation provided here allows the simulation software to
be accessed by other research institutions and by industrial users around the

world.

e The interactive nature of the Internet based implementation of the multi-axis
machining simulation offers the user valuable insight into the machining process.
This information can be used for reducing or eliminating the need for expensive
process trials. Specific process problems can also be diagnosed more efficiently
when this information is available. Having this information allows the user to
optimize the machining process by testing different process parameters (feed,

speed, tool paths, etc.).

7.2 Future Research Directions

The generic simulation approach for multi-axis machining has revealed certain key
areas that need further investigation. There are both fundamental research issues

and practical implementation mechanisms that should be addressed in future efforts.
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The mechanistic force model presented in chapter 3 has been formulated assuming
a sharp tool. Tool wear has not been considered in the model formulation. Dur-
ing practical machining operations the tool wears as a natural consequence of the
tool/workpiece interaction. As the amount of tool wear increases, the accuracy of the
cutting force predicted by the mechanistic force model will degrade. The effects of
tool wear should be incorporated within the modeling methodology. There are differ-
ent mechanisms of tool wear that occur on both the rake and clearance faces of the
cutting edge. Cutting process temperatures also affect tool wear. Tool wear and its
effects on model performance will need to be further investigated. As an alternative
solution for incorporating the effects of tool wear, the model calibration procedure
may be applied for tools with varying tool wear. The value of the derived calibration
coefficient will include the effects of tool wear. Currently, the calibration coefficient
is a function of cutting edge geometry, cutting speed, and feed rate. The functional
form of the calibration coefficients may need to also include tool wear. The effects of
tool wear on the model calibration coefficients should also be investigated.

The model calibration procedure determines the coefficient values based on a
regression analysis. Each calibration coefficient is a function of three parameters;
cutting edge geometry, cutting speed, and feed rate. Although, the effect on the
calibration coefficient for each of these parameters has been demonstrated, the relative
importance of each parameter was not investigated. As a further research issue, a
parameter sensitivity analysis should be carried out for each of these parameters. The
calibration coefficients are valid for a specific tool/workpiece material combination.
The basic material properties (yield stress, etc.) for the tool and workpiece are

not incorporated within the calibration coefficient function. Incorporating material
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properties should be investigated.

The process constraints used for feed rate scheduling presented in chapter 4 in-
clude maximum chipload and maximum force constraints. Both chipload and cutting
force are often intermediate process variables but not the ultimate process variables
carryving functional importance for the end user. Other process constraints such as
finish. form error. cycle time, or part integrity provide a more directly usable set of
process constraints for feed rate scheduling. Each of the additional process constraints
listed above can be expressed as functions of either the chipload or force constraint.
However. the feed rate scheduling methodology should be reformulated to include
these additional process constraints.

The feed rate scheduling strategies that incorporated the machine tool feed drive
performance limitations have only been developed and verified for a single axis motion.
The principles demonstrated in this work should be extended to mult-axis contour
machining operations. The identification procedure given in Appendix D can be
used to determine the Acc/Dec profile for each machine tool feed drive. Contour
machining requires the coordinated motion of multiple axis. The coordinated motion
is scheduled by the machine tool interpolator. There may be some cross-coupling
effects that may need to be identified and incorporated with the feed rate scheduling
strategy. An identification procedure similar to the method given in Appendix D may
need to be investigated.

There are specific algorithms that can be optimized to reduce simulation times.
The algorithms used to implement the modeling methodologies were developed with
the philosophy, 'Make it work first, then optimize’. The algorithms that required

the largest computational times were related to the intersection calculation between
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the local surface topology and the cutting edge. Further investigation is required to
optimize these algorithms.

The local surface topology of the part is generated from the initial part surface
topology and previous machining operations. Currently, the initial part geometry
is given as a rectangular block. This initial geometry of the part is valid for many
machining operations. However, the initial part geometry may be generated by other
manufacturing processes. In this case the key is to present the simulation with an
adequate representation of the initial part surface topology. This information can be
provided by a CAD model of the part or from CMM data. The surface representation
could be presented to the simulation as either primitives (planes, conics, etc.) or
complex surface representations (bezier, NURBS, etc.).

There is a lack of available software tools for manufacturing process development.
The Internet-based implementation of the multi-axis machining process simulation
and optimization can be combined with other related machining tecanologies to pro-
vide a formalized system for designing and proofing manufacturing processes. Process
develoment can occur iteratively, without the need for lengthy and/or expensive pro-
cess trials. Implementing these development tools using Internet technologies has
several advantages. It allows all of the development tools to be in a centralized loca-
tion, allowing for quick and reliable upgrade paths. Internet accessibility also gives
quick and easy access to these development tools to many manufacturing engineers

around the world.



Appendix A

Force Model Reformulation

S,(0) = Snr(8) + S7r(8) + Sre(6) + S7.(6)

22
[ Ko (26,9 + K000, 2)]-64.0,2) (A
+Kp, - [—ﬁ,(a, z) + K]e . ﬁje(g, z)] -0S

if 4 (1,0, 2) = b(6, z) - cos e + 7(8, 2) - sin 7.

$,(0) = f fz{Km - [~72(8, z) + Kyr - (B(6, 2) - cos e + (6, 2) - sin 7)) - 64, (6, 2)
+Kne - [~Tie(8, 2) + Kfe - ige(8, 2)] - 6 (A.2)

Rearranging using:
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Ko,

K. =| K, - K -cosne | =

Knr ° Kfr

Knc
Ky =

- sin 7,

Kne g Kfc KS

—TNyz bz Tz

R(G’z) = Ny by Ty

Ny, b, T

E@,z) =

z2
$,(0) = / {R(8,2) - K, -6A.(6,2) + E(6,2) - Ky -6S
zl

187

(A.3)

(A4)

(A.5)

(A.6)

(A7)

For a given angular position of cutter, 8, the coordinate forces (Spz,Spy,Jp:) are

given by:
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z2
Spe = D _{[Ki-—nez(2) + Kz bo(2) + K3 - 7:(2)] - 64, (2)
zl
+[Ky4 - —Nez(2) + Ks - nfez(2)] - 65(2) (A.8)

z2

= Z{Kl . al(z)(z) + K2 - az(Z)(Z) + K3 - GS(Z)(Z)

+Ky - a4(2)(2) + K5 - a5(2)(2)}
where

a1(2)(z) = —n(2) - 0A(2)
a2(z)(z) = bs(z) - 0A.(2)
a3(2)(z) = 72(z)-9A.(2)
24(2)(2) = -ne(2)-6A.(2)

0s(2)(2) = nyeal2) - 6A(2)

z2
Spy = Y _{[K1-—nuy(2) + K2 - by(2) + K3 - 74(2)] - 6 A (2)

+[Ky - —Ney(2) + K - ngey(2)] - 6S(2) (A.9)

22
= > {Ki-bi(2)(2) + K2 - by(2)(2) + K3 - bs(2) (2)
+K4 . b4(Z)(Z) + KS : bs(Z)(Z)}
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where
bi(z)(z) = —nry(z)-0A(2)
b(2)(z) = by(2)-6A.(2)
b3(2)(z) = my(2)-0A.(2)
by(z)(z) = —ney(z)-64r(2)
bs(2)(z) = ngey(z) - 6A.(2)
z2
Sp: = ) _{[K1 —nre(2) + Ky - be(2) + K - 7:(2)] - §4.(2)
zl
+[Ky4 - —Ne:(2) + K5 - ngex(2)] - 65(2) (A.10)
z2 :
= E{Iﬁ -¢1(2)(z) + K2 - c2(2)(2) + K3 - e3(2)(2)
zl
+Ky - c4(2)(2) + K5 - c5(2)(2)}
where

a(2)(z) = -nr.(z)-0A.(2)
c(2)(z) = b:(2)-0A.(2)
cs(z)(2) = 7i(2)-0A(2)
ca(2)(z) = —7e.(2)-8A(2)
¢s(2)(2) Nfez(2) - 0A-(2)

In all of the above equations, the only unknown variables are { K1,K?2,K3,K4,Ks}.
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These are constant across the summations, therefore from the properties of summa-

tions:

22 z2 z2

Spe = Ki 21: a1(2)(2) + Ko Zl a2(2)(z) + K Z; as(z)(2)
+K, Zj a4(2)(2) + Ks Zj: as(2)(2)

S, = K \é bi(2)(2) + K> f:: ba(2)(2) + Ks zj: b3(2)(2)
+K4ib4(z)(z) + K ibs(z)(z) (A11)

S, = K zj: a(2)(2) + K> icz(z) (2) + K» zj: cs(2)(2)
+K, Zj: ca(2)(2) + Ks zj: cs(2)(2)

Note that the a;(z), b;(2), ci(2) are strictly geometric quantities and can be pre-

calculated as:
22
A; = Za,-(z)
z1
22
B,- = Zb,(z) (A12)
zl

22
Ci = Zci(z)
8 (A.13)

Giving
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gpz = Ki-Ai+Ky-A2+ K3- A3+ Ky- Ay + Ks - As
= K,-Bi+K;-B,+K3-B3+Ky-By+ K;5 - Bs (A.14)

= K1'Cl+K2'Cz+K3'03+K4'C4+K5°Cs

S, =



Appendix B

Calibration Procedure 1

This appendix gives the mathematical details for performing the multiple parameter
linear regression analysis (LSE) to determine the coefficients { K;,K>,K;3,Ky,Ks}-

In general matrix form:
Y = XB+FE (B.1)

where Y is the vector of responses, 8 is the vector of model parameters, E is the
vector of random errors, and X is the model specification matrix. The errors, E are
assumed to be uncorrelated having zero means and the same variance o2.

The normal equation of the general linear model is:

X'-X)-8 = X'-Y (B.2)
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The solution to the normal equation is:

B = (X-X)'.X'.Y

The sum of squares at the minimum is

S(B) = Y'Y-8X'XB

An estimation of residual variance [14], o2, is given as

193

(B.3)

(B-4)

(B-5)

where n is the number of observations and & is the number of model parameters.

A 1 — € confidence region for 8 [14] can be defined as

S = S(B) [1 + Ef—kF,,(k,n — k)

(B-6)

where F,(k,n — k) is the significance point of the F' distribution with k¥ and n — k

degrees of freedom.

For the current case the model takes the form:

Spe = K-A+E;
Spny = K-B+E,

gmz = K’C+Ez

The Sum Squared Error (SSE) is taken as:

(B.7)
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SSE = ie?

= Z(efﬁ + e;‘;,- + ez)

= Ze;+2e§i+2e§,- (B.8)
= Z[s‘mzi—(K1'A1i+K2'A2i+K3'A3i+K4‘A4i+K5'A5i)]2
= Z[S‘myi — (K- By + Ko - By; + K3 - B3; + Ky - By + K5 - Bs:)|?

= Z[gmzi — (K, Cii+ Kz - Coi + K3 - C3; + Ky - Cy + K5 - Csi)|?

The Sum Square Error is minimized when

0SSE

7= = 0 (i=1:.9)
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The partial derivatives are given as:

0SSE
0K,

0SSE
0K,

0SSE
0K3

—2. zn:[s,m- — (K,

2. Z[&my,- — (K,

23 (s — (K-

-2- i[gm - (K1
-2. zn:[sm,,,- — (K,

-2- Zn:[gmz, - (K1

-2. i[%m,,- - (Ky
-2. Z[sf,,,,,,- — (K

23 St — (K

A+ K-

B+ K> -

Cu+ K,

A+ K,

- By + K,

-Ciu+ K,

A+ K,

- By + K,

. Ch' + K,

As; +K3 -

B2i + K3

'Cgi + K3

-Ay+ Kj -

-By; + K3 -

-Cou+ K3 -

A+ K3 -

- By + K3

'Cgi+K3'

A3z +K4 -

- B3 + K, -

-Cy3i+ K,

Az + Ky -

B;; + K, -

Csi+ K,

Az + K,

'B3i+K4'

Csi + K,
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Ay + Ks - As)] - Ay

By; + K5 - Bs;)] - By;

-C4i + K5 - Csi)] - Cy;

(B.9)

Ay + Ks - Asi)| - Ax

Byi + K5 - Bs;)] - By

-C4i + K5 - Cs;)] - Cy

(B.10)

- Agi + Ks - Asi)] - Ax

Byi + K5 - Bsi)] - By

- Cyi + K5 - Cs3)] - Csi

(B.11)
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6SSE =
5K4 = —2'2[3",3{—(1(1'441{-{-[(2'
= =2 Z[gmyi - (K1 -Bii+ K, -
= —2-) [Smui—(Ki-Cu+ K-
6SSE -
R = % Z[&m — (K- Au+ K>

= =2. Z[&my{ - (K1 - By + K,

= =2 Z[S‘mn - (K1 'Ch'-i'Kz

UREI

Ay + K3 - Az; + Ky

Bgi+K3 - B3; + K,

Ca; + K3-Cs; + K,

-A2i+K3°A3;+K4

Byi+ K3 - B3 + K4

-Coi+ K3 - Cy + Ky

Recall that the Sum Square Error is minimized when

0SSE
OK;

gives the following system of equations
1)

Yo (ALi - Smzi + Bii - Smyi + Chi - Szi) =
Ky - [0 (A} + By + C})]

+K3 - [ 7 (A - Azi + Byi - By + Cy; - C;)]
+K3 - [> 7 (AL - Asi + By - By + Cy; - Csi)]
+K, - [37(Ayi - Agi + Byi - By + Cy; - Cyi)]
+Ks - [Y7(Avi - Asi + Byi - Bs; + Cy; - Cs:)]
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- Ay + K5 - Asi)] - Agi
- By + K5 - Bs;)] - By

-Cysi + Ks - C&)] -Cai

(B.12)

- Agi + Ks - Asi)] - Asi
- By + K5 - Bs;)] - Bsi

-C4i + K5 - Csi)] - Csi

(B.13)
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Simplifying,

Vi = Ki Xig+ Ko - Xip+K3- X134+ Ks- X104+ Ks - X5

= Z?(Ah '%m::i + By; - 8myi'i"c’h‘ - Sz

> (AL + BL + Ci;

S (ALi - Agi + Byi - Byi +Cy; - Co)
2 i (A - A3i + By - B3i + Cy; - Cy)
Y7 (Avyi - Agi + By; - By + Cy; - Cy)
37 (A - Asi + By; - Bsi + Cy; - Ci)
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(B.14)
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2)
ST (Azi - Smzi + Bai - Smyi + Cai - Smzi) =
+K - [ Y7 (A2i - Avi + Bai - By + Cyi - Cui))]
+Ky - [ X7 (A43; + B + C})]
+K3 - [0 (A2 - Azi + Bai - B3 + Cy; - Cy;)]
+R;- YA - Ay + By - By + Coi - Cy3)]
+hR5- S 1Ay, - A5, + By - Bsi + Cy; - Cs;)]

Simplifving.

Yo = K;- Xz'l +K,- X2,2 + K3 X2,3 + K, - X2'4 + K - X2,5 (B.15)

Y2 = Y7(A2 - Smazi + Bai - Smyi + Ca2i - Smas)
Xa1 = Y.7(A2i- A+ BBy +Cyi - Chi)
X22 = ¥[(A%+ B +CR)

X3 = Y.0(Azi-Asi+ Byi- By + Cyi - C3i)

= 3 7(Azi - Agi + Byi - By + Co - Cys)

= Y 7(Agi - Asi + By; - Bsi + Co; - Ci)

S
Lo
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3)
Y T (Asi - Smei + Bsi - Smyi + Cai - Suzi) =
+K1 - (37 (Asi - Aui + Bsi - By + Cy; - Cyi))
+K, - [ Y7 (Asi - A2i + Bs; - Bayi + Cs;i - Ci)]
+K3 - [ 357 (A% + B + C3)]
+Ky - [ Y7 (Asi - Agi + Bsi - Bai + Csi - Cyi)]
+Ks - [ 37 (Asi - Asi + Bs; - Bsi + Cy; - Csi)]

Simplifying,

Y; = K;- X3,1 + K, - X3,2 +Kj3- X3,3 + Ky - X3,4 + K5 - X3,5 (B16)

;3 = Y[(Asi-Smzi + Bai - Smyi + Cai - Smai
Xs1 = X.7(Asi- Ay + Bsi - Bii+ Csi - Cui)

X32 = Y [(Asi- Az + Bsi- Bai + Csi - Ci)
X33 = YL7(A%+ B3 +C3)

X34 = Y ;(Asi- Asi+ Bsi- By + Csi - Cy)
X3s = Y[ (Asi- Asi + Bsi- Bsi + Cs;i - Csi)
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4)
Y M Asi - Smari + Bui - Smyi + Cui - Smsi) =
+K, - [3°7(Agi - Avi + By - By + Cyi - Cu)]
+Ky - [ 3.7 (Asi - Agi + By; - By; + Cy; - Co3)]
+K3 - [ Yo7 (Asi - Asi + Byi - By + Cy; - C3;)]
+K, - [ 37 (A% + B + C3)]
+Ks5 - [ Y7 (Agi - Asi + By; - Bs; + Cy; - Cs;)]

Simplifying,

Y, = K;- X4’1 + K, - X4,2 +K;- X4'3 + K- X4,4 + K- X4,5 (B.17)

Yo = >°7(Asi- Smzi+ Bai- Smyi + Cai - Smai
X411 = D0(A4i A+ By - B +Cy - Crp)
Xs2 = 2 7(Asi- Asi+ By - By + Cui - Cai)
Xs3 = D.0(Asi- Asi+ By - By +Cyi - C3;)
Xea = 357(A% + B+ CY)

Xss = D.7(A4i- Asi+ By - Bsi +Cyi - Csi)
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5)
Y 7 (Asi - Smzi + Bsi - Smyi + Csi - Smzi) =
+Ki - [ 37 (Asi - Avi + Bs; - By + Cs; - Cy;)]
+K - [ Y7 (Asi - Agi + Bsi - Bai + Cs; - Cai)]
+K3 - [ 37 (Asi - Ay + Bsi - By + Cs; - C;))]
+Ky - [Y.7(Asi - Agi + Bsi - Bai + Csi - Cy)]
+Ks - [ 3743 + B + C%))

Simplifying,

i = Ki - Xs.+Ky Xs2+K3-Xs3+Ki-Xs4+Ks-Xs5  (B.18)

s = Y 7(Asi-Smzi + Bsi - Smyi + Csi - Smzi)
Xs1 = ) ;(Asi- A+ Bsi- B;+Csi - Cii)
Xs2 = Y [ (Asi- Az + Bsi- By +Csi - Ci)
Xs3 = Y.0(Asi- Asi + Bsi- B3+ Cs; - Cs:)
Xs4 = Y[ (Asi-Asgi + Bsi- B+ Csi - Cys)
Xss = 37(A%+ B+ C3)
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The above system of equations can be expressed in matrix form as:

The solution is:

(K] =[X]7"-[Y]

X1
X24
X34
X4

K,
K,
Kj;
K,
Ks

202
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Calibration Procedure 11

This appendix gives the mathematical details for performing the multiple parame-

ter linear regression analysis (LSE) to determine the refined calibration coefficients

{al,az,as}- .

It is assumed that each K; can be represented in the form

K; = ewtaaVitasb; (C.1)

where
B; : geometric constant (function of axial immersion)
V; : average cutting velocity over cutting edge (function of axial immersion)

Taking the natural logarithm of the above equation for each K; gives the form
InK; = ai+ax-V;+a3-5; (C.2)

For each Kj, over N tests, the parameters g; are determined using multiple parameter

203
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log-linear regression (see appendix B for Normality assumptions)

n

SSE = Z In K;; — (a1 + a2Vj + a3B;) |

J

where

1=1,2,3,4,5

B; : geometric factor (function of axial immersion) at test j

V; : average cutting velocity over cutting edge (function of axial immersion) at test j

The Sum Squared Error is minimized when

the partial derivatives are given as:

Jif;E — —2-Z{IDK,'J—[GI+02-‘/J-+G3.ﬁj]} (C-3)
J

TE - 2 Y Ky V-Vt Ve (58] €4
J

6?;93E — —2'2{111[{‘.!3..ﬂj_[al.ﬂj+a2.(ﬂj'vj)+a3'ﬁ]?]} (C.S)
J

Recall that the Sum Squared Error is minimized when

gives the following system of equations
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1)

Eani'j = al-n+asz,~+a32ﬁj (CG)
j j j

Simplifving.

Yi = a-Xj1+a2-Xi2+a3- X3

where

i = YK
X1 = n

X2 = 35V

X3 = 236
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n n n n
Z(ania"Vj) = 01'ZV,-+a2 E ij‘*‘asz:(vj-ﬂj)
J j P, 3

Yo = a1-Xp1+a2- X2 +03-Xo3

2)
Simplifying,
where
Y, = 3inkK;;-Vj)
Xon = 7V;
Xo2 = 25V7
X253 = 37(Vi-B))

206

(C.7)
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3)
Z(ani,j ) = ar- Zﬂj +a2Z(ﬁj -Vi) +aazﬁ,?
b J J j
Simplifying,
Y; = a1-X31+a-X32+a3- X33

where

3 = 3i(nK:;-B)

Xan = 206;

X2 = 33(8i-V))

Xs3 = X782

207

(C.8)
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The above system of equations can be expressed in matrix form as:

X1y X2 X3 a Y,
Xog Xop Xog | |a|=| T
X3 X32 Xs3 as Y;

The solution is:

[a] = [X]~* - [¥]
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Appendix D

Experimental Identification of Feed

Drive Dynamics

D.1 Introduction

In CNC machining applications, the feed rate and the trajectory of the tool are
typically specified in the G-Code file. The feed drive system implements the specified
data and provides an actual feed rate and an actual tool path. Clearly, the actual
cutting conditions and the resulting surface accuracy depend on the machine tool and
its dynamic capabilities. To generate the tool motion accurately, the dynamics of the
feed drive system should be integrated in the generation of the tool path.

Numerous publications have dealt with the identification and modeling of the dy-
namics of machine tool feed drive systems. The primary interest of these publications
is to develop a feedforward tracking control strategy [50, 85, 88, 98, 38, 71, 86, 89, 90,
91, 47, 102], or cross-coupling control strategy [46, 51, 52, 48, 22, 49, 38, 47, 80] to

compensate for the dynamic path errors. Although the accuracy of these controllers

209
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depends on the quality of the feed drive model, the important work done in this
area has not emphasized the identification and modeling issues except the research
done by Kulkarni [50] and Tung [90]. Review of the work presented by Kulkarni and
Tung reveals that discrete-time models of feed drive dynamics may be obtained in
numerous ways. The discrete time models may be determined analytically from the
discrete-time equivalents of continuous-time models [17, 80, 4], or may be determined
empirically by experimental process identification [50, 88, 51, 89, 90, 85, 80].

The analytical model design is based on exact knowledge of the system time con-
stants, the system behavior and the order of the dead time of each machine axis. After
setting up the transfer blocks for the subsystems, an S-Z transformation is carried
out to obtain discretely sampled data. One of the problems with this method is that
often there is insufficient knowledge about the individual subsystems. Consequently,
the model can deviate from the current machine condition [98], causing the analytical
solution not to fit the demands of the practical application.

The empirical method, based on experimental identification, offers a more exact
modeling of the real feed drive dynamics. The effects such as ampliﬁer nonlinearities
and nonlinear friction components can be described implicitly by including the posi-
tion loop in the identified model. It is also possible to obtain the current model struc-
ture parameters when the machine load is changed. The advantage of this method
is that the transfer function model in the Z-domain can be obtained directly. For
these reasons, the experimental feed drive modeling is favored. Kulkarni and Tung
[50, 90] have proposed methodologies for experimental identification of the feed drive
dynamics.

The identification methodology proposed by Tung [90] uses a standard least squares
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penalty function. The penalty function is transformed into the frequency domain, re-
sulting in the frequency-weighted least squares method. The identification can be
biased to emphasize the fit in the low frequency range. The bias is achieved by
prefiltering the prediction errors, using a low-pass filter to manipulate the frequency
weighting functions [91]. Obtaining a satisfactory bias distribution may involve trial
and error. By prefiltering signals, the high frequency dynamics are removed. The
filtered system is strongly susceptible to being over-modeled. It will also have an in-
verse term in the least squares solution that is rank-deficient, and will cause numerical
instabilities. This method will not be applied here.

Two methodologies, composed of the pulse transfer function and the linear discrete-
time model based on least squares identification, are described by Kulkarni [50]). The
latter method predicts the feed drive behavior more accurately than the former. The
appropriate discrete-time model is determined by the a.pplication of tests such as the
response error test, the step response invariance test, the condition number test, the
determinant ratio test, and the polynomial test. Details describing these tests can be
found in [50]. These tests are not always conclusive in establishing the appropriate
model order, mainly when they are applied separately [50].

The present study is based on a technique similar to the Kulkarni methodology.
The Kulkarni method is modified to address the major problems of identification: the
choice of an informative excitation, and the selection of the structure and orders of
the time series model.

The remainder of this appendix is organized as follows. In section D.2, the au-
tomatic procedure for identifying the feed drive system model, based on time series

modeling, is introduced. In section D.3, the experimental test facilities are described.
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In section D.4, the characteristics of the excitation are specified to ensure the identi-
fication of a reliable model for a wide range of feed rates. In section D.5, the results
of the identification are assessed. In section D.6, the experimental verification is de-
scribed. In section D.7, the generation of the actual feed rate based on the obtained

model is described.

D.2 Identification Procedure based on time series
modeling

The feed drive system is assumed to be a linear time invariant system. This system is
composed of a single input «(t) and a single output y(t). A general parametric model

structure of such a system at time-instant ¢ = k - T, is expressed as [59):
y(t) = Gp(z7")u(t) + H(z")e(t) (D.1)

e(t) is the noise entering the system. z™! is the one step delay operator. Gp(z™!) and

H(z™!) are the plant and the noise transfer functions. They are defined as:

-y _ 2z ™B(z™!)
“E) = AEFED
(D.2)
H(z—l) = C(Z—l)

A(z')D(z7)

n; is the number of sample delays. The polynomials A, B, C, D, and F define the
model structure. The orders of these polynomials are n,, ny — 1, n., ng4, and ny,

respectively. The transfer functions G, and H can be obtained for a given model
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structure and order using the identification algorithms available in the "MATLAB
system identification software package” [63]. The key issue is to identify the adequate
model structure and the polynomial orders for a given set of Input/Output data.

The application of some relevant tests such as the response error test, the step re-
sponse invariance test, the condition number test, the determinant ratio test, and the
polynomial test in establishing the appropriate model order are not always conclusive.
This is particularly true when they are applied separately [50].

One way to determine the appropriate model structure and orders is:

to go through all the model structures

e to define a range of orders for each polynomial of the given structure
e to estimate the parametric model

e to evaluate specific criteria of the model adequacy

e to store the estimated values of these criteria in a matrix with the corresponding

model structure and orders

e to choose the model structure and orders which lead to the best (user-defined)

criteria of performance
The model adequacy is evaluated by examining the following performance criteria:

Criterion 1 cross-correlation between the input and the residuals: The absolute
value of the cross-correlation between the residuals and the input signal, desig-

nated Gy., must be less than the standard deviation o,. for the positive lags.
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This ensures a 95% confidence interval for these variables [63].

Oue S Oue (D3)

The hat (7) stands for estimated value of variable (.).

Criterion 2 whiteness of the residuals: The primary interest in this study is the
dynamics of the plant G,(z~!). The correlation of residuals is accepted to
exceed the standard deviation for few lags. However, the mean of the absolute
value of the correlation of the residuals, designated 7,, must be less than the

standard deviation o, for lags greater than one.

7. < o. (D.4)

Criterion 3 deviation of the frequency response function (FRF'): The frequency re-
sponse function of the time series model (FRFTM) is compared to the frequency
response function (FRFPS) obtained using the power spectral method intro-
duced by Welch [100]. The deviation of the amplitude &, and the phase 6, can

be expressed, in the frequency bandwidth of interest [w; : wy], as:

vn- \/ Sr, (Amplerera(w;) — Amplprrps(w;))®
Y i1 Amplrrsps(w;)

NGE \/ Y%, (Phaserrrry(wi) — Phaseprrps(w;))?

i, Phaserrsps(w;)

(D.5)

®
|

(D.6)

RS
|
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Figure D.1: Coherence between different signals

The deviations §, and &, should be less than the tolerance values o, and op:

(D.7)

In machine tools, the frequency spectrum of the reference trajectory is composed
of low frequency signals [90]. The identification procedure should, therefore,
focus on the low frequency range. The system can be considered linear when
the coherence function is greater than 0.8. The examination of the coherence
function between different signals obtained from the feed drive of this study

shows that the frequency bandwidth of interest is 0-10 (Hz) (figure D.1).

Criterion 4 the simulation fit: A fresh set of data is used to perform a simulation



APPENDIX D. EXPERIMENTAL IDENTIFICATION OF FEED DRIVE DYNAMICS 216

of the parametric model. The simulation fit is determined by the expression of

the standard deviation , which must be less than a tolerance value :

6y = J G-y ), (D8)
P

—  Number Points
oints

Criterion 5 zeros and poles cancellation: In numerical control, it is common to have
some zeros outside the unit circle [11]. However, the poles of the plant model

G, should be within the unit circle.
ozp = maz(|Poles|]) <1 (D.9)

In addition, it must be noted that an oscillatory behavior may happen at one
half the Nyquest frequency for roots in the left half of the Z-plane, that is roots
with negative real parts. In a system under computer control, roots iz the left
half of Z-plane can represent oscillation forced by the controller [13]. Then, the

criteria is that the real part of the roots should be positive:

Gpy = real(Poles) > 0 (D.10)

Criterion 6 the standard deviation of poles and zeros: The model uncertainty is
manifested in the standard deviations of the pole(s) and zero(s) locations. Large
uncertainties are caused by excessively high model orders, by inadequate exci-
tation, or by low signal-to-noise ratios [63]. Since the criterion (1) selects the

models for which the signal-to-noise ratio is large, high standard deviations of
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Given: input u, output y
Divide into a set of data for identification [y;, u; ]|
and a set of data for validation [y, , uv]

h

Go through the parametric model structures
ARX, ARMAX, B&J, OE

r;

Go through the orders of each model structure

- Check if the real part of the poles is negative .
Save estimates in a check matrix

End of going through the orders
of model structure

Yes

End of going through the No

model structure

Apply criteria of choice

!

Obtain the adequate model

Figure D.2: Flowchart for the selection of the appropriate model structure and order
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the pole(s) and zero(s) locations will indicate excessively high model orders. The
standard deviation of the roots and zeros should be less than certain tolerance

values OzZL and OzpPL:

. ErrorontheZ
(6zzL = maz (l IOZZror erol) ) £ ozzL (D.11)
- |Error onthe Pole|

= < D.12
(0’sz ma:r( IPOICI ) S OzPL ( )

This procedure is summarized by the flowchart depicted in figure D.2.

D.3 Experimental set up

The experiments are carried out on a 5-axis vertical milling machine "FADAL
VMC4020”. The feed drive system used in this study is the X-axis unit. The feed
drive is composed of a permanent dc motor coupled to the ball screw that transmits
a linear motion to the XY bed of the machine through the ball screw nut. The XY
bed is constrained to straight-line motion using linear slides. The travel length is
limited to 40 inches for the X-axis. The motor is regulated by means of a pulse width
modulated amplifier. The feed drive control system has two cascaded control loops
(figure D.3):

e the angular velocity control loop that includes a tachometer providing the ve-

locity feedback signal

o the position control loop that includes a resolver providing the actual position

feedback signal. The resolver is coupled to the motor shaft.
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Figure D.3: Feed drive system schema

The numerical control unit "FANUC CNC88” interpolates the desired path de-
fined by the user specified G-Code file and calculates the trajectory based on an
acceleration/deceleration profile (Acc/Dec). The trajectory is then supplied as a ref-
erence command signal for the position control loop. The numerical control unit also
performs specific discrete logic control for the miscellaneous machine functions, (i.e.
spindle on, coolant on, etc.).

The G-Code file is generated on a personal computer (PC), and then transferred
to the CNC control unit via an RS-232 serial connection. Each G-Code file is com-
posed of three parts: header, body, and footer. The header specifies the general set
up of the machine. In this study, the header includes the interpolation plane (XY
plane (G17)), the interpolation mode (linear (GO1)), the position unit (inch (G20)),
the reference mode (incremental (G91)), and the blend mode (with no return to zero
feed rate at each change of feed rate (G08)). The function (G08) ensures a continu-
ity of the velocity profile and a higher productivity while machining. The function
(M49) is introduced to disable the feed/speed operator override. To synchronize data
acquisition with the start of program execution, two M functions are introduced at

the end of the header. These functions are (M67) and (M66). The falling edge of
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the (M67)/(M66) signal will be used as an external trigger for the data acquisition
system. The acquisition will start at the same time as the processing of the trajectory
blocks. The body is composed of the trajectory specifications. The footer specifies
the return to the home position and the end of the program.

The command signal and the actual angular velocity of the motor are sensed from
the amplifier and the tachometer. A voltage divider circuit with ground isolation is
used to condition the signals. The command signal, the tachometer signal, and the
external trigger are supplied to the PC through the data acquisition card (ADC). A
set of software routines was implemented on the PC to monitor the ADC card and
perform data acquisition.

The sampling frequency should always be less than 250 Hz [98, 85]. When higher
sampling frequencies are used, high order effects such as amplifier dynamics will
contaminate the identification [90, 91]. The reference trajectory is composed of low
frequency signals. A sampling frequency of 100 Hz is sufficient to study phenomena up
to a cut off frequency of 40 Hz. This sampling frequency will be adopted throughout
this study.

D.4 Characteristics of the excitation

To identify the feed drive system, the input should be persistently exciting to generate
data that are sufficiently informative. Two characteristics of input excitation that
need to be considered are the second order properties of the input, and the shape of

the signal to realize a given input spectrum.
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The second order properties of the input include power spectrum and cross spec-
trum between input and driving noise [15, 59, 68]. This means that the input spec-
trum should have a frequency bandwidth that matches the frequency response of the
process. The input should not be correlated with noise and the signal-to-noise ratio
should be high. The variance of the parameter estimates depends only on these prop-
erties. Since the trajectory profile contains low frequency signals, the input should
have dominant low frequency components. This will avoid exciting higher frequency
modes of the feed drive system.

The second characteristic is the shape of the signal to produce a given input spec-
trum [15, 59, 68]. If the input moves have short time duration, they contain excitation
energy at high frequencies but only a small amount of energy at low frequencies. For
input moves having large time duration, these contain excitation energy at low fre-
quencies but only a small amount of energy at high frequencies. A step input, for
instance, is a low frequency excitation. In practice, it is often difficult to obtain
enough detail and resolution in the recorded step response to determine the exact dy-
namics of the process. All the dynamic components except the integration are lumped
into the dead time term [13]. To validate the time series model, an estimation of the
frequency response function of the system is needed. The response of a step input
does not contain enough information to allow smoothing of spectral estimates. To
obtain this spectral estimate, the observed data is divided into sections to make an
average estimation of the frequency response function. A linear model of the overall
feed drive dynamics is acceptable because of the linearizing effect of the feedback in
the velocity and position loop. However, there is no guarantee that a model obtained

with given amplitude of the step input is reliable for another step input. Therefore,
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the input should have varying amplitude. Pandit [67] suggests that least squares
minimization of the equation error is used to determine an equivalent linear model of
the feed drive behavior. The linear model should then be valid in the neighborhood
of the trajectory used for identification.

To satisfy the above constraints, a particular input is shaped. A multilevel se-
quence of the feed rate is used for identification. With this type of input, lower
frequency components predominate [66]. The input sequence is controlled by three
basic parameters: the feed rate range, the number of feed rate levels and the period
of travel for a given feed rate amplitude. These parameters are carefully considered
to avoid a nonlinear response due to saturation.

Suppose that the feed rate range is [—Finaz, Fmaz], Where Fpoz is a given positive
value of the feed rate. This range is devised into N equal intervals AF, AF = ez
producing N + 1 levels F; of the Feed rate: '

F, = ~Fpe+i-AF i=0:1: N (D.13)

N is chosen to be odd to avoid a zero value for the feed rate. A path is then defined
with successive feed rate steps. A psuedo-random binary sequence of feed rate steps
is used. The total path length is an additional constraint imposed to ensure that
the travel does not exceed the limits of the machine. Each feed rate step starts from
one level F: of the feed rate and has an amplitude equal to a multiple of the feed
rate increment AF. All the combinations of the allowed feed rate levels F; and feed
rate jumps are used. Figure D.4 depicts a result of feed rate profile obtained with
Fraz=175ipmand N =17.

The period of each feed rate step is made long enough so that the feed drive unit
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Figure D.4: Input signal

can achieve the feed jump without interfering with the next feed rate step.

This input ensures the reliability of the model over a wide range of feed rates. The
feed rates are chosen to be within the limits of the feed drive system. The system
model gained by this input sequence is the average of the forward and backward
models for the machine axis because the input sequence is composed of negative and

positive feed rate.

D.5 Identification experiments and results

The objective is to identify the transfer function relating the actual feed rate of
the table to the commanded feed rate specified by the G-Code file. This transfer
function will include the controlier interpolator as well as the dynamics of the feed

drive mechanism. The input of the system is then the commanded feed rate and the
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output is the tachometer signal. In this study, the actual feed rate of the table is
supposed proportional to the tachometer signal. The dynamics of the slides and ball
screw are excluded.

A G-Code file containing the excitation defined previously is executed on the ma-
chine. The observation period is 55 seconds. Using the sampling frequency of 100Hz,
the amplifier and tachometer signals are composed of 5500 points. A comparison of
the feed rate signal obtained by sampling the commanded feed rate and the tachome-
ter signal reveals that the period of the commanded feed rate is less than the period of
the tachometer signal. This is caused by two main factors. The first is that to achieve
a feed rate jump instantaneously requires the feed drive to have infinite acceleration
or deceleration. The actual system needs a period of time to accelerate or decelerate.
The second factor is friction. Friction affects the performance of the feed drive system
by increasing the period of the travel. For a constant reference command, the position
error reaches a steady state when the axis moves with a constant velocity. When the
position counter reaches the final required position, the flow of the reference pulses
is blocked. However, because the axis is still in motion, the feedback pulses are sent
to reduce the content of an up-down counter to zero an instant later. This procedure
continues until the actual position is equal to the required one and the tool is at the
end of the segment.

In this study, the primary concern is to model the actual Acc/Dec profile of the
feed drive system. The contribution of friction effects in the expansion of travel time
will not be included in the modeling. If a feed rate set is defined, the feed drive system
will accelerate to a certain value, then decelerate to achieve the feed rate jump and

reach the desired feed rate smoothly. At a steady state, the time constants of the feed
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Figure D.5: Expansion in time of the input signal; Input signal (thin line), Tachometer
signal (thick line)

drive system do not affect the system performance and the transfer function is reduced
to a constant. The transient part of the resulting tachometer signal is a signature of
the Acc/Dec profile. The interest here is the transient phase of the tachometer signal.
The feed rate defined by the G-Code file is expanded in time so that the tachometer
signal becomes causal with no delay in response to each commanded feed jump as
depicted in figure D.5.

Each signal is divided into two parts. The first part has a length of 4096 points
and will be used for identification purposes. The second part has a length of 768
points and directly follows the end point of the first part. The second part is used
for cross validation purposes. The identification procedure introduced in Section D.2
is then applied. The identification procedure is time consuming if no bounds are put

on polynomial order. To decrease the computing time, the range of the polynomial
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Polynomial order | n, | np | ne | ma | np | T
Minimum value | 2
Maximumvalue | 4 |4 | 4] 4 | 4 | 3

Pt
—
[
[ S\
—

Table D.1: Range of polynomial orders

Oue | Oe | Oa | Op | Of | Ozp | O22L | OZPL
1 1/01(0.1}03 1 0.1 0.1

Table D.2: Tolerance values of the performance criteria

order is limited based on insight into the physical system and/or based on the results
of previous research efforts. The system should be causal. Therefore, the following

inequalities should be respected:

ny < Ma; M < np; ne < Ngj; Ne < Mg (D.14)

In addition, previous researchers have generally modeled the plant with a second
or third order system. The search area is increased here to include a range of orders
given in table D.1. The tolerance values for the criteria of selecting the adequate
model are specified in table D.2. According to these tolerance values, a set of four
models is obtained. To choose one of these models, the criterion of minimum fit
error is applied. The resulting model is an ARMAX model with the following orders:

n,=3,n, =1, n. =1, and n = 1. This model is expressed by the equation:

Az Yy(t) = B(z™Y)-u(t—ne-T) +C(z7Ve(t) (D.15)
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(2° 1 (zhH 123 ] 27
B(z7!) | Coefficient | 0.1411
Deviation | 0.0000
A(z"T) | Coefficient | 1 | -1.4978 | 0.8782 | -0.2386
Deviation 0 0.0133 | 0.0199 | 0.0084
C(z0) | Coefficient | 1 | -0.5568
Deviation 0 0.0138

Table D.3: The polynomial coefficients and their deviation

The polynomial coefficients and their deviation are given in table D.3. The de-

viation of the polynomial coefficients is less than 5%. This model can be written

as:

_ 0.14112-!
¥ = {79782 +0878227 - 0.03862-3
30.67 (1 — 0.55682°1)
T 1-14978Z-1 +0.87822-2 — 0.23862-3

(D.16)

u(t)

e(t)

where u(t) corresponds to the commanded feed rate in (ipm). y(t) corresponds to the
actual feed rate of the table in (ipm).
The transfer function Gy is then defined by:

0.14112"!

Gol(2) = 1-1.4978Z-! + 0.8782Z-2 — 0.2386Z~3 (D-17)

This transfer function has two complex poles and a real pole. These poles and their

standard deviation are given in table D.4. The deviation of these poles is very small.

The estimated values of the performance criteria for this model are given in table

D.5.
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Poles 0.7519 | 0.3729+0.422j | 0.3729-0.422j
Deviation | 0.0022 | 0.0063+0.0085j | 0.0063+-0.0085j

Table D.4: The poles of the plant transfer function and their deviation

Oye G, Oa Op O | 6zp | OzzL | OzPL
0.412 | 0.557 | 0.042 | 0.059 | 0.260 | 0.752 0 0.019

Table D.5: Estimated values of the performance criteria

The values of the performance criteria express the adequacy of the model. This
adequacy can be visualized better from the plots of the model amplitude and phase
compared to the frequency response function obtained by spectral analysis (figures
D.6a, and D.6b). It should be noted that the least square identification methods
heavily penalize the high frequency miss-fit. Since our concern is the low frequency
components, the actual response is largely in harmony with the model response.
In addition, all the poles are located in the right half of the Z-plane within the unit
circle (figure D.6¢c). The auto-correlation of residuals is within the standard deviation
range for almost all the lags ensuring the whiteness of noise (figure D.6d). The
cross-correlation between the input and residuals are within the standard deviation
limit ensuring the 95% confidence interval for the model (figure D.6e). Finally, the
simulation of the model with a fresh set of data that is not used for the identification
shows the adequacy of the model in time domain (figure D.6f). This model is accepted

and used for further development.
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(e) (f)

Figure D.6: (a) Amplitude Plot of the model (thick line) together with spectral analy-
sis estimate (thin line). (b) Phase Plot of the model (thick line) together with spectral
analysis estimate (thin line). (c) Zeros (O mark) and Poles (X mark) cancellation.
(d) Correlation of residuals. Horizontal bars indicate 95(e) Cross-correlation between
input and residuals. Horizontal bars indicate 95(f) Simulated output of the model
(thick line) compared to the measured output (thin line).
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D.6 Experimental verification

In the previous section, the transfer function of the feed drive system was identified.
Transforming this transfer function into the time domain provides a time model of the
Acc/Dec profile of the feed drive system. An experimental validation of this model

is proposed in this section.

D.6.1 Time model of the Acc/Dec profile

The transfer function of the feed drive system is composed of two complex poles and

one real pole and can be expressed as:

G(z) = 0.1411Z°t
P [1=0.7519Z-1[1 — (0.3729 + 0.4225) Z-1][1 — (0.3729 — 0.4225) Z-1]
(D.18)
Combining the two complex poles leads to:
0.1411Z1
Gpl(2) = [1 - 0.7519Z-1][1 — 0.0.74582-! + 0.3127Z~2] (D-19)
Equation (D.19) can be written in the standard format:
boz~!
G,(2) 0 = (D.20)

[l — exp~T z-1]- [1 — 2exp~°T cos(bT)z~! + exp~2sT z

where by = 0.1411, a = 57.24, b = 8471, and ¢ = 28.513.
To determine the time representation of the feed drive model, the expression of

the feed drive model given by equation (D.20) is first expanded into partial fractions:
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ZGy

GP(Z) = (1 _ exp_d" Z—I) (D'21)
ZG, (1 — exp~T cos(bT)z ) + ZG;3 exp~7 sin(bT)z~"
(1 — 2exp=9T cos(bT)z~! + exp~2T 2-2)
where:
_ by exp~T
26, = exp-20T + exp—2T —2 exp~°T exp~<T cos(bT') (D22)
2Gy, = —-2Gy
—2aT _ gor—aT oypy—<T
26, = exp exp T exp~T cos(bT) .26,

exp~—oT exp~<T sin(bT)

The numerical values of these parameters are: ZG, = 0.33, ZG, = -0.33, ZG3 =
0.037. '
Applying the s transformation to this equation gives:

ZGy | 2Ga (s +a) +ZGsb

D.23
s+c (s + a)® + b2 (D-23)

Gyls) =

The velocity response, F,, of the feed drive to a commanded feed rate, Fy, is given

by the relationship:

Fu(s) = Gyls)- Fs(s) (D.24)

Using equation (D.24), the Acc/Dec profile is defined, for a given step of the feed
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rate AF, by:
AccDec(s) = Gy(s)-AF (D.25)
The time model of the Acc/Dec profile is expressed by:

AccDec(t) = [ZG exp™
+exp~® (2Gy cos(bt) + ZGssin(bt)] - AF (D.26)

D.6.2 Validation

An experiment was conducted to observe the variation of the Acc/Dec profile for
different feed rate steps. In this experiment, the feed drive was commanded to change
the feed rate between two opposite levels: -25 to 25ipm, -75 to 75 ipm, -125 to 125ipm,
and -175 to 175ipm. This experiment provides different feed rate steps equal to 50,
150, 250, and 350 ipm (figure D.7a). For each step of the feed rate, a number of
cycles are considered to provide data to evaluate an average Acc/Dec profile. The
amplifier and the tachometer signals were recorded and are depicted in figure D.7a
with thick and thin lines, respectively. The period of each move is set long enough
so that the feed drive system achieves the feed rate step without interfering with the
next move. The feed rate profile resulting from each step is observed by zooming
in on the experimental data in the zones (a), (b), (c), and (d), respectively. The
results are depicted in figure D.7b. It is clearly observed that the feed rate profiles
are similar during the transient phase of the different feed rate steps. The tachometer

signals exhibit some high frequency components. The high frequency components
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Figure D.7: Amplifier and tachometer signals: Amplifier (thick lines), Tachometer
(thin lines)

are observed better when the derivative, with respect to time, is evaluated for the
tachometer signals.

Taking the derivative with respect to time, the amplifier and the tachometer sig-
nals provide the Acc/Dec profiles for each feed rate jump. The validity of the Acc/Dec
profile is examined by comparing the experimental results to theoretical estimates ob-
tained from equation (D.26). Experimental results based on the tachometer signals
(thin lines) are plotted against the theoretical estimations (thick lines) in figure D.8a.
Experimental results based on the amplifier signals (thin lines) are plotted against
the theoretical estimations (thick lines) in figure D.8b.

Figures D.8a and D.8b show that the magnitude of the Acc/Dec profile for a given
feed rate step is proportional to the amplitude of this step. Figures D.8a and D.8b

also show that the Acc/Dec profiles are composed of two phases. The first is the
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Figure D.8: Acc/Dec profiles for different feed jump: experimental with thin lines,
predicted with thick lines

acceleration phase where the acceleration increases from zero to a maximum value
proportional to the feed rate jump. The periods of the acceleration phase are approx-
imately identical, independent of the amplitude of the feed rate step. This period,
denoted T,., is equal to the time when the Acc/Dec profile reaches its maximum.
Tacc iS a time constant. The second phase is the deceleration phase where the ac-
celeration decreases from the maximum value to a value where the deceleration is
considered finished. This phase allows the feed drive to reach the commanded feed
rate smoothly. The periods for the deceleration phase, designated 74, are also ap-
proximately identical, independent of the amplitude of the feed rate step. 74 is a

time constant. The time constant Ty, is defined as follows:

Ttotal = Tacc + Tdec (D27)
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All these time constants are determined in the next section. The good agreement
between both experimental and simulated Acc/Dec time constants, and feed rate
jump dependant magnitudes, validates the model.

A discrepancy was observed between the Acc/Dec model and the Acc/Dec profiles
obtained based on the tachometer signals. This discrepancy is due to the presence of
high frequency components in the tachometer signals. The friction of the slides and
the disturbances due to the motion of the table are reflected back on the tachome-
ter. The tachometer signals are, therefore, contaminated with these nonlinearities
and exhibit high frequency components (figure D.8a). This discrepancy disappears
when the Acc/Dec model is compared to the Acc/Dec profiles obtained based on the
amplifier signals (figure D.8b). The amplifier signals can be considered as obtained
by pre-filtering the high frequency components of the tachometer signals. The good
agreement between the Acc/Dec model and the Acc/Dec profiles based on the ampli-
fier signals proves the validity of the model for studying low frequency phenomena in
the feed drive system. However, the nonlinearities that are not modeled, such as the
friction and the mechanical dynamics of the table assembly, act to slow down the tool

motion. The actual period of the tool motion is, therefore, greater than predicted.

D.7 Acc/Dec processor based on FIR filter

The objective of this part is to accurately depict the motion profile considering the
limitation of the feed drive acceleration. The model identified previously for the feed
drive system will be used as an Acc/Dec processor to generate the actual feed rate,
F,, from the commanded feed rate, Fs, obtained by sampling the feed rate specified

by the G-Code file. The velocity response of the axis to a commanded feed rate is
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given, in the Z-domain, by:

F(z) = Gy(2)Fs(2) (D.28)

boz-l

T T—expZ 271 -[1 - 2exp~ cos(bT)z~! + exp—2oT z-2]

Fs(2)

Chen [20] has demonstrated that a low pass discrete time FIR filter is a good
Acc/Dec profile generator. Let F,(kT) be manipulated as a weighted moving average
of the recent N, commanded feed rate, Fs(:T), ¢ € [k : k — N, — 1], associated with
the appropriate weighted coefficients g;, ¢ € [0 : N, — 1]. The input-output feed rate

relationship are expressed by:
=
FlkT) = — 3 a-Fs((k=9)-T) (D29)
s =0
Applying the Z transformation to equation (D.29) results in:
= .
Fo(2) = (g— Z g 'Z-’) - Fs(2) (D.30)
3 =0
where N, is the order of the filter and g, is a convergent factor. The actual acceleration
AccDec(kT) is defined by:

Fo(kT) - Fu((k-1)-T)

. (D.31)

AccDec(kT) =
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Introducing the expression of the actual feed rate given by equation (D.29) results in:

Ne-1
AccDec(kT) = Tt; (Z ¢:Fs ((k—13)-T)
s =0

Ne-1
- @Fs((k-i-1) -T)) (D-32)

i=0

For a step input, for instance Fg(kT) = AF for k € [1 : N and Fs(0) = 0, equation
(D.32) will be:

P,

AccDec(kT) = o T

(D.33)

This equation demonstrates that the Acc/Dec profile is defined by the filter coefficients
gx- The behavior of the Acc/Dec processor is then equivalent to a dynamic system
of order N, — 1 defined by the FIR filter coefficients Ck:

Ce = %2 ken:nN) (D.34)

s

The feed drive model should, therefore, be transformed into an equivalent FIR filter.
This transformation is obtained using long division. However, the use of the resulting
filter is limited to signals that are sampled at the sampling frequency used for the
identification of the feed drive model. One method that can be employed to solve
this problem is to use the time representation of the feed drive model described by
equation (D.26).

The FIR filter will correspond to the values of this Acc/Dec profile at a given
sampling frequency. The feed rate resulting from the Acc/Dec processing can be

made to converge to the desired feed rate for a steady state by normalizing the FIR
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Figure D.9: Characteristics of the Acc/Dec profile

filter coefficients. The coefficient g, is equal to the sum of coefficients gi:

Nc-'l

g9 = Z 9k (D.35)
k=0

However, the order or the number of the filter coefficients, NV, is still unknown.
The order of the filter is defined as the integer part of the quotient of the Acc/Dec
profile time constant, Ty, divided by the sampling period.

N, = Int (T“’T‘“‘) (D.36)

Teota i the total period for the Acc/Dec processing. It is assumed that the Acc/Dec
processing is completed at a given percentage P%, for instance P%=0.01, of the max-
imum value of the Acc/Dec profile (figure D.9). Two parameters must be determined:

the instant 7,.. at which the acceleration is maximum and T (figure D.9). The
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parameter T, and Teoear are determined by solving the following nonlinear equations:

exp 7 (ZG3b — ZGaa) cos(braee) = exp™®™= (ZGsa — ZG2b)
sin(breee) + ZGicexp™©=  (D.37)

(exp-c‘rlotcl _P% . exp‘c'racc) + (exp_aftotcl _P% . exp‘a‘ra:c)

(22 st e = 0 39

Solving these equations gives: 7,,.=0.022s and Tyu=0.177s. Once the filter is de-
signed, equations (D.30), (D.31), (D.33), and (D.35) are used to generate the actual

feed rate from the commanded feed rate according to the formula:

N )
F(?) = (Z c;- ) . Fs(2) (D.39)

This procedure allows the actual feed rate to be evaluated quickly. However, the
efficiency of this procedure is reduced when there is a direction reverse in the motion
resulting in path and contouring errors. This study deals with the single axis motion,

the contouring problem is beyond the scope of this work.

D.8 Summary

The objective of this study is to identify the low frequency dynamics of the feed drive
system. This study is limited to the identification of the transfer function relating

the actual feed rate, assumed to be proportional to the motor shaft velocity, to the
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desired feed rate specified in the G-Code file.

An empirical method based on experimental identification has been adopted be-
cause it results in a more accurate model for the real feed drive dynamics.

A systematic procedure of identification based on time series modeling is devel-
oped. In this procedure, specific criteria are introduced to evaluate the adequacy of
the model and to select the appropriate model structure and orders.

The input excitation used for identification is considered to account for both the
spectrum and the shape. The input excitation is specified as a multilevel sequence
of feed rate with mainly low frequency components. The input is shaped so that the
identified model is valid over a wide range of the feed rate within the physical limits of
the machine. The identified model is an average of the forward and backward models
of the feed drive system.

The application of the identification procedure results in an ARMAX model with
the following orders: n, = 3, ny = 1, N, = 1, and n; = 1. The adequacy of this
model has been validated in the frequency domain as well as in the time domain.

This model is transformed into a FIR filter and used as an Acc/Dec processor to
generate the actual feed rate from the desired feed rate specified by the G-Code file.
The transformation considers variable, user-specified sampling frequencies different
from that used for identification. The FIR filter coefficients have been normalized so
that the actual feed rate converges to the desired feed rate at a steady state.

The application of the Acc/Dec processor only describes the acceleration or the
deceleration of the feed drive. It does not account for the effects of friction. These
effects make the period of travel longer than the period of the feed rate resulting

from the Acc/Dec processor. Without accounting for friction, the application of the
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Acc/Dec processor does not provide an accurate time representation of the actual

feed rate. This issue needs to be investigated further.



Appendix E

Internet Based Implementation

E.1 Introduction

This appendix presents the concept and implementation of an Internet based facil-
ity for multi-axis milling process simulation and optimization. The implementation
methodology is presented in section E.2. A detailed description of how to run the
simulation is given in section E.3. Section E.4 describes how the Internet-based im-
plementation of the multi-axis milling process simulation and optimization is included
with other related machining technologies to provide a formalized system for design-
ing and proofing manufacturing processes. Finally, a summary of the Internet based

implementation is given in section E.5.

E.2 Implementation Methodology

The Internet implementation of the multi-axis milling simulation is based on a

client/server model. The client, running on the user’s web browser, makes requests for

242
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services. The server, running on the host computer, services the requests. The client
and server are on different machines across the Internet. Communication between
the client and server uses the TCP/IP (Internet Protocol).

The client-side (user interface) is implemented as a Java applet and some html
pages. Java is a programming language similar to C++, but it is platform indepen-
dent, allowing the same code to run on any computer that is Java-enabled. Applets
are small Java programs that can be down-loaded to and displayed by a Java-enabled
browser. As Java is a full featured programming language, it is easy to create truly
interactive applications using it. Also, using an applet allows a lot of the work of
setting up for the simulation and displaying results to be done on the client’s com-
puter. For the most part, the server’s computer just has to accept input parameters,
run the simulation and down-load results. Note that although the interpreted nature
of Java allows it to be platform independent, there is a pricé that must be paid in
terms of the speed at which it runs. As it is only being used for a user interface for
this application, speed is not a concern.

The server-side is implemented using the Apache web server. It uses Java servlets,
which are plug-in modules to the Apache web server to handle the applet’s requests.
As Java was created with the Internet in mind, it has useful classes that allow it
to easily deal with communicating over the Internet, making programming of the
applet to servlet communication easier. As the applet and servlet use browsers and
Apache web server for their base, a great deal of the underlying work is done, such as
the actual transmission of the data, through a TCP/IP connection and the display
and handling of html pages and Java applets. The implementation work required

to develop the Internet implementation of the multi-axis milling simulation is then
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restricted to just the milling simulation specific code.

The actual multi-axis milling simulation was written in C++, to take advantage
of the speed of a compiled language. As it resides on the server computer, it does
not need to be platform independent. Its input is a text setup file, and CLData files
(tool path files). Its output is files of raw data points (x-y). In order to make the
simulation easier to use, the applet provides a graphical user interface for specifying
the setup file parameters, for selecting the CLData files to use and for graphically
displaying the results. The servlets get the simulation inputs from the applet, formats
them for the simulation, and launches and monitors the simulation.

There are several steps the client must take in order to run a simulation. These
steps require the applet and servlets to communicate over the Internet a number of
times. Additionally, the servlets can be handling several applets at a time. It must,
therefore, know which applet is making a request. It does this by assigning a session
number (key) to each applet upon request. All subsequent requests from the applet
supply the session number it was given. This allows tracking of a given computer
across multiple interactions. The applet allows the client to see and enter the key.
This was desired because the simulations can take a long time to run. It is possible
that the client would start a simulation and several hours later check its progress or
retrieve the results at a different computer, such as from home. All they need to do

this is the key.

E.3 Running the Simulation

The use of the simulation was kept as straight forward as possible. It requires the

following steps:
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1. Launch the applet: Start up the applet by going to its Uniform Resource Locator
(URL), in your web browser. This down-loads the applet to the client‘s browser,

as shown in Figure E.1.

2. Create a session: Request a session number. This causes the servlet to create
a directory for this session number and copy required files to it, as shown in
Figure E.2. This directory is used to store all data related to the given session,
including simulation setup file, CLData files and results files.

3. Select Parameters: The client must specify the simulation parameters from
the input screens, shown in Figure E.3, and upload the CLData files that the
simulation is to use (or use the default demo.cl). Uploading files is done using
an html page. This is done because the applet is untrusted and cannot directly

access the client’s hard drive due to security issues.

4. Run the Simulation: Once the user has specified all the required parameters,
they can start a simulation run. This uploads the parameter list to the servlet.
The setup file used by the simulation is created from the parameter list and the

simulation is started.

5. Monitor the Simulation: The user can find out if the simulation is done or

running from the status window. They can also abort a simulation in progress.

6. View the Results: The results can be viewed on the results screen, shown in

Figure E.4, as graphs, raw data or computed data.
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E.4 Centre for On-line Machining Optimization (COMO)

The Internet-based implementation of the multi-axis milling process simulation and
optimization is included with other related machining technologies to establish a Cen-
tre for On-line Manufacturing Optimization (COMO) at the McMaster Manufacturing
Research Institute (MMRI). The primary focus of COMO is to provide the manufac-
turing engineer with a formalized system for designing and proofing manufacturing
processes. The Centre was established in response to the lack of available tools for
manufacturing process development. There are several key machining technologies
that are included within COMO; manufacturing databases, process simulations, pro-
cess verification, and prototyping services. These manufacturing process development

tools are depicted in figure E.5.
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The manufacturing database is used to archive tooling information (types, ma-
terial properties, geometry, etc.), workpiece specification data (material properties,
machinability ratings, etc.), calibration data (cutting force coefficients, tool static and
dynamic deflection constants, etc.), and manufacturing process history. The manu-
facturing data base can be accessed at different levels. The manufacturing engineer
accesses the database directly to get information related to tooling, workpiece and
manufacturing process history. The process simulations access the database to ob-
tain tooling and workpiece specific information as well as calibration data. The final
level of access allows database modifications. Access at this level is restricted to the
COMO administrator.

The process simulations that are available within COMO include; multi-axis
milling, turning, drilling, and tapping. The multi-axis milling simulations inlude
ball and flat peripheral milling and face milling. The turning simulation includes
2-axis contouring capabilities. The drilling simulations include twist and spade drills.
The tapping simulations include straight fluted and spiral fluted taps.

The process verification module is used to anaylyze part fixtures, evaluate tooling
designs, and to ensure that manufacturing tolerances are attainable.

The prototyping facility at COMO provides access to a number of machine tools
ranging from conventional CNC lathes and mills to ultra-high-speed machining cen-
tres. The machine tools are instrumented with force, vibration, temperature, and
dimensional measuring devices. An Open Architecture Machine (OAC) controller
has been implemented on both a turning centre and machining centre. The OAC
provides an open platform for integrating advanced process monitoring and control

applications. Part quality is assessed through various guaging systems including a
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CMM. Both prototype parts or small batch production runs can be accomodated by
COMO.

COMO provides the manufacturing engineer with a formalized system for design-
ing and proofing manufacturing processes. Process develoment can occur iteratively,
without the need for lengthy and/or expensive process trials. Implementing these
development tools using Internet technologies has several advantages. It allows all
of the development tools to be in a centralized location, allowing for quick and reli-
able upgrade paths. Internet accessibility also gives quick and easy access to these
development tools to many manufacturing engineers around the world. COMO is
intended for manufacturing process development and as a virtual training platform

for tomorrow’s manufacturing engineer.

E.5 Summary

This appendix presented the concept and implementation of an Internet-based facil-
ity for multi-axis milling process simulation and optimization. The facility integrates
advanced process simulation software, and state of the art multimedia and Inter-
net technologies to realize an Internet enabled process optimization environment for
machining systems. This appendix also described how the Internet-based implemen-
tation of the multi-axis milling process simulation and optimization is included with
other related machining technologies to provide a formalized system for designing and

proofing manufacturing processes.



References

[1] F. Abrari and M.A. Elbestawi. Closed Form Formulation of Cutting Forces for
Ball and Flat End Mills. Int. Journal of Machine Tool Design and Manufacture,
37(1):17-27, 1996.

[2] Farid Abrari. A Regenerative Dynamic Force Model for Ball End Milling. Mas-
ter’s thesis, McMaster University, 1994.

[3] Farid Abrari. MultiAzis Milling of Flezible Parts. PhD thesis, McMaster Uni-
versity, 1998.

[4] Y. Altintas and J. Peng. Design and Analysis of a Modular CNC System.
Computers in Industry, 13:305-316, 1990.

[5] R.O. Anderson. Detecting and Eliminating Collisions in ND Machining. Com-
puter Aided Design, 10(4):231-237, 1987.

[6] R. Ardekani and I. Yellowley. The Control of Multiple Constraints Within an
Open Architecture Machine Tool Controller. ASME Journal of Manufacturing
Science and Engineering, 118(8):388-393, 1996.

[7) E. Armarego and N. Deshpande. Computerized Predictive Cutting Models for
Forces in End-Milling Including Eccentricity Effects. Annals of CIRP, 38(1):45—
49, 1989.

[8] E. Armarego, J. Smith, and J. Wang. Computer Aided Contrained Optimization
Analysis and Strategies for Multipass Helical Tooth Milling Operations. Annals
of CIRP, 43(1):437-442, 1994.

[9] E.J.A. Armarego and N.P. Deshpande. Force Prediction Models and CAD
CAM Software for Helical Tooth Milling Processes, Part I, Basic Approach and
Cutting Analysis. Int. Journal of Production Research, 31(8):1991-2009, 1993.

251



REFERENCES 252

[10] E.J.A. Armarego and N.P. Deshpande. Force Prediction Models and CAD
CAM Software for Helical Tooth Milling Processes, Part II, Peripheral Milling
Operations. Int. Journal of Production Research, 31(10):2319-2336, 1993.

[11] K. Astrom and B. Wittenmark. Computer Controlled systems. Prentice-Hall,
Englewood Cliffs, N.J., 1984.

[12] S. Bedi and E. Cohen. Toolpath Generation for Freeform Surface Models. Com-
puter Aided Design, 18:307-313, 1994.

[13] J.G. Bollinger and N.A. Duffie. Computer Control of Machines and Processes.
Addison-Wesley Publishing Company, 1989.

(14] G.E.P Box, W.G. Hunter, and J.S. Hunter. Statistics for Ezperimenters. John
Wiley and Sons, New York, 1978.

[15] G.E.P. Box and G.M. Jenkins. Time Series Analysis: Forecasting and Control.
Holden-Day, 1976.

[16] E. Budak, Y. Altintas, and E.J.A. Armarego. Prediction of Milling Force Coeffi-
cients from Orthogonal Cutting Data. ASME Journal of Manufacturing Science
and Engineering, 118:216-224, 1996.

[17] J. Butler, B. Haak, and M. Tomizuka. Reference Input Generation for High
Speed Coordinated Motion of a Two Axis System. ASME Journal of Dynamic
Systems, Measurment and Controls, 113(1):67-74, 1991.

(18] R.M. Centner and J.M. Idelson. Adaptive Controller for a Metal Cutting Pro-
cess. In Joint Automatic Control Conference, pages 154-161. IEEE/ASME,
1964.

[19] L.T. Chappel. The Use of Vectors to Simulate Material Removed by Numerically
Controlled Milling. Computer Aided Design, 15(3):156-158, 1983.

[20] C.S. Chen and A.C. Lee. Design of Acceleration/Deceleration Profiles in Motion
Control Based on Digital FIR Filters. Int. Journal of Machine Tool Design and
Manufacture, 38:799-825, 1998.

[21] C.N. Chu, S.Y. Kim, and J.M. Lee. Feed-Rate Optimization of Ball End Milling
Considering Local Shape Features. Annals of CIRP, 46(1):433-436, 1997.



REFERENCES 253

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

H.Y. Chuang and C.H. Liu. Cross-Coupled Adaptive Feedrate Control for
Multi-Axis Machine Tools. ASME Journal of Dynamic Systems, Measurment
and Controls, 113:451-457, September 1991.

S. Chuang and W. Lin. Tool Path Generation for Pockets with Free Form Curve
using Bezier Convex Hulls. Int. Journal of Advanced Manufacturing Technology,
13(2):109-115, 1997.

L.K. Daneshmend and H.A. Pack. Model Reference Adaptive Control of Feed
force in Turning. ASME Journal of Dynamic Systems, Measurment and Con-
trols, 108:215-222, 1986.

R.E. DeVor, S.G. Kapoor, E.C. DeMeter, and Q. Sayeed. An Internet-Based
Model for Technology Integration and Access, Part 2: Applications to Process
Modeling and Fixture Design. ASME Journal of Manufacturing Science and
Engineering, 2(2):1005-1022, 1995.

R.E. DeVor, S.G. Kapoor, and G. Venkatasubramanian. An Internet-Based
Model for Technology Integration and Access, Part 1: Software and Hardware
Testbed Models. ASME Journal of Manufacturing Science and Engineering,
2(2):991-1004, 1995.

K.F. Ehmann, W.S. Yun, and D.W. Cho. Determination of Constant 3D Cut-
ting Force Coefficients and of Runout Parameters in End Milling. Transactions
of NAMRI/SME, 27:87-92, 1999.

H. El-Mounayri, A.D. Spence, and M.A. Elbestawi. Enhanced CAD/CAM for
Simulation and Optimization of 3-5 Axis Millng of Dies and Molds. In Proc.
Conf. Of CSME, McMaster University, 1996. CSME.

H. El-Mounayri, A.D. Spence, and M.A. Elbestawi. Milling Process Simulation
- A Generic Solid Modeller Based Paradigm. ASME Journal of Manufacturing
Science and Engineering, 120:213-221, 1998.

G. Elbert and E. Cohen. Toolpath Generation for Freeform Surface Models.
Computer Aided Design, 26(6):490-496, 1994.

M.A. Elbestawi, L. Liu, and N.K. Sinha. Some Advanced Control Strategies
for Modern Machine Tools. Computers in Industry, 16:47-57, 1991.



REFERENCES 254

[32] H.Y. Feng and C. Meng. The Prediction of Cutting Forces in the Ball End
Milling Process, Part 1: Model Formulation and Model Building Procedure.
Int. Journal of Machine Tool Design and Manufacture, 34(5):697-710, 1993.

[33] G. Frain. Curves and Surfaces for CAGD. Academic press, San Diego,CA, first
edition, 1992.

[34] B.K. Fussel, J.G. Hemmett, and R.B. Jerard. Modeling of Five-Axis Ead Mill
Cutting Using Axially Discretized Tool Moves. Transactions of NAMRI/SME,
27:81-86. 1999.

[33] Y. Haung and J.H. Oliver. Non-Constant Parameter NC Tool Path Generation
On Sculptured Surfaces. Int. Journal of Advanced Manufacturing Technology,
9:281-290. 1994.

[36] M. Held. G. Lukacs, and L. Andor. Pocket Machining Based on Contour-Parallel
Tool Paths Generated by Means of Proximity Map. Computer Aided Design,
26(3):189-202, 1994.

[37] T. Hosoi. Cutting Action of Ball End Mill with a Spiral Edge. Annals of CIRP,
25(1):49-53, 1977.

(38] S.J. Huang and C.C. Chen. Application of Self-Tuning Feed-Forward and Cross-
Coupling Control in a Retrofitted Milling Machine. Int. Journal of Machine Tool
Design and Manufacture, 35(4):577-591, 1995.

[39] Behnam Imani. Model Based Die Cavity Machining Simulation Methodology.
PhD thesis, McMaster University, 1998.

[40] F. Ismail and J. Tlusty. Special Aspects of Chatter in Milling. ASME Journal
of Vibration, Acoustics, Stress, and Reliability in Design, 105(1):24-32, 1983.

[41] S. Jain and D.C. Yang. A Systematic Force Analysis of the Milling Operation.
In ASME Winter Annual Meeting, pages 55-63. ASME, 1989.

[42] R.B. Jerrard, R.L. Drysdale, and K. Haulk. Geometric Simulation for Numerical
Control Machining. In Proc. ASME Int’l Computer in Engineering Conference,
volume 2, pages 129-136, San Francisco, Jul 31-Aug 3 1988. ASME.

[43] S.G. Kapoor, R.E. DeVor, R. Zhu, R. Gajjela, G. Parakkal, and D. Smithey. De-
velopment of Mechanistic Models for the Prediction of Machining Performance:



REFERENCES 255

Model-Building Methodology. In CIRP International Workshop on Modeling of
Machining Operations, number 2 in 2A, pages 1-12, May 1998.

[44] K. Kim and Jeong. Tool Path Generation for Machining Free Form Pockets
with Islands. Computers and Industrial Engineering, 28(2):399-407, 1995.

[45] K.F. Koch, B. Lilly, E. Kropp, and T. Altan. Development of a CAE-Module
for Calculating Cutting Forces in 3-Axis Milling of Sculptured Surfaces in Die
Manufacturing. Technical Report ERC/NSM-D-90-43, Engineering Research
Center for Net Shape Manufacturing, Ohio State University, 1990.

[46] Y. Koren. Cross-Coupled Biaxial Computer Controls for Manufacturing
Systems. ASME Journal of Dynamic Systems, Measurment and Controls,
102(1):265-272, 1980.

[47] Y. Koren. Control of Machine Tools. ASME Journal of Manufacturing Science
and Engineering, 119:749-755, November 1997.

[48] Y. Koren and C.C. Lo. Variable-Gain Cross-Coupling Controller for Contouring.
Annals of CIRP, 40(1):371-374, 1991.

[49] Y. Koren and C.C. Lo. Advanced Controllers for Feed Drives. Annals of CIRP,
41(1):689-698, 1992.

[50] P.K. Kulkarni and K. Srinivasan. Identification of Discrete Time Dynamic
Models for Machine Tool Feed Drives. In Symposium on Sensors and Controls
for Automated Manufacturing and Robotics, pages 1-12, New Orleans, LA.,
1984. ASME Winter Annual Meeting.

[51] P.K. Kulkarni and K. Srinivasan. Optimal Contouring Control of Multi-Axial
Feed Drive Servomechanisms. ASME Journal of Engineering for Industry,
111(2):140-149, 1989.

[52] P.K. Kulkarni and K. Srinivasan. Cross-Coupled Control of Biaxial Feed Drive
Servomechanisms. ASME Journal of Dynamic Systems, Measurment and Con-
trols, 112:225-232, June 1990.

(53] L.K Lauderbaugh and A.G. Ulsoy. Dynamic Modeling for Control of the Milling
Process. In Sensors and Controls for Manufacturing, volume 18, pages 149-158.
ASME Winter Annual Meeting, 1985.



REFERENCES 256

[54] I. Lazoglu and S.Y. Liang. An Improved Analytical Modeling of Force System
in Ball-End Milling. In Proc. Conf. Of CSME, McMaster University, 1996.
CSME.

[35] Y.S. Lee. Non-isoparametric Tool Path Planning by Machining Strip Evaluation
for 5-Axis Sculptured Surface Machining. Computer Aided Design, 30(7):559—
570, 1998.

[56] S.X. Li and R.B. Jerard. 5-Axis Machining of Sculptured Surfaces with Flat-end
cutter. Computer Aided Design, 26(3):165-178, 1994.

[57] EXM. Lim, H.Y. Feng, and C. Meng. The Prediction of Dimensional Errors
for Machining Sculptured Surfaces using Ball-End Milling. ASME Journal of
Manufacturing Science and Engineering, 64:149-456, 1993.

(58] E.M. Lim and C.H. Menq. Integrated Planning For Precision Machining of
Complex Surfaces Partl: Cutting-Path and Feedrate optimization. Int. Journal
of Machine Tool Design and Manufacture, 37(1):61-75, 1997.

[59] L. Ljung. System Identification : Theory for the User. Prentice-Hall, Englewood
Cliffs, N.J., 1987.

[60] H.Y. Maeng, M.H. Ly, and G.W. Vickers. Feature-Based Machining of Curved
Surfaces Using the Steepest Directed Tree Approach. Journal of Manufacturing
Systems, 15(6):379-391, 1996.

[61] S. Marshall and J.G. Griffiths. A Survey of Cutter Path Construction Tech-
niques for Milling Machines. Int. Journal of Production Research, 32(12):2861-
2877, 1994.

[62] M.E. Martelloti. An Analysis of the Milling Process. Transactions of ASME,
63:677-700, 1941.

[63] MATLAB. MATLAB User’s Manual. The Math Works Inc, 1993.
[64] Metcut. Machining Data Handbook, volume 1. Metcut, 3 edition, 1980.
[65] MTAMRI. Softwaretestbeds. http://mtamri.me.uiuc.edu/testbeds, 2000.

[66] D.E. Newland. An Introduction to Random Vibrations. John Wiley and Son,
England, Longman Scientific&Technical.



REFERENCES 257

[67] S.M. Pandit. Stochastic Linearization by Data Dependent Systems. ASME
Journal of Dynamic Systems, Measurment and Controls, 99:221-226, December
1977.

[68] A. Pankratz. Forecasting with Dynamic Regression Models. John Wiley and
Son, 1991.

[69] L. Piegl and W. Tiller. The NURBS Book. Springer, New York, second edition,
1997.

[70] W.H. Press, S.A. Teukolsky, W.T. Vetterling, and B.P. Flannery. Numerical
Recipes in C. Cambridge University Press, Cambridge, MA, second edition,
1999.

[71] G. Pritschow and W. Philipp. Research on the efficiency of the feedforward
controllers in M direct drives. Annals of CIRP, 41(1):411-415, 1992.

[72] N. Rao, S. Bedi, and R- Buchal. Implementation of the Principal-Axis Method
for Machining of Complex Surfaces. Int. Journal of Advanced Manufacturing
Technology, 11:249-257, 1996.

(73] S.J. Robert and Y.C. Shin. Control of Cutting Force for End Milling Processes
Using an Extended Model Reference Adaptive Control Scheme. ASME Journal
of Manufacturing Science and Engineering, 118(8):339-347, 1996.

[74] A. Sabberwal. Chip Section and Cutting Force During the Milling Operation.
Annals of CIRP, 18(1):197-203, 1961.

[75] C.S Smith and P.K. Wright. CyberCut: A World Wide Web Based Design-to-
Fabrication Tool. Journal of Manufacturing Systems, 15(6):432-442, 1996.

[76] S. Smith and J. Tlusty. An Overview of Modeling and Simulation of the Milling
Process. ASME Journal of Engineering for Industry, 113(1):169-175, 1991.

[77] S. Smith and J. Tlusty. An Overview of Modeling and Simulation of the Milling
Process. ASME Journal of Engineering for Industry, 113(1):169-175, 1991.

[78] A. Spence and Y. Altintas. End Milling Force Algorithm for CAD Systems.
Annals of CIRP, 41(1):31-34, 1991.



REFERENCES 258

[79] A.D. Spence and Y. Altintas. A solid Modeler Based Millling Process Simulation
and Planning System. ASME Journal of Engineering for Industry, 116:61-69,
1994.

[80] K. Srinivasan and T.C. Tsao. Machine Tool Feed Drives and Their Control - A
Survey of the State of the Art. ASME Journal of Manufacturing Science and
Engineering, 119:743-748, September 1997.

[81] J.W. Sutherland. An Improved Method for Cutting Force and Surface Error
Prediction in Flexible End Milling Systems. ASME Journal of Engineering for
Industry, 108:269-279, 1986.

(82] J.W. Sutherland, T. Cao, C.M. Daniel, Y. Yue, and Y. Zheng. An
Internet-Based Cutting Fluid Evaluation Software Testbed. Transactions of
NAMRI/SME, 15:243-248, 1997.

[83] S. Takata. Generation of a Machining Scenario and Its Applications to Intelli-
gent Machining Operations. Annals of CIRP, 42(1):531-534, 1993.

[84] S. Takata, M.D. Tsai, and T. Sata. A Cutting Simulation System for Machin-
ability, Evaluation Using a Workpiece Model. Annals of CIRP, 38(1):417-420,
1989.

[85] M. Tomizuka. Zero Phase Error Tracking Algorithm for Digital Control. ASME
Journal of Dynamic Systems, Measurment and Controls, 109(1):65-68, 1987.

[86] M. Tomizuka. On the Design of Digital Tracking Controllers. ASME Journal
of Dynamic Systems, Measurment and Controls, 115:412-418, June 1993.

[87] M. Tomizuka, J.H. Oh, and D.A. Dornfeld. Model Reference Adaptive Control
of the Milling Process. In Control of Manufacturing Processes and Robotics
Systems, pages 55-63. ASME Winter Annual Meeting, 1983.

[88] T.C. Tsao and M. Tomizuka. Adaptive Zero Phase Error Tracking Algorithm
for Digital Control. ASME Journal of Dynamic Systems, Measurment and
Controls, 109(4):349-354, 1987.

[89] E.D. Tung, G. Anwar, and M. Tomizuka. Low Velocity Friction Compensa-
tion and Feedforward Solution Based on Repetitive Control. ASME Journal of
Dynamic Systems, Measurment and Controls, 115:279-284, June 1993.



REFERENCES 259

[90] E.D. Tung and M. Tomizuka. Feedforward Tracking Controller Design Based
on the Identification of Low Frequency Dynamics. ASME Journal of Dynamic
Systems, Measurment and Controls, 115:348-356, September 1993.

[91] E.D. Tung, M. Tomizuka, and Y. Urishisaki. High-Speed End Milling Using
a Feedforward Control Architecture. ASME Journal of Manufacturing Science
and Engineering, 118:178-187, May 1996.

[92] H.B. Voelcker and W.A. Hunt. The Role of Solid Modeling in Machining-
Process Modeling and NC Verification. In Int’l Congress and Ezposition, pages
1-8. Society of Automotive Engineers, Feb 1981.

[93] J.J. Wang and S.Y. Liang. Convolution Analysis of Milling Force Pulsation.
ASME Journal of Engineering for Industry, 116(1):17-25, 1994.

[94] J.J. Wang and S.Y. Liang. Chip Load Kinematics in Milling with Radial Cutter
Runout. ASME Journal of Engineering for Industry, 118(1):111-116, 1996.

[95] W.P. Wang. Solid Modeling for Optimizing Metal Removal of Three Dimen-
sional End-Milling. Journal of Manufacturing Systems, 7(1):57-65, 1988.

[96] W.P. Wang and K.K. Wang. Geometric Modeling for Swept Volume of Moving
Solids. IEEE Computer Graphics and Applications, 12:8-17, 1986.

[97] T. Watanabe. A Model-Based Approach to Adaptive Control Optimization
in Milling. ASME Journal of Dynamic Systems, Measurment and Controls,
108(3):56-64, 1986.

[98] M. Weck and G. Ye. Sharp Corner Tracking Using the IKF Control Strategy.
Annals of CIRP, 39(1):437-441, 1990.

[99] K. Weinert, A. Enselmann, and J. Friedhoff. Milling Simulation for Process
Optimization in the Field of Die and Mould Manufacturing. Annals of CIRP,
46(1):325-328, 1997.

[100] P.D. Welch. The Use of Fast Fourier Transform for the Estimation of Power
Spectra : A Method Based on Time Averaging Over Short, Modified Peri-
odograms, Modern Spectrum Analysis, pages 17-20. John Wiley and Son, New
York, 1978.



REFERENCES 260

[101] P.K. Wright and D. Dornfeld. CyberCut: A Networked Machining Service.
Transactions of NAMRI/SME, 16:281-286, 1998.

[102] M. Yamada, Y. Funahashi, and Z. Riadh. Generalized Optimal Zero Phase Error
Tracking Controller Design. ASME Journal of Dynamic Systems, Measurment
and Controls, 121:165-170, June 1999.

(103] M. Yang and H. Park. The Prediction of Cutting Forces in Ball-End Milling.
Int. Journal of Machine Tool Design and Manufacture, 31(1):45-54, 1991.

[104] Z. Yazar. K.F. Koch, T. Merrick, and T. Altan. Feed Rate Optimization Based
on Cutting Force Calculions in 3-Axis Milling of Dies and Molds with Sculptured
Surfaces. Int. Journal of Machine Tool Design and Manufacture, 34(3):365-377,
1994.

[105] G. Yucesan and Y. Altintas. Mechanics of Ball End Milling Process. ASME
Journal of Manufacturing Science and Engineering, 64:543-551, 1993.

[106] G. Yucesan and Y. Altintas. Prediction of Ball End Milling Forces. ASME
Journal of Engineering for Industry, 118:95-103, 1996. '

[107] G. Yucesan, A.E. Bayoumi, and L.A. Kendall. An Analytic Cutting Force Model
for Milling. Transactions of NAMRI/SME, pages 137-145, 1990.

(108] L. Zheng and S.Y. Liang. Analysis of end Milling Forces with Cutter Axis Tilt.
Transactions of NAMRI/SME, 23:137-142, 1995.

(109] L. Zheng and S.Y. Liang. Identification of Cutter Axis Tilt in End Milling.
ASME Journal of Engineering for Industry, 119(1):178-185, 1997.





